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1 Introduction 

As Hungary has no high mountains, significant avalanches rarely occur in the 
country. However, many people go skiing, ski touring to the mountains of the 
neighboring countries. One of the most visited recreational areas is the Low Tatras in 
Slovakia. The geographical characteristics, the slope and the vegetation make this 
region an ideal place for skiing, ski touring and hiking, but the same characteristics 
make it a perfect place for avalanches. Avalanche hazard is defined on a 1 to 5 range 
scale based on practical evaluation of measured snowprofile and meteorological 
data done by the avalanche forecast service. This number refers to the whole 
mountain range as an average value, giving a hint about the overall stability of the 
snowpack in the mountains. The precise definition of avalanche hazard on an easily 
interpretable map could probably significantly increase the avoidance of dangerous 
areas by skiers, thus reducing the number of avalanche accidents. A system, spatially 
and temporally modeling the evolution of the snowpack, could be a major help, 
extra information for the avalanche forecast service, based on which a more precise 
forecast could be given. A modeling system like this is based on the fact, that 
changes in the snowpack follow physical laws, so can be determined by equations. 
These changes however, depend on many micro-and macrometeorological, terrain 
and other factors. Modeling these input factors beyond certain accuracy is not 
achievable with the instruments and DEM available for the Low Tatras at the 
moment. GIS could be a great tool for delineating avalanche paths and defining 
avalanche risk, but the lack of base data and the inadequate spatial resolution allow 
only a limited use of the results (McCollister et. al. 2006). However a model like this 
could give a good estimation, which could make the work of the avalanches forecast 
services easier and more accurate. 

2 Aim of the study 

The aim of this study is to create an avalanche risk model for the Low Tatras, which 
could help the avalanche forecast services or which the skiers could directly use to 
plan their trip. The model is based on meteorological, snowpack, terrain and land 
cover data. This database is used to model the evolution of snowpack and by 
integrating this with the effect of weather and terrain data on avalanches, spatial 
and temporal change of avalanche hazard can be estimated. The result of the model 
is a spatial dataset, refreshed twice a day, characterizing each of the snow layers 
with the following variables: height and density of the layers; and size, dendricity 
and sphericity of grains in the layers. Beside these, the model also creates the 
bonding of each layer, the effect of the weather on avalanche hazard and by 
combining these two with the terrain and land cover factors, it creates the final 
avalanche risk raster.  
 

I have chosen the Low-Tatras as my study site based on multiply reasons. This 
mountain has the most avalanche inducing factors (slope, aspect, land cover) in the 
surroundings. The area is a famous ski resort and the center of the Slovakian 
Avalanche Forecast and Mountain Rescue Service (SLP-HZS), from whom I’ve got a 
great support is located here, in Jasna. Seven meteorological stations are found in 
the area, the data of which I received from the Slovakian Avalanche Forecast and 
Mountain Rescue Service (SLP-HZS) and the Slovakian Hydrometeorological Institute 
(SHMÚ). 

3 Methods - results 

The model was written in Python language and integrated in ArcGIS. The model has 
a modular structure and is built up of 5 modules: weather, snowpack, terrain, land 
cover and avalanche risk modules (Fig. 1). The latter one uses the results of the 
previous modules. The weather module calculates the important weather 
parameters based on measured point meteorological data. The snowpack module 
extrapolates the measured snow data based on the meteorological maps and 
physical processes and models their evolution. The terrain module delineates the 
potential avalanche paths from slope and plan curvature. The vegetation module 
defines the relation of land cover and snowpack height. The avalanche risk module 
calculates the strength of bonding between each layer and chooses the lowest 
bonding strength for each pixel. It also defines the effect of the current and past 
weather situation on avalanche risk. The final outcome of the model, the avalanche 
risk map is produced by combining these two with the result of the terrain and land 
cover modules, showing the spatial distribution of avalanche hazard for the actual 
day. Validation was done by comparing the results of the modules with the snow 
profiles measured by the Slovakian Avalanche Research and Mountain Rescue 
Service in case of snowpack module, with the avalanche path of the avalanche 
cadastre in case of terrain module and with the official avalanche danger degree and 
the time of actual avalanches in case of avalanche risk module. 

3.1 Weather module 

The weather module extrapolates the measured point meteorological data to the 
whole area. The measured parameters are the minimum and maximum air 
temperature, the minimum and maximum snow surface temperature, the wind 
speed and the wind direction. The input data used for the extrapolation process are 
DEM, aspect, slope, solar radiation, cloudiness and land cover. The outputa of the 
module are raster maps displaying the spatially distributed, above mentioned input 
data. 
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Fig. 1: A flowchart of avalanche risk model 

3.1.1 Temperature 

Temperature is the most important factor in calculating snow melt, snow crystal 
metamorphism and snow settlement. Multiply linear regression was used for the 
extrapolation of point temperature data. First I was trying to find a general equation, 
that could have been used for the whole winter, but was not able to find such from 
the available data. The reason of this is that many times cyclones, anticyclones, the 
passing of fronts, that I have no information of, govern the temperature distribution. 
The most precise results I could get from the available data, was by using multiply 
linear regression for each day for the extrapolation of the temperature data from 5 
(in case of maximum temperature) and 6 (in case of minimum temperature) 
meteorological stations, thus getting different equations for each day. After studying 
the spatial distribution of the resulting temperatures and the results of statistical 
calculations, I have decided to use elevation from DEM and solar radiation for clear 
sky as independent variables for the linear regression. Extrapolation of the snow 
surface temperature was done from one point, using the same equation that was 
calculated for the air temperature, but in this case, as the surface temperature 
depends even more on the incoming radiation, solar radiation for the cloudiness of 
the actual day was used as independent variable instead of radiation for clear skies. 

