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Abstract 
With an escalating skiing tourism industry where tourists are getting bolder every year in their 
search for untouched snow, avalanche prediction gets more and more important. Avalanche 
prediction is often designated manual labour and many years of establishing avalanche 
databases. With GIS and high resolution DEM data it is possible to identify areas with 
avalanche danger over large areas at low costs. Using parameters as: roughness, inclination, 
curvature and vegetation models like the ones tested in this study can predict potential release 
areas (PRA). The results that the models present needs to be validated. This can be done either 
by manual labour by avalanche experts or by comparing the results at a validated resolution 
from another area with avalanche databases. The present study is testing two PRA identifying 
models on different DEM resolutions trying to identify if higher resolutions yields better results 
than lower or vice versa. The validation of the results was a challenge, because of the lack of 
avalanche databases in Sweden. In this study a 5 m resolution DEM and a model set up 
developed for Davos in Switzerland, was used as a as a reference model. The results shows 
that a DEM with a high resolution of 2x2m do not identify PRAs (potential release areas) as 
good as the resampled resolutions of 5x5m or 25x25m.  
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Introduction 
Snow avalanches are masses of snow that can contain rocks, vegetation or ice that run down 
steep slopes (Schweizer, Jürg, J. Bruce Jamieson 2003; McClung & Schaerer 2006).  
The destructive power of avalanches can be enormous. Globally avalanche disasters are small 
compared to the big five hazards, earthquakes, floods, tropical storms, drought, and volcanoes 
(McClung & Schaerer 2006). The 73 biggest avalanche events the last 28 years affected 
approximately 70,000 people at a cost of 800 million US dollars (USD) (Prevention web 2015). 
In Switzerland it is estimated that over 100 avalanches a year kill around 25 people and injure 
many more. More than 90 % of the fatal accidents during the last twenty years occurred in 
terrain outside the groomed skiing areas (Institute for snow and avalanche research 2015). At 
the same time the ski tourism industry in Switzerland are an important income for the country. 
The income is around 16 billion francs or approximately 2.6 % of Gross domestic product (GDP) 
(BFS 2015). In western Canada there is an average of 10 deaths per year and the direct costs of 
avalanche protection is approximately reaches 10 million Canadian dollars (CAD) a year 
(McClung & Schaerer 2006).  
 
In the Scandes avalanches does not present the same problems as in the Alps. In 2012 the 
Swedish government gave Naturvårdsverket (Swedish Environmental Protection Agency) an 
assignment to investigate the need for avalanche forecasts in Sweden. They found that there is 
too little relevant information about when and where there is risk for avalanches (Mårtensson 
& Palmgren 2014). They also found that 35 Swedes died in avalanche events after the year 
2000. However only 9 of those deaths were in Sweden (Naturvårdsverket 2014). The total 
costs for avalanche accidents in Sweden including human deaths are approximately 27-36 
million SEK a year (Naturvårdsverket 2014). The tourism industry in Sweden is an expanding 
industry (Tillväxtverket 2015). Not only is it expanding but the tourists are getting bolder every 
year in their search for untouched off-piste snow without avalanche protection 
(Naturvårdsverket 2014).  
 
Information on potential release areas (PRA) for snow avalanches such as location and size are 
important for planning infrastructure and making avalanche forecasts. Avalanche release is 
dependent on many parameters that together make the PRA. These parameters can be 
classified into three groups: (1) terrain such as slope, curvature, roughness, and vegetation; (2) 
meteorological parameters like wind, temperature, amount of snow and air humidity; (3) 
snowpack parameters such as weak layers and grain forms (Bühler et al. 2013; McClung & 
Schaerer 2006).  
 
