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Abstract: Snow avalanches are one of the most devastating natural hazards in the highlands that often
cause human casualties and economic losses. The complex process of modeling terrain susceptibility
requires the application of modern methods and software. The prediction of avalanches in this
study is based on the use of geographic information systems (GIS), remote sensing, and multicriteria
analysis—analytic hierarchy process (AHP) on the territory of the Sar Mountains (Serbia). Five
indicators (lithological, geomorphological, hydrological, vegetation, and climatic) were processed,
where 14 criteria were analyzed. The results showed that approximately 20% of the investigated area
is highly susceptible to avalanches and that 24% of the area has a medium susceptibility. Based on
the results, settlements where avalanche protection measures should be applied have been singled
out. The obtained data can will help local self-governments, emergency management services, and
mountaineering services to mitigate human and material losses from the snow avalanches. This is the
first research in the Republic of Serbia that deals with GIS-AHP spatial modeling of snow avalanches,
and methodology and criteria used in this study can be tested in other high mountainous regions.

Keywords: snow avalanches; GIS; remote sensing; AHP; Sar Mountains; environment; hazard

1. Introduction

Snow avalanche is a natural disaster caused by large snow masses sliding down
mountain slopes under the influence of gravity [1-3]. This is a typical phenomenon for
mountainous regions worldwide [4-6]. In addition to snow, avalanches often contain other
materials (rock debris, soil, plants) which are transported and accumulated in the lower
areas. The aftermaths of avalanches include loss of human lives and impact on the human
environment, settlements and transport infrastructure, biodiversity, landscape, etc. [7-23].
A large number of human casualties have been reported in Switzerland, Austria, Italy,
Tiirkiye, Afghanistan, Pakistan, Tajikistan and Canada [14,24-29].

These worldwide studies of snow avalanches considers this type of hazard in a rather
multidisciplinary way, combining the data associated with regional climatic conditions
with advanced methods in remote sensing and Geographical Information System (GIS)
methods. The work of Fazzini et al. [4] examined the existing relationships between climate
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extremization and environmental risk in a mass-movement prone area of Prati di Tivo area
(Italy) and provided tools for civil protection activities and territorial planning in accordance
with emergency management and mitigation measures. Kosova et al. [5] performed an
in-depth analysis of the snow avalanche risk within the Krdl'ova Hol’a area (Low Tatra
Mountains in Slovakia) by modeling the trigger areas and simulating avalanche movements
and their maximum impact by using GIS and the RAMMS simulation model. Sanz-Ramos
et al. [6] reconstructed the snow avalanches of the Coll de Pal area in SE Pyrenees range
by utilizing approaches such as field recognition, snow and weather characterization and
numerical modeling. Biihler et al. [24] analyzed avalanche data from three different ski
resorts in the vicinity of Davos, Switzerland by using an object-based approach for large-
scale hazard indication mapping thus opening the door for large-scale avalanche hazard
indication mapping in all regions where high-quality and high-resolution digital terrain
models and snow data are available. Gruber and Bartelt [30] performed snow avalanche
hazard modeling over the mountainous region of Switzerland. Respective authors used
numerical and GIS-based methods to delineate forests with protective function against
avalanches.

Durlevi¢ et al. [12] performed multi-hazard susceptibility assessment for the mu-
nicipality of Strpce (Southern Serbia, Western Balkans), an area located within the Sar
Mountain National Park. These authors partly