3.1.2 Wind 

Wind is able to transport and re-deposit huge amounts of snow, modifying the 
avalanche hazard by the addition of extra weight and creating wind slabs. The wind 
modification effect of terrain in scientific literature is either studied on a macro 
scale, in case of mountains or on a mezo or micro scale, in case of gently undulating 
hills or flat areas. As small terrain features can already alter the area of snow 
deposition by wind, I added up these two methods. For macro scale, a method 
developed at Purdue University in USA (ASCE 2010), and for micro scale a set of 
equations developed by Liston et al. (2007) and used in SnowTran-3D model, proved 
to be the best for the Low-Tatras, so I’ve used these. I have changed an empirical 
constant (μ) in one of the equations (K2) of the macro scale factor from 1.5 to 0.4 
based on wind data from 5 meteorological stations for 5 winters. I’ve modified the 
result of the micro scale equations too by taking the turbulence effect into account 
(Shiau et al. 2002): I reduced the wind speed proportionally to the slope above 30°. I 
have found the wind direction altering effect too low in the equation of Liston et al. 
(2007), so I have modified it based on the results of Gugolj (2005) and 
measurements from the Low-Tatras. I have brought the micro scale factor to square 
to enhance the effect of small terrain features, and multiplied it with the macro scale 
factor to get the final, terrain modified wind speed. 
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Fig. 2: Snowpack height due to snowmelt (more 
important) and snow settlement (less important) on 
25.12.2009. Starting snowpack height on previous 
day was 50 cm, actual scale is between 25- 37 cm. 

3.2 Snowpack module 

The snowpack module defines the most important characteristics of the snowpack 
by modelling the following processes: snow melt, snow settlement, snow transport 
by wind, snow crystal metamorphism and the formation of weak layers.  The module 
produces snow layer height and density, grain size, grain dendricity and sphericity 
and ice and surface hoar rasters. Each snowfall or wind deposited snow, exceeding 3 
cm, creates a new layer with the above characteristics. These layers, which represent 
the features of the snow layers above each other, change according to the input 
weather and terrain parameters, modeling the changes of the real snowpack. 

3.2.1 Snowmelt 

I’ve used equations from Walter et al. (2005) and Debele et al. (2009) for modeling 
snowmelt. These equations, based on physical laws, calculate the energy balance of 
the snowpack. The input parameters, incoming radiation, last day of new snowfall, 
air temperature, snow surface temperature, wind speed, humidity, amount of rain, 
cloudiness and snowpack height, are measured or can be calculated relatively easy, 
so I could use this method for the calculation of snowmelt in my model. The 
equations are based on a daily scale, so I modified them to be applicable for my day 
and night calculations. The method calculates the incoming short wave radiation, the 

outgoing and incoming long 
wave radiation, the sensible 
heat, the latent heat, the heat 
from the Earth, the heat from 
rain and the stored snowpack 
energy. The snowpack module 
only calculates the snowmelt, if 
the energy balance of the 
snowpack is positive and the 
snow surface temperature is 
near melting point (Ts> -0.1 °C).  
 
The spatial distribution the of 
the snow height reduction due 
to melt shows good results (Fig. 
2). Most of the snow melted in 
the valleys, as a result of the 

higher temperature and on the southern slopes, which shows the effect of incoming 
radiation. Snowmelt, snow settlement and wind transport all modify the height of 
the snowpack. I will detail the temporal change of this later.  

3.2.2 Snow settlement 

I’ve calculated the settlement of snow based on the research done by Flerchinger & 
Saxton (1989) and McConkey (1992). As the old snow/new snow transition in these 
equations was not smooth and the results did not match with the results of other 
researchers, the settlement was too fast, I have modified the equations. I unified the 
2 different equations referring to new snow and old snow and changed an empirical 
constant from 16 to 4 based on the results of Steinkogler’s (2009) study. 

 
The spatial distribution of snow 
settlement show good results 
(Fig. 3). Density increases at 
the highest rate in the valley, 
showing the effect of 
temperature, and in places 
with very high snowpack, close 
to the highest peak, which is 
due to the weight of the 
overlying snow layers. The 
same effect, but in a lesser 
extent (as they cancel out the 
effect of one another) can be 
observed in slopes with 
different aspects. The north 
side has a slightly higher 

density then the south side. If only the effect of the temperature was considered, 
the southern, warmer slopes should have higher density. However, as the northern 
slopes have bigger snowpack height, it compresses the lower snow layers at a 
greater degree, so the density of the lower layers will be higher here. So the density 
of the snow layers depends on the temperature of the snowpack and the weight of 
the overlying layers. 
 
The density change varies in time. Less compacted layers display a fast density 
increase first, and then as they become denser, the density increase is gradually 
reduced. The temporal distribution of settlement is not even throughout the year. In 
warmer periods or in the case of high snowfall the settlement is more intense than 
in the dry periods. 