GIS have been used for modelling avalanche hazard in many different regions around the 
world. However there are only a few that use models for identifying PRAs. The standard 
models use the altitude, inclination, ground cover and the curvature (Andres & Chueca Cı´a 
2012; Chueca Cía et al. 2014). Some models also use the aspect of the slopes, land use and tree 
cover (Selçuk 2013; Özşahin & Kaymaz 2014; ArcGIS 2015). After giving the parameters 
weighted values the result is a general avalanche hazard map that can cover great areas. These 
maps can only show where there are areas that can produce avalanches but it is not very 
precise.  
 
The aims of this paper are to explore:  
 How do different models represent potential release areas in Sweden? 
 How will the resolution of the DEM effect the outcome of the models?  
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I will in this paper focus on the terrain parameters because those are the ones that can be 
derived from a digital elevation model (DEM) and can be used on areas where there is little or 
no data on the meteorological and snowpack parameters.  
 
 

Background 
Avalanches appear in general as loose-snow or slab avalanches (McClung & Schaerer 2006; 
Schweizer, Jürg, J. Bruce Jamieson 2003). Loose snow avalanches start at a single area or point 
at, or close to, the surface and spread as they move down the slope (McClung & Schaerer 
2006). Slab avalanches are associated with weak layers buried at depth within the snow layer. 
When that layer collapses it results in a block of snow usually in a rectangular shape sliding 
downslope (McClung & Schaerer 2006). Triggering of such slab avalanches can occur by (1) 
loading of the surface by for example people or explosives, (2) gradual loading over large areas 
by precipitation and (3) a situation that changes the snowpack properties for example surface 
warming called spontaneous triggering (Schweizer, Jürg, J. Bruce Jamieson 2003).  
 
The terrain is an important factor for the release of avalanches. There are several different 
slope features working together forming areas with avalanche danger. The feature that has the 
largest influence of avalanche release is the slope angle, while other variables are secondary 
(McClung & Schaerer 2006). Usually a slope angle higher than 30° is required for dry snow slab 
avalanches to develop (Schweizer, Jürg, J. Bruce Jamieson 2003). However this lower 
inclination threshold is debated. According to (McClung & Schaerer 2006) dry slab avalanches 
can be triggered on inclinations higher than 25° and wet slab avalanches can be released on 
slope angles below that. However it is unusual that avalanches are triggered naturally below 
30°.  The upper limit for slab avalanches is usually around 55°, above that avalanches are rare 
because the snow sluffs frequently in small amounts (McClung & Schaerer 2006). Other terrain 
factors that have an impact on the release of avalanches is the ground surface roughness, the 
curvature of the slope, and the vegetation characteristics (Schweizer, Jürg, J. Bruce Jamieson 
2003; McClung & Schaerer 2006). Ground surface roughness anchors the snow until it is deep 
enough to form a relative smooth surface. Rocks, boulders and logs are features that works as 
good avalanche anchors (McClung & Schaerer 2006). Normally the snow depth needed to 
smooth out the roughness is 0.3-1 m (Schweizer, Jürg, J. Bruce Jamieson 2003; Veitinger et al. 
2014). The curvature of a slope is another factor for avalanche release. Slopes that are convex, 
either down-slope and/or cross-slope, are more prone to produce avalanches than straight or 
concave slopes (Schweizer, Jürg, J. Bruce Jamieson 2003; Fsavalanche.org 2015). However the 
majority of dry slab avalanches occur on terrain with no significant curvature (McClung & 
Schaerer 2006). Forests prevent avalanche formation if it is dense enough (Schweizer, Jürg, J. 
Bruce Jamieson 2003). On gentle slopes around 500 conifers per hectare is considered a 
minimum and for steeper slopes 1000 conifers per hectare is needed for avalanche prevention. 
A mix with species and variable height is preferable for inhibition of avalanches (McClung & 
Schaerer 2006) 
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Method 
Study areas and datasets 
Helagsfjället and Skorvdalsfjället are two mountain massifs that are located in the southern 
parts of the Scandes (Fig. 1). Helagsfjället harbors the Helagsglaciären that is the southernmost 
glacier in Sweden. Skorvdalsfjället is located southeast of Helagsfjället and is in a region with 
more forests. The highest summit of Helagsfjället is located at N 6977495 E 370570 (SWEREF99 
TM) (Fig. 2) and the top of Skorvdalsfjället is N 6922549 E449138 (SWEREF99 TM) (Fig. 3). 
These mountains were chosen because they are located in popular winter tourism areas. 
Helagsfjället has a cabin at the base run by Svenska turistföreningen (STF) and there is heli-
skiing activities on the mountain from the nearby ski resort Ramundberget. Skorvdalsfjället has 
the ski resort Björnrike situated on the eastern side and there is ski touring tracks over the 
massif. Both of these areas are covered by the latest national elevation model GSD-Höjddata 
2+ (Lantmäteriet 2014) 
The data used to calculate the PRA is a DEM derived from airborne laser scan with an elevation 
precision of 0.05 meters and a horizontal resolution of 2x2 meters (Lantmäteriet 2014). This 
DEM is used for the high resolution calculations and is resampled to the resolutions of 5x5m 
and 25x25 meters. The 50x50 meter DEM is a dataset derived from digitized contour lines that 
has been extracted by profile measurements in aerial photos from 1980. The elevation 
precision of this DEM is +- 2 meters (Lantmäteriet 2015).  
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Fig. 1. Overview of the locations for Helagsfjället and Skorvdalsfjället in Jämtlands län. (Sverigekartan 2015 © 
Lantmäteriet [I2014/00691.]) 
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Fig. 2. Map over Helagsfjället. The red frame shows the area covered by the DEM that the models where run on. 
(Översiktskartan 2015 © Lantmäteriet [I2014/00691.]) 
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Fig. 3. Map over Skorvdalsfjället. The large red frame shows the area covered by the DEM that the models where run 
on. Only the western part of the DEM showed areas with PRAs (smaller red frame) and consequently only that part 
of the mountain is shown in fig. 7 and 8 (Översiktskartan 2015 © Lantmäteriet [I2014/00691.]) 
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GIS models 
Two of the three models tested in this paper were developed to identify PRA (Barbolini et al. 
2011; Bühler et al. 2013). The third is a general model that ArcGIS (ESRI 2014. ArcGIS Desktop: 
Release 10.2.2 Redlands, CA: Environmental Systems Research Institute) developed for their 
help homepage to define areas with avalanche hazard (ArcGIS 2015).  