Fig. 3: Increase of snow density by settlement in 24 
days, for the lowest snow layer, on 24.12.2009. 
Starting density 180 kg/m3. Scale:Black: 452 kg/m3, 
green: 550 kg/m3 
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3.2.3 Snow transport by wind  

Snow transport by wind mainly depends on the rate of shear velocity to threshold 
shear velocity. I’ve calculated the former one from the wind speed at 3 m by the 
logarithmic wind profile equation, and the latter one with an equation modified 
from Liston et al. (2007). I’ve used an equation from Kind (1981), based on shear and 
threshold shear velocity to calculate the flux. The flux however only shows us how 
much snow the wind is able to pick up, until it reaches its maximum carrying 
capacity. In reality the wind arrives at a place (a pixel)already  carrying some snow. 
So it is not able to pick up all the snow fitting the total carrying capacity according to 
the flux, but it will only pick up the amount corresponding to the difference of the 
fluxes between the two pixels. If the flux of the actual pixel is less than that of the 
pixel from the direction of the wind, the amount of snow, corresponding to the 
fluxes will be deposited. With this, I assume that the wind/air arrives to the actual 
pixel saturated with snow. So the amount of wind transported snow can best be 
described with the difference of flux, dQ. I have multiplied dQ with the time the 
wind was blowing the given day to calculate the potentially carried amount of snow. 
Part of the snow sublimates while being transported and as the crystals brake, its 
density grows. Based on a talk at a conference for avalanche experts, I have defined 
the amount of sublimation in 10% and for the density increase I have multiplied the 
density by 1.66. Thus, for the amount of snow deposited on the lee side, I have 
decreased the amount picked up according to these numbers. According to my 
model, wind transport can only occur if the snow surface temperature is below 
freezing point. The amount of snow actually transported, depends on the height and 
density of the available snow layers. If the wind has blown away the top layer, and it 

did not need all the time it was 
blowing that day for it, 
recalculating dQ from the 
density of the next layer, the 
wind will start picking from 
that layer as well. This process 
continues till all the time or all 
the layers are used up. For the 
determination of the spatial 
distribution of wind deposited 
snow, I have considered the 
distance from the ridges and 
the time the air spends at each 
pixel by the given wind speed. 
 
Spatial distribution of wind 
deposited snow shows good 

results (Fig. 4). Most of the snow accumulates behind the ridges and in the culoirs of 
the lee slopes. The patches of less and more snow on the luv side shows, that if dQ is 
negative, a small amount of snow can be deposited on the luv side as well. Most of 
the snow is transported from the area close to the ridge on the luv side. 

3.2.4 Height of the snowpack and the snow layers; validation of 
snowmelt, settlement and transport by wind  

Height of the snow layers is defined by snowmelt, snow settlement and snow 
transport by wind. The graph, representing the temporal change of the layer height, 
shows the processes influencing the height change correctly (Fig. 5). The increase in 
height is the most intense on lee areas, if new snowfall and snow deposition by wind 
happens at the same day (Fig. 5, arrow 1, 2). Significant winds deposit snow on lee 
areas and carry snow away from luv areas (Fig 5, arrow 3, 4). The density of freshly 
fallen, low-density layers increase quickly, especially if the temperature is high and 
new snow layers are formed by snowfall or are blown onto the former ones by wind. 
This shows the effect of snow settlement. The effect of snowmelt can best be 
studied in the time of spring warm weather (Fig. 5, arrow 5). Snowmelt is slow on 
the northern slopes, it corresponds to the real values. On the southern slopes 
however, where snowmelt takes place faster, the decrease of snowpack height due 
to snowmelt is too fast compared to real values. So the trends of change in the 
height of snow layer are correct, but the rate is overcalculated. 
 

 
Fig. 5: Temporal distribution of snow layer heights on Chopok from 01.12.2009 to 30.04.2010. 
Bands of different colors show the heights of snow layers, red line shows the snow surface 
temperature. The sum of snow layer heights draw the snowpack height

Fig. 4: Snowpack height in case of 50 cm starting 
snowpack height and wind of 14.8 m/s and 10°at 
Chopok on 13.12.2010. The brown scale is from 0 to 
1m. Outlying values behind the tallest peak are 
marked with blue. 
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I validated the snowpack height by the snow profiles, measured by the Slovakian 
Avalanche Forecast and Mountain Rescue Service (SLP-HZS). I have extracted the 
snowpack height values from the location of the snow profile measurements for the 
20 measurements in the winter of 2009/2010. The results show a relatively big 
difference between the measured (snow profiles) and the calculated (avalanche risk 
model) values. The snowpack height, calculated by the model is always lower, than 
the height of the profiles. The difference is significantly higher on the southern 
slopes (68%), then on the northern slopes (36%). The reasons of this can be the 
followings: the location of the measurement is far from the ridge, so the deposition 
of the wind transported snow is less, then in case of points close to the ridge. 
However, measurement location is far from the ridge in case of Jasna on the 
northern side as well, and the difference in snowpack thickness is not that high here. 
The main reason of the difference is the process of snow settlement and especially 
snowmelt. The rate of these are found to be too high on the southern slopes, 
causing a greater difference between the measured and the calculated snowpack 
heights on the southern slopes, than on the northern slopes. So as the wind 
transport by snow would not cause such a big difference between the heights of the 
snowpack on the southern and on the northern side, the reason for the lower 
calculated snowpack height lies in the process on the snowmelt and snow 
settlement. 
 
The model calculates snowmelt by physical based, energy balance equations, so the 
results should be correct, but the validation shows the snowmelt to be too fast. The 
reason of this can be that although the energy balance equations consider almost 
every process affecting the snowpack, there is still something missing from it, a 
factor that should be considered for the correct results. Also the equations should be 
set to the conditions of the Low Tatras. Thus, based on the comparison between the 
snowpack and snow layer heights of the profiles measured by the Slovakian 
Avalanche Forecast and Mountain Rescue Service (SLP-HZS) and that calculated by 
the model at the same date and location, the following can be stated. The set of 
equations from Debele et al (2009), regarding the energy balance of the snowpack, 
which are used by the model to calculate snowmelt, using solar radiation, date of 
the last snowfall, air temperature, snow surface temperature, wind speed, 
humidity, amount of rain, cloudiness and snowpack height as input factors, show 
too high melt rate for the Low Tatras. Adapting these equations to the local 
conditions of the Low Tatras would probably improve the accuracy of the 
calculations, so the snowmelt could be modeled correctly (Thesis 1). 
 
Validation of the calculated snowpack height by the measured height shows that the 
model calculates too high settlement values, the density of the snow layers increase 
too fast. This could be corrected by further decreasing the empirical constant in the 
equation. The other reason of the high layer density is that according to the used 

equation, the density is only able to increase, although in case of high temperature 
gradient, due to the process of sublimation and condensation, the density of the 
layer can decrease, as the condensation does not always take place in the given 
layer. Thus, based on the comparison between the snowpack and snow layer 
heights of the profiles measured by the Slovakian Avalanche Forecast and 
Mountain Rescue Service (SLP-HZS) and that calculated by the model at the same 
date and location, the following can be stated. The equations used by the model to 
calculate the snow settlement, which were taken from Flerchinger & Saxton (1989) 
and McConkey (1992), and were modified based on the results of Steinkogler 
(2009) show too fast density increase for the Low Tatras. The results could be 
corrected and the snow settlement accurately calculated for the Low Tatras by 
further decreasing the empirical constant and modifying the equation in a way, 
that it is able to decrease, not only increase, depending on the temperature 
gradient (Thesis 2). 
 
Snow transport by wind also plays a role in determining snowpack height. The 
number of days with southerly and northerly winds is about the same for the Low 
Tatras for the winter of 2009/2010, so snow transport by wind should be the same 
on the two sides. The difference between the measured and the calculated 
snowpack height is much bigger on southern slopes, than on northern slopes, so the 
cause of the difference is not the wind transport, but rather the snowmelt and 
settlement. The weak point of the snow transport by wind is that the deposited 
snow is only considered a new layer, if its height reaches 3 cm. If the height of the 
deposited layer is less than this, then its height is added to the uppermost layer, but 
it loses other characteristics, like density. So here, the model loses some amount 
(weight) of snow. This could be corrected by considering each wind deposited snow 
layer a new layer, but this would increase the time of calculations by so much, that 
by the end of the winter, the model could not be used on most of the computers. 
Thus, based on the comparison between the snowpack and snow layer heights of 
the profiles measured by the Slovakian Avalanche Forecast and Mountain Rescue 
Service (SLP-HZS) and that calculated by the model at the same date and location, 
and studying the spatial distribution of wind transported snow, the following can 
be stated. The set of equations used for the calculation of wind transported snow 
by the model, which were combined from the results of several researchers (Kind 
1981, Shiau et al. 2002, Gugolj 2005, Liston et al. 2007, ASCE 2010), which use the 
general shape of the mountain chain, the distance from the ridges, the elevation, 
slope and aspect, the starting wind speed, direction and duration, the density and 
height of snow layers as input factors, show good results for the spatial 
distribution and height of wind transported snow. Considering the very thin layers 
as separate layers would increase accuracy, but it would increase calculation time 
as well. So the given set of equations can be used well for the modeling of wind 
transported snow in the avalanche risk model (Thesis 3). 
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3.2.5 Snow metamorphism 

The shape of the snow crystals in the model is characterised by dendricity, indicating 
the extent at which the newly fallen snow crystal has lost its branches and sphericity, 
referring to the roundness or angularity of the grains. I’ve used empirical equations 
from Vionette et al. (2012), which were based on the research results of Brun et al. 
(1989) to describe the change of these. For the description of grain size, I’ve used 
the empirical equations of Marbouty (1980), based on cold laboratory experiments. 
The equations are mainly built up from the temperature gradient of the snowpack 
and the temperature of the given layer.  

The spatial distribution of dendricity, 
sphericity and grain size show good 
results (Fig 6, 7). Grain size is the 
largest right behind the ridge on the 
southern side of the Low Tatras. The 
reason for this is that the temperature 
and the snowpack height are the 
lowest here, so this area has the 
highest temperature gradient, 
enhancing grain growth. Sphericity 
increases in areas with high 
temperature and low temperature 
gradient. It decreases when the 
temperature gradient is high. 
Dendricity always decreases, but the 
rate of decrease is the lowest in areas 
with relatively high temperature and 
low temperature gradients, like in the 
valleys, and it is the highest near the 
ridges, at places of high temperature 
gradient and low temperature.  
 