Automated identification of potential snow avalanche release areas based on digital 
elevation models (Bühler et al. 2013). 
This model is partly based on the work of Maggioni (2004) but has been improved so it can be 
used on DEM datasets with higher resolutions. This model comes as a tool written in the 
Python programming language (www.python.org). To identify the PRA areas with this model 
the terrain parameters must be defined. The first step is to set the limit of the steepness of the 
slopes. Avalanches are typically released on slopes with inclinations between 30° and 50° but 
depending on snow conditions the range can be; 25° and 60° (Schweizer, Jürg, J. Bruce 
Jamieson 2003; McClung & Schaerer 2006). However the release of avalanches below 30° are 
very rare and PRA areas are typically the upper third of avalanche runout zones (Bühler et al. 
2013). To make sure the model identifies the majority of the PRA areas the inclination is set 
between 30° and 60°. The Next parameter is the curvature threshold. This part is used to 
identify strongly convex areas such as peaks and ridges so that they can be removed from the 
PRA. This is to make sure that avalanches started by breaking cornices are excluded. For this 
the curvature tool implemented in ArcGIS is used to identify areas with positive plan curvature. 
The curvature in the algorithm uses an upper threshold value. All regions with curvature values 
higher than the threshold are excluded from the PRAs. Roughness is the third parameter that 
needs to be calibrated. In this algorithm the roughness definition of Sappington et al. (2007) is 
used. The roughness is calculated in running areas of 11x11 pixels because this is the best 
neighborhood relevant for avalanche release (Bühler et al. 2013), the threshold is set to 0.03. 
To be able to delineate the release zones the model uses the flow direction algorithm 
integrated in ArcGIS. After delineating the zones the model splits very large areas into smaller 
PRAs and merge or delete very small ones. Dense coniferous forests can hinder avalanche 
release. The model excludes forests and areas 100 meters above from the PRA. The forested 
areas (fig. 4) are extracted from Lantmäteriets fjällvegetationskarta for Skorvdalsfjället. The 
area of Helagsfjället is too elevated to have any forests that could inhibit avalanches. But since 
a raster for forests are needed for the model to run the elevation below 800 m.a.s.l is defined 
as coniferous forest. The minimum area for PRAs are set to 2500 m2 for the 25x25m and 
50x50m. The reason for this is that the area for one pixel in the 50X50m resolution is 2500 m2. 
The minimum area for PRAs in the 2x2m resolution is set to 1000m2. The minimum elevation is 
not relevant for the Swedish conditions in these areas and is set to the lowest elevation in the 
DEM.  