Temporal change of grain size show 
that the increase of grain size is the 
highest in periods of cold weather and 
low snowpack height, so in periods of 
high temperature gradient. These 
conditions mainly occur in the 
beginning of the winter. The grain size 
of the lowest 3 layers in the beginning 
of the 2009/2010 winter period grew 
till 1.4 mm and remained at this value 
for the rest of the winter, creating 

dangerous depth hoar at the base of the snowpack. Comparing grain size with layer 
density, the results show that the increase of grain size is higher in case of layers 
with lower density. Temporal distribution of sphericity shows increase in periods of 
low and decrease in periods of high temperature gradient. The rate of dendricity 
decrease is the highest in periods of high temperature gradient. Thus, based on the 
study of the spatial and temporal distribution of dendricity, sphericity and grain size, 
it can be stated that the results of the used equations follow the trend of the real 
processes. 
 
I validated the grain size, dendricity and sphericity based on the snow profiles. For 
this, I had to compare the numerical data of the layers from the model with the 
measured snow profile data. At the field measurements, when there are more layers 
above each other with similar features, the layers are not separated, and the very 
thin layers are often not identified. As for most of the dates the number of layers 
was different in the reality and in the model, the comparison of layers was difficult. 
When making comparison, I did not transform the measured snow profile symbols 
and groups to concrete values, but I took the exact results of the model and fitted 
them into the categories of measured snow profiles. after this, I created the snow 
profile graphs from the calculated values. This way, it was easier to compare the 
corresponding layers on the snow profile graphs and I could make a numerical 
evaluation. 
 
The result of comparison shows that the average of deviation values in case of grain 
sizes in all examined snow profiles is 29 %, which means a difference of 1.5 mm. The 
deviation is outstandingly high in the case of the Late-April snow profile. In this 
period the measured grain sizes were high, while the model calculated small grain 
size because of the relatively high temperature and the low temperature gradient. 
The maximum grain size calculated by the model was 1.4 mm, which is well below 
the real grain sizes. In the case of the upper, freshly formed snow layers, the grain 
sizes correlate better but downward in the snowpack, the difference gradually 
increases, due to the increase of the age of snow layers – and consequently the 
increasing grain sizes. The results indicate that the equation needs corrections for 
several reasons. For the calculation of grain size I used an empiric equation by other 
researchers. The results show that by the application of this equation the change of 
grain size is very slow, furthermore the maximum grain size is too small. The grain 
sizes should grow faster and larger. The difference in the sizes of the large grains 
measured in spring and the small ones calculated by the model indicates that the 
change of grain size around zero degree should be calculated by a different 
equation, not by the one which is applied at freezing. For this reason, the followings 
can be stated:  Based on the comparison of the grain sizes measured in the layers 
of the snow profiles by the Slovakian Avalanche Forecast and Mountain Rescue 
Service (SLP-HZS) and the relevant values calculated by the model it can be 
concluded that the equation system by Marbouty (1980) used by the model for the

Fig. 6: Grain size of snow layer 4, 4 days after 
the snowfall on 13.12.2009. Initial grain size at 
snowfall is 0.5mm. Scale: black 0.55m white 
0,83mm 

Fig. 7: Dendricity and sphericity of snow layer 3, 1 
day after the snowfall on 10.12.2009. Initial 
values at snowfall are dd=1, sp=0.5. Scale:black 
dd=0.83, sp=0,84; white: dd=0.89, sp=1 
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 calculation of grain size, which equations consider the temperature and density of 
snow layers as well as the temperature gradient, uses a correct starting value for 
the Low Tatras but it calculates too slow increase in grain size and it doesn’t 
calculate the change of grain size in the molten snow layers correspondingly to the 
validation data. Because of the slow change, the maximum grain size is only 1/3-
1/4 of the real, large grain sizes. By the modification of the applied equations in a 
way that the rate of increase becomes higher (multiplying the rate of change by 3-
4), and by the application of another equation for the case of the snowpack around 
the melting point, the change of grain size could be correctly modeled (Thesis 4). 
 
Comparing the grain shape in the snow profiles with the grain shape calculated by 
the model, the outcome is that the average of the deviations in case of grain shapes 
in all layers of the examined snow profiles is 32 %. I determined the value for the 
shape of grains based on the sphericity, dendricity and the grain size in the model. 
The change of dendricity is correct with the applied equations but the change of 
sphericity is too fast. The measured values often indicate mixed forms while the 
model shows clearly angular or rounded forms. For this reason the equation used for 
the calculation of sphericity should be modified so that the change of values should 
be slower. Based on the comparison of the grain shapes measured in the layers of 
the snow profiles by the Slovakian Avalanche Forecast and Mountain Rescue 
Service (SLP-HZS) and the relevant grain shapes calculated by the model, it can be 
concluded that the applied equations by Brun et al. (1989) concerning on the 
determination of the change of sphericity, dendricity and grain size (which 
equations use the temperature of the snow layer and the temperature gradient as 
variants) do not give correct calculations and results for each factor. The change of 
the rate of dendricity correctly models the simplification of branches in the snow 
grains but the change of the rate of sphericity is too fast. By the application of the 
equation for dendricity in the present form, and the modification of the equation 
for the sphericity so that the values change slower, the change of the grain shape 
could be correctly modeled (Thesis 5). 
 
It is important for the snowpack modelling and in general any kind of statistical 
calculations or comparisons that the input data are measured by the same value 
system. Recently, in the snow profile measurements the differences and the 
subjective component are very large. Although the scale is worldwide unified, the 
determination of the hardness of layers highly depends on the person carrying out 
the measurements. For characterising the grain shape there are different pictogram 
systems. Although there is an internationally accepted chart (ICSI classification of 
snow crystals), the avalanche forecasting services use simplified and modified 
versions, which makes the comparison impossible. By the validation, it has been 
proved that a significant part of the factors which are used at the snow profile 
measurements (mainly the strength, the grain size and the bonding strength 
between snow layers) cannot be applied for exact, objective comparisons. This 

problem can be solved by quantitative, exact measurement methods.  I suggest 
that the during the snow profile measurements, the data collection should take 
place according to international standards and objective parameters should be 
applied instead of subjective ones. For the grain shape measurement I suggest to 
determine the grain shape by sphericity, dendricity, grain size and melting grade, 
instead of pictograms. These clarifications should be also done in case of using the 
the unified symbol system. For the strength and hardness of layers penetrometer 
should be used instead of the recently applied fist - 4 fingers – 1 finger – pen – 
knife method, because it would give comparable results. The bonding strength 
between layers could be measured and made numerical by dynamometer. Efforts 
have already been made for uploading the snowprofile data to central, 
international servers but these data can be used widely and efficiently only in a 
unified data system (Thesis 6). 

3.2.6 Weak layers 

Weak layers in the snowpack are important factors in the formation of avalanches. I 
distinguished three types of the weak layers. I have modelled the formation of 
surface hoar and ice layer based on the methods by McClung et al. (1999) and 
COMET (2010), combining with my own empirical data. The model calculates the 
place and the thickness of the surface hoar and ice layer formed on the given day, 
for each day. It doesn’t indicate separately the depth hoar or the other weak layers 
consisting of large, angular crystals, here only the grain size and shape of previously 
formed layers are used. 

 
The spatial distribution of the 
ice layer (Fig. 8) indicates that 
on the northern slopes, where 
the temperature was below 
zero during the night, followed 
by melting during the day, then 
freezing again the following 
night, an ice layer was formed. 
On the southern slopes, where 
the temperature did not fall 
below -3°C at all, the ice layer 
was not formed. The conditions 
for the formation of surface 
hoar are given only in a few 
cases and in limited areas; 

consequently the surface hoar appears on the map only in small areas on the valley 
sides. The depth hoar is indicated by the grain size. The highest grain size correlates 

Fig. 8: Distribution of the ice layer (red) on 25th 
December, 2009 
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to the lowest thickness and temperature, thus to the places where the temperature 
gradient was the highest in the previous days. 
 
In general, it can be concluded that the spatial distribution of the results of the sub-
modules appears to be correct, based on the maps but in some cases the processes 
are exaggerated and in other cases they are behind the expectations. If we can make 
a correction on that, the avalanche risk could be forecasted with higher accuracy.  

3.3 The terrain module 

The parameters originated from the terrain module – elevation, slope, curvature, 
aspect – all influence the formation of avalanches. I determined the connection 
between these parameters and the avalanche risk based on former literature and 
characteristics of the terrain model below the avalanche path. 
 
I calculated the summarized terrain hazard based on the slope and the plan 
curvature. I did not consider the profile curvature because I got a better result if I 
used only the other two factors. The maximum slope calculated for the area is 58°. 
Although as a general rule, we can expect larger snow accumulation (and 
consequently formation of avalanches) at slopes between 30-50 °, highest at 38°, the 
chance of the snow sliding down is higher at higher slope values (only usually not 
enough snow could accumulate on these areas, but the model considers the 
snowpack height in the avalanche risk module anyway). Taking this into 
consideration I calculated with a linear relation between the slope and the avalanche 
risk. I applied this approach for the following reasons: if I want to determine the 
avalanche risk based only on the slope, the highest avalanche risk would be at the 
slope of 38° (because on steeper slopes less snowpack is accumulated, which is not 
enough for the formation of avalanches). However, I calculated the avalanche risk 
using the parameters of snowpack, weather, vegetation and terrain. Thus, the 
avalanche risk is not lower with increasing slope as if the snowpack is not enough for 
the avalanche generation the model will not indicate risk. The plan curvature well 
indicates the culoirs, stream channels, in which avalanches are also common. 
According to the model the lower is the value of curvature, the higher is the 
avalanche risk on the area. The terrain hazard map was calculated by the 
multiplication of these two parameters putting them into the same value interval (1-
10). 
 
The statistics of the terrain hazard (value between 1-100) for the areas below the 
avalanche paths and for the areas excluding the avalanche paths show that the 
average of the terrain hazard below the avalanche paths (38) is highly different from 
the average of the other areas (26). The difference is even more visible on the map. 
Even within the avalanche paths, the fields representing higher avalanche risk, 
where we can expect the slide of snowpack, are well defined (Fig. 9). The terrain 

factor well indicates both the unconfined avalanche paths of the northern side and 
the channeled avalanche paths in the narrow valleys of the southern side. The model 
calculates a high value of the terrain avalanche risk for all avalanche paths but it also 
indicates other areas with avalanche risk, where there are no registered avalanche 
paths. Probably, in these areas other factors, which I have not considered, helped to 
prevent the avalanches but this deviation doesn’t mean any risk for the users. 
Based on the visual and statistical comparison between the terrain hazard and the 
avalanche cadastre we can state that the terrain hazard, calculated from the slope 
and the horizontal curvature is applicable for the determination of the potential 
avalanche hazardous areas from the terrain point of view (Thesis 7). 
 