Avalanche hazard mapping over large undocumented areas (Barbolini et al. 2011).  
This model is originally run in an open source geographical information system (GRASS GIS). In 
the present study it is only the release area module of the paper that has been replicated in 
ArcGIS and made into a model that can be run on any DEM. To make it comparable to the 
(Bühler et al. 2013) model the slope angle threshold is set between 30° and 60°. The model do 
not use a raster to define coniferous forests but excludes all areas below a certain elevation. 
The elevation is set to 700 m.a.s.l both on Helagsfjället and Skorvdalsfjället. This is the 
elevation that best corresponded with the forest areas used in the previous model. The plan 
curvature is used to define convex, concave and flat zones. For this the curvature tool in ArcGIS 
used. The values set for this is as follows. 
 Concave zones: plan curvature < -0.002 m-1 
 Flat zones: plan curvature between - 0.002 m-1 and + 0.002 m-1 
 Convex zones: plan curvature >= + 0.002 m -1 

http://www.python.org).
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The convex zones are excluded in this model and the resulting pixels in the raster is grouped 
together with the tool region group. To compare this model with the previous and being able 
to use it on the 50x50m DEM the minimum area for the PRA is set to 2500m2. The resulting 
clusters of pixels are converted in to polygons that are split manually instead of using the flow-
direction algorithm like the previous model.  
 
ArcGIS model for avalanche hazard is used (ArcGIS 2015) 
This model is described with local functions to a function chain. In order to make it easier to 
use I made it into a model that can run on any DEM making it easy to replicate. The model uses 
the parameters: slope and elevation within the same limits as the previous models. The 
curvature thresholds is the same as the model of Barbolini et al. (2011). Math algebra 
integrated in ArcGIS is used to extract pixels from the DEM and then sum them to an avalanche 
hazard map with pixel values ranging between zero to four or five. A higher number represents 
higher avalanche danger. The original model uses the compass aspects of the slopes, but since 
the previous models do not it is left out to be able to compare them. This model uses the slope 
angle and curvature to define avalanche hazard.  
 
Unfortunately there are no avalanche databases in Sweden that these results can be compared 
with. Therefore to be able to analyze the results generated by the models and knowing which 
of them represents PRAs the best in Sweden the resolution 5x5m is used in the model of 
(Bühler et al. 2013) as a reference output. The 5x5m resolution is found by Bühler et al. (2013) 
to be the most accurate representing the reality. The PRAs are defined as large when they are 
bigger than 100 000m2, medium between 50 000m2 and 100 000m2 and small from 2 500m2 to 
50 000m2 which is the same as in Bühler et al. (2013). In the following, all slopes with slope 
angles between 30° and 60° degrees will be referred to as “steep slopes”. 

 
  Fig. 4. Maps showing coniferous forest cover at Skorvdalsfjället. The green cover in map 

A shows areas under 700 m.a.s.l. Map B shows the forest cover extracted from 
lantmäteriets fjällvegetationskarta. (© Lantmäteriet [I2014/00691.]) 
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Results 
Helagsfjället 
Automated identification of potential snow avalanche release areas based on digital 
elevation models (Bühler et al. 2013)  

 
Fig. 5 Maps over Helagsfjället with PRAs marked in red as modelled by the (Bühler et al. 2013) model. Map A shows 
the results from running the model on 2x2m resolution, map B is the 5x5m reference resolution, Map C shows the 
results of the 25x25m resolution and map D is from the 50x50m. Map E shows the results from the ArcGIS model 
with a scale of avalanche hazard where 4 is high and 1 is low avalanche danger. Map F shows the steep slopes on 
Helagsfjället. 
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The resulting maps with PRAs in red from the Bühler et al. (2013) modell over Helagsfjället 
(fig.5). The result of the 2x2m resolution on Helagsfjället results in 386 PRAs covering 23 % of 
the steep slopes (Table 2). However lowering the lower limit of the individual areas the 
resolution gives 1249 PRAs between 1000m2 and 2 500m2 covering an additional 21% (Table 
1). The 5x5m is covering 88 % of the steep slopes with a majority of PRAs between 2 500 and 
50 000m2 (Table 1). The 25x25m results in 73 PRAs of which 14 are larger than 100 000m2. 
These large PRAs covers 51 % of the steep slopes (Table 1). The trend with bigger but fewer 
PRAs shows on the 50x50m resolution. It has only 33 PRAs and 8 of them are over 100000m2 
covering a total of 30 % of the steep slopes (Table 1).  

Table 1. The results of the Bühler et al. (2013) PRA modelling of the Helagsfjället area. The number of PRAs are a 
sum of the PRAs for each size of the PRA and the area represents the total area covered by the PRAs. Lastly in 
percent how much of the steep slopes is covered by the PRAs. 

DEM 
resolution 

Area definitions 
m2  

Number of 
PRAs Area m2 

Fraction of total area of slopes 
between 30° and 60° 

Helagsfjället 
2x2m >=100 000 0 0 0 % 
  50 000- 100 000 0 0 0 % 
  2 500- 50 000 386 1866668 23 % 
  1000- 2 500 1249 1696931 21 % 
Sum   1635 3563599 44 % 
Helagsfjället 
5x5m >=100 000 5 679925 8 % 
  50 000- 100 000 25 1784525 22 % 
  2 500- 50 000 402 4194590 52 % 
  1000- 2 500 236 377725 5 % 
Sum   668 7036765 88 % 
Helagsfjället 
25x25m >=100 000 14 4108125 51 % 
  50 000- 100 000 5 376250 5 % 
  2 500- 50 000 54 660570 8 % 
Sum   73 5144945 64 % 
Helagsfjället 
50x50m >=100 000 8 1730000 22 % 
  50 000- 100 000 4 313251 4 % 
  2 500- 50 000 21 350792 4 % 
Sum   33 2394043 30 % 
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Avalanche hazard mapping over large undocumented areas (Barbolini et al. 2011) 

 
Fig. 6. Maps over Helagsfjället with PRAs marked in red as modelled by the Barbolini et al. (2011) model. Map A 
shows the results from running the model on 2x2m resolution, map B is the results of the 5x5m reference resolution, 
map C is the results of the 25x25m resolution and map D is from the 50x50m resolution. Map E shows the results 
from the ArcGIS model with a scale of avalanche hazard where 4 is high and 1 is low avalanche danger. Map F shows 
the steep slopes on Helagsfjället. 
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Helagsfjället harbors several PRAs according to the results from the Barbolini et al. (2011) 
model (Fig. 6). Running the model on the 2x2m resolution results in 14 PRAs covering 1 % of 
the total area of slopes between 30° and 60° of which there are only small PRA (Table 1). The 
25x25m resulted in a smaller fraction (32%) of the steep slopes covered by PRAs. However the 
25x25m resolution did not identify any large PRAs (Table 1).Running the model on the 50x50m 
resolution resulted in 204 PRAs covering over 45 % of the steep slopes with angles between 
30° and 60° (Table 1). It identifies 185 small areas covering 20 % of the steep slopes and 7 large 
areas covering 15 % of the steep slopes.  