 

Fig. 9: Terrainhazard, avalanche risk factor. The darker colours indicate areas with higher 
avalanche risk. Red fields mark existing avalanche paths. On the left side a histogram for the 
whole area, on the right side that of the starting zones of avalanche paths are indicated. 

3.4 Land cover (vegetation) module 

The land cover module, based on supervised classification of LANDSAT images, 
delineates the areas where the snow is able to slide by taking the anchoring effect of 
vegetation into account. The vegetation, for its ability of holding the snow, is an 
important factor in avalanche formation, as snow has to cover the objects, the 
anchors before snow can slide down. Areas with different land cover are 
characterized by different rates of avalanche risk in accordance to snowpack height.
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 On alpine meadows, where 
areas are covered by smaller 
rock fragments avalanches can 
be generated even in the case 
of shallow snowpack while if 
the vegetation is dwarf pine, 
avalanches can occur only 
when the snow completely 
covers the vegetation. The land 
cover also plays a role in the 
snow transport by wind. I 
calculated the actual land cover 
by the supervised classification 
of a dataset consisting of 
LANDSAT images and terrain 
factors. In the classified image I 

unified the classes of vegetation and land cover based on their average height, and I 
ordered a snowpack height limit to them (Fig. 10). In the avalanche risk model the 
snowpack should be at least as thick as these average height values in order to be 
able to produce avalanches. I supposed that in grassy areas avalanches can be 
formed if the snowpack is thicker than 10 cm, in the case of dwarf pines at least 1 m 
and in forests at least 3 m is necessary for that. Thus, where the thickness of the 
snowpack exceeded these values the avalanche risk value originated from the land 
cover was 1, and if the thickness was below these values the avalanche risk was 0. 
These numbers are used as multiplying factors when I calculate the avalanche risk 
with all parameters. 

3.5 Avalanche risk module 

Based on the results of the weather and snowpack module, the avalanche risk 
module determines the strength of the bonding between the snow layers. From 
these values the model takes the highest value (weakest bonding) and expresses the 
effects of weather parameters on avalanche risk in numbers. Based on these two 
dynamic factors, as well as the terrain and land cover parameters it makes a map, 
which represents the avalanche risk according to the terrain, weather, snowpack and 
land cover conditions. As the result is a map it is easy to handle for tourists even 
during hiking and it facilitates the work of the avalanche forecast services. Earlier I 
have detailed the effects of terrain and vegetation. In the followings I describe the 
effects of the two dynamic factors. 

3.5.1 Avalanche risk according to weather parameters 

The program calculates the avalanche risk related to the weather parameters based 
on the effect of the weather of the actual period of day on avalanche formation. The 

factors considered by the model 
are the avalanche risks related to 
the temperature change, high 
temperature, high incoming 
radiation, melting, mass of the new 
snow layers, and rain. I created the 
equations based on McClung et al. 
(1999) and COMET (2010).  
 
The spatial distribution of the 
avalanche risk related to weather 

parameters correctly indicates the 
actual avalanche risk. For example, 
on the day when there were five 
avalanches on the northern slope, 
all weather parameters indicated 
the risk (Fig. 11). 
 
The temporal distribution of 
avalanche risk cannot be applied to 
one point as for example, the time 
data on the northern slope will not 
show the increasing avalanche risk 
on the southern slope. For this 
reason, I calculated average values 
for the whole potential starting 
area, more precisely for the parts 

of the examined area, which were 
covered by grass. I examined the 
temporal distribution of these 
average values. Although by this 
approach an essential part of my 

model, the spatial character is lost, the calculated average values will not be 
disturbed by outstanding values and they follow more precisely the grade of 
avalanche risk for the whole mountains, furthermore they indicate the expectable 
time of avalanches. Showing the temporal distribution of the weather-related 
avalanche risk averages on a curve, it will not indicate the officially forecasted grade 
of avalanche risk but well mark the time of avalanches by outstanding peaks or sharp 
rise (Fig. 12) . 

Fig. 12: Average of avalanche risk due to weather 
parameters for the winter 2009/2010. Green: 
weather parameters effecting avalanche risk, red: 
officially forecasted avalanche risk, purple: number 
of avalanches. 

 

Fig. 10: Land cover map of the studied area by 
unifying the vegetation of similar height. Red: grassy, 
0.1m, yellow: dwarf pine, 1m, green: forest, 3m. 

Fig. 11: Avalanche risk due to weather parameters 
on 13th January 2010, day. Dark blue: low 
avalanche risk, red: high avalanche risk. The yellow 
polygons are the active avalanche paths that day. 
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Based on the comparison of the average of weather-related avalanche risk values 
for the whole potential sliding area and the official avalanche risk forecast by the 
Slovakian Avalanche Forecast and Mountain Rescue Service (SLP-HZS); and the 
actual dates of avalanches on a timescale, it can be stated that the weather-
related avalanche risk shows the time of avalanches with outstanding values or 
sharply rising tendencies, so it can be well applied in the avalanche risk model 
(Thesis 8).  