Table 2. The results of the Barbolini et al. (2011) PRA modelling of the Helagsfjället area. The table shows the 
resolution of the DEM of Helagsfjället the model is run on. The number of PRAs are a sum of the PRAs for each size of 
the PRA and the area represents the total area covered by the PRAs. Lastly in percent how much of steep slopes is 
covered by the PRAs. 

DEM resolution 
Area definitions 
m2  

Number of 
PRAs Area m2 

Fraction of total area of 
slopes between 30° and 60° 

Helagsfjället 
2x2m >=100 000 0 0   
  50 000- 100 000 0 0   
  2 500- 50 000 14 99530 1 % 
Sum   14 99530 1 % 
Helagsfjället 
5x5m >=100 000 5 679925 8 % 
  50 000- 100 000 25 1784525 22 % 
  2 500- 50 000 402 4194590 52 % 
  1000- 2 500 236 377725 5 % 
Sum   668 7036765 88 % 
Helagsfjället 
25x25m >=100 000 0 0 0 % 
  50 000- 100 000 7 536419 7 % 
  2 500- 50 000 272 2058939 26 % 
Sum   279 2595358 32 % 
Helagsfjället 
50x50m >=100 000 7 1212500 15 % 
  50 000- 100 000 12 795000 10 % 
  2 500- 50 000 185 1612500 20 % 
Sum   204 3620000 45 % 
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Skorvdalsfjället 
Automated identification of potential snow avalanche release areas based on digital 
elevation models (Bühler et al. 2013) 

 
Fig. 7 Maps over Skorvdalsfjället with PRAs marked in red as modelled by the Bühler et al. (2013) model. Map A 
shows the results from running the model on 2x2m resolution, map B presents the 5x5 resolution, map C is the 
results of the 25x25m resolution and D is the 50x50m. The 50x50 resolution did not identify any PRAs using this 
model. Map E shows the results from the ArcGIS model with a scale of avalanche hazard where 4 is high and 1 is low 
avalanche danger. Map F shows the steep slopes on Skorvdalsfjället. 
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Running the Bühler et al. (2013) model on Skorvdalsfjället results in most PRAs in the eastern 
areas of the mountain (Fig 7). Running the model on Skorvdalsfjället at the 2x2m resolution 
resulted in total 100 PRAs covering 8 % of steep slopes (Table 4). The 5x5m resolution wielded 
fewer PRAs but they cover in total 14 % of the avalanche areas. The resolutions 2x2m and 
5x5m do not identify any large PRA areas (Table 3). The 25x25m resolution results in a slightly 
higher cover percentage than the 2x2m but has only 9 PRAs. None of the resolutions identifies 
PRA areas larger than 50 000m2 (Table 3). The model identified no PRA areas at the 50x50 
resolution. 

Table 3. The results of the Bühler et al. (2013) PRA modelling of the Skorvdalsfjället area. The number of PRAs are a 
sum of the PRAs for each size of the PRA and the area represents the total area covered by the PRAs. Lastly in 
percent how much of steep slopes is covered by the PRAs. 

DEM resolution 
Area definitions 
m2  

Number of 
PRAs Area m2 

Fraction of total area of 
slopes between 30° and 60° 

Skorvdalsfjället 
2x2m >=100 000 0 0 0 % 
  50 000- 100 000 0 0 0 % 
  2 500- 50 000 20 119 656 5 % 
  1000- 2 500 80 106 060 4 % 
Sum   100 225 716 8 % 
Skorvdalsfjället 
5x5m >=100 000 0  0 0 % 
  50 000- 100 000 1 53 650 2 % 
  2 500- 50 000 29 49 500 2 % 
  1000- 2 500 31 263 623 10 % 
Sum   61 366 773 14 % 
Skorvdalsfjället 
25x25m >=100 000 0 0 0 % 
  50 000- 100 000 2 158 125 6 % 
  2 500- 50 000 7 75 482 3 % 
Sum   9 233 607 9 % 
Skorvdalsfjället 
50x50m >=100 000 0 0 0 % 
  50 000- 100 000 0 0 0 % 
  2 500- 50 000 0 0 0 % 
Sum   0 0 0 % 
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Avalanche hazard mapping over large undocumented areas (Barbolini et al. 2011)

 
Fig. 8. Maps over Skorvdalsfjället with PRAs marked in red as modelled by the Barbolini et al. (2011) model. Map A 
shows the results from running the model on 2x2m resolution. Map B is the 5x5m reference resolution from the 
Bühler et al. (2013) model. Map C is the result of the 25x25m resolution and map D is the 50X50m resolution. Map E 
shows the results from the ArcGIS model with a scale of avalanche hazard where 4 is high and 1 is low avalanche 
danger. Map F shows the steep slopes on Skorvdalsfjället. 
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The PRA areas cover only the western parts of Skorvdalsfjället (fig. 8) There are in total fewer 
PRA areas on Skorvdalsfjället than on Helagsfjället (table 4). However the model run on 
Skorvdalsfjället show the same trend as on Helagsfjället. This model identifies two small PRA 
areas in the 2x2m resolution covering 0.5 % of the areas between 30° and 60° (Table 4). The 
25x25m resolution results in more PRAs than the 2x2m and cover 20 % of the area. All of these 
PRAs are of the small category. The 50x50m resolution covers 14 % of the steep parts on 
Skorvdalsfjället with all of the PRAs except one in the small category. (Table 4) 
 
Table 4. The results of the Barbolini et al. (2011) PRA modelling of the Skorvdalsfjället area. The number of PRAs are 
a sum of the PRAs for each size of the PRA and the area represents the total area covered by the PRAs. Lastly in 
percent how much of steep slopes is covered by the PRAs. 

DEM resolution 
Area definitions 
m2  

Number of 
PRAs Area m2 

Fraction of total area of 
slopes between 30° and 60° 

Skorvdalsfjället 
2x2m >=100 000 0 0 0 % 
  50 000- 100 000 0 0 0 % 
  2 500- 50 000 2 13 201 0,5 % 
Sum   2 13 201 0,5 % 
Skorvdalsfjället 
5x5m >=100 000 0 0 0 % 
  50 000- 100 000 1 53 650 2 % 
  2 500- 50 000 29 49 500 2 % 
  1000- 2 500 31 263 623 10 % 
Sum   61 366 773 14 % 
Skorvdalsfjället 
25x25m >=100 000 0 0 0 % 
  50 000- 100 000 0 0 0 % 
  2 500- 50 000 78 537 083 20 % 
Sum   78 537 083 20 % 
Skorvdalsfjället 
50x50m >=100 000 0 0 0 % 
  50 000- 100 000 1 62 557 2 % 
  2 500- 50 000 22 300 661 12 % 
Sum   23 363 217 14 % 
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Discussion 
With the expanding winter tourism in Sweden with more and more people searching for 
extreme challenges there is a need in knowing when and where there is a risk for avalanche 
release. The best way of finding PRAs is by manual labor with avalanche experts doing field 
investigations using snowpack data and elevation models. This method is very time consuming 
and costly. Developing a model for the Swedish mountains that identifies PRAs with high 
reliability would save money, time and potentially lives. The models that were tested in this 
study are originally developed to identify PRAs in other mountainous areas of the world rather 
than Sweden. This means that they might or might not identify PRAs in the Scandes correctly. 
In Sweden there are no available avalanche databases that the identified PRAs can be 
validated against. This makes the validation of any model trying to identify avalanches or PRAs 
problematic.  