3.5.2 Avalanche risk due to the strength of bonding between snow layers 

I determined the strength of 
bonding between snow layers 
using former data by McClung et 
al. (1999). Bonding between two 
layers is created when a new layer 
forms. It contains the strength of 
bonds depending on the following 
parameters: temperature of the 
snow surface and the new snow, 
temperature change during 
snowfall, sphericity of the upper 
layer, thickness of wind deposited 
snow layer, snowfall on surface 
hoar and on ice layer and depth 
hoar. The calculated bonding 
strength doesn’t change during the 
winter except if the given snow 
layers melts. Avalanches usually 
don’t start at the boundary of the 
uppermost two layers but rather 
somewhere deeper in the 
snowpack, at places where the 
bonding between snow layers is 
the weakest or the cohesion within 
the snow layer is the lowest. 
Therefore the model takes the 
maximum values from the bonding 
strengths for each pixel ( 
representing the weakest bonding), 
then modifies them by a strength 
value of a potentially formed depth 
hoar layer, and produces the 
bonding strength maximum raster. 

The spatial distribution of the bonding strength related avalanche risk values 
correctly indicates the areas with higher risk. For example, on the day when five 
avalanches came down on the northern side of the ridge, the maximum values of the 
bonding strength calculated for each pixel were the highest on the northern slopes 
(including almost all avalanche paths), which means that the bond between the 
snow layers was the weakest in these places (Fig. 13). 
 
The temporal distribution of the average values of bonding strength calculated for 
the whole potential starting area, shows that the curve follows the officially 
forecasted avalanche risk but it doesn’t indicate the date of avalanches (Fig. 14).  
 
Based on the comparison of the average of bonding strength related avalanche risk 
values for the whole potential starting area, and the official avalanche risk forecast 
by the Slovakian Avalanche Forecast and Mountain Rescue Service (SLP-HZS), and 
the actual dates of avalanches on a timescale, it can be stated that the bonding 
strength related avalanche risk follows the officially forecasted avalanche risk 
values, so it can be well applied in the avalanche risk model (Thesis 9).  

3.5.3 Avalanche risk  

I calculated the final avalanche risk by first normalizing the terrain hazard, the 
avalanche risk due to weather and the risk due to bonding strength to the same 
value interval (1-10), and then multiplying them. I’ve further multiplied this value by 
the 1/0 value of the snowpack related land cover module. This way I got a raster 
between 1 and 1000. I divided this value by 200, and as a result, I had a map which 
was comparable with the official five-grade avalanche risk scale. 
 
The spatial distribution of the avalanche risk values shows good matching with the 
active avalanche paths on the day of avalanches in the winter of 2009/2010. It can 
be declared that the model gives high risk values at the active avalanche paths for 
the time of the actual avalanches (Fig. 15). On the other hand, it indicates high 
avalanche risk in other areas, where there were no avalanches. This fact, however, 
doesn’t mean that the model gives false results. These areas are probably as 
dangerous as the places of the actual avalanches but in the case of the latter there 
could be an extra, avalanche inducing factor (breaking off a snow-ledge, a skiing 
person or the weight of an animal) which cannot be considered by the model. The 
avalanche risk calculated by the model generally follows the official avalanche 
forecast, in some cases it even shows better results. Explosion-generated avalanches 
are exceptions, but the explosion is generally carried out before the avalanche 
spontaneously forms, thus the date of these avalanches should not be considered. 
The avalanche risk model gives better or more information than the official forecast 
because it can show the place of the expectable avalanches. It not only gives a 
general grade but it also shows the areas which should be avoided. 

Fig. 13: Bonding strength related avalanche risk on 
13th January 2010, day period. Dark blue: low 
avalanche risk, red: high avalanche risk. Yellow 
curves indicate the place of avalanches. 

Fig. 14: Average of the bonding strength for the 
whole potential starting area for the winter of 
2009/2010. Green: bonding strength related 
avalanche risk, red: officially forecasted avalanche 
risk, purple: number of avalanches 
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Fig. 15: Avalanche risk calculated by the model for the night of 4th February 2010. Zoomed to 
the part of the ridge between Chopok and Deres. The scale from green to black indicates the 
avalanche risk grade from 1 to 5. Red polygons show the active avalanche paths on this day. 

If we draw the temporal distribution of the average of the final avalanche risk 
calculated for the whole potential sliding area on a curve, it can be seen that the 
curve well follows both the official avalanche forecast grades and the date of 
avalanches (Fig. 16). However, in some cases the model indicates high avalanche risk 
when there were no avalanches. This doesn’t mean that the model calculates wrong 
values, but rather in these cases there were no special additional reasons which lead 
to the formation of avalanches on the studied area. 
 
Based on the comparison of the average of the final avalanche risk grade for the 
whole potential sliding area, and the official avalanche risk forecast by the 
Slovakian Avalanche Forecast and Mountain Rescue Service (SLP-HZS), and the 
actual dates of avalanches on a timescale, it can be stated that the avalanche risk 
as the final result of the model follows the officially forecasted avalanche risk 
grades, and well defines the date of avalanches by peaks or sudden rising trends. 
The model also correctly identifies the spatial distribution of avalanches. Therefore 
the final maps are well applicable for getting day-by-day information about the 
spatial and temporal distribution of avalanche risk (Thesis 10).  

 

 
Fig. 16: Average of the final avalanche risk calculated by the model for the potentially high-
risk, grassy areas, for the winter of 2009/2010. Green: average of the avalanche risk calculated 
by the model; red: officially forecasted avalanche risk, purple: number of avalanches. 
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