Establishing reliable avalanche databases takes years of work and might not be the way to go 
when the off-piste tourism is expanding in an accelerating speed. The model of Bühler et al. 
(2013) however is validated against 4846 avalanche events in the area of Davos in Switzerland. 
They found that the best trade-off between mapping only as much as you need and covering 
as many PRAs as possible comes from a resolution of 5x5 with ruggedness threshold of 0.03 
and curvature threshold of 3. The thresholds are the same as the ones used for the other 
resolutions in this paper. Using the 5x5 resolution could be a way of validating the results 
generated by the models in Sweden. The accuracy however will depend on how similar or 
different the tested areas in Sweden are with Davos.  

Developing a model that can compare the terrain parameters between areas like Davos and 
Helagsfjället and then using the result as a factor when comparing those areas could be a way 
of validating the results. This has not been done in this paper but could be something do 
develop in the future.  

The only way the results can be validated within the frames of this paper is the results from 
Bühler et al. (2013) and using the 5x5m resolution for validation. The 5x5m resolution 
identifies 432 PRAs covering 83% of the steep areas on Helagsfjället and 30 PRAs covering 4% 
of the steep slopes on Skorvdalsfjället. These are the numbers when removing the very small 
PRAs from the equation and that is because the 25x25m and 50x50m resolutions are too 
coarse to identify such small areas. At Helagsfjället the resolution that comes closest to the 
5x5m in amount of PRAs is the 2x2m of Bühler et al. (2013) with 386 polygons. However when 
it comes to coverage the 25x25m resolution with the model of Bühler et al. (2013) gets closest 
with 64%. At Skorvdalsfjället the closest model and resolution for amount of PRAs is the 
50x50m of Barbolini et al. (2011) with 23 polygons. The 2x2m resolution and the Bühler et al. 
(2013) model comes closely after with 20 PRAs. When it comes to covering the steep slopes 
the 2x2m resolution with the model of Bühler et al. (2013) is closest with 5%.  
These results shows how difficult it is to find a suitable model and resolution for a specific 
area. The two mountains Helagsfjället and Skorvdalsfjället are located relatively close to each 
other. But the differences in what model and resolution that is closest to the 5x5m resolution 
of Bühler et al. (2013) varies significantly. As a complement to comparing the number of 
polygons and their coverage of the steep slopes it would be good to do a statistical analysis of 
how much the PRAs generated in the tested resolutions overlap geographically the PRAs 
generated by the 5x5m. However this was not possible within the timeframes of this paper but 
would be of value to do in further investigations. However, the PRAs in the 5x5 m resolution 
(Appendix 1 and 2) is, in terms of geographical location, comparable with the PRAs that was 
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predicted by the tested models in Figs. 5-8. To answer the question of what the most suitable 
resolution and model for the Swedish mountains are, either avalanche databases or a model 
that can compare areas with databases to those without is needed.  

 

Conclusions 

The study show that the tested models may be used as a base for avalanche prediction tool in 
Sweden. However if they are to be used they need to be validated by avalanche experts in the 
field. Developing an algorithm that can compare areas with avalanche databases to areas 
without avalanche databases could also be used as a way of validation. For further 
investigations it would be interesting to use different resolutions for different parts of the 
models. For example, it may be optimal to have a 2x2m resolution for roughness but a 
resolution of 5x5m or even 10x10m for slope and curvature, instead of one resolution for all 
aspects.  
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Appendix 

Appendix 1. Map over Helagsfjället with PRAs marked in red as modelled by the (Bühler et al. 2013) model at the 
resolution 5x5m.  
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Appendix 2. Map over Skorvdalsfjället with PRAs marked in red as modelled by the (Bühler et al. 2013) model at the 
resolution 5x5m.  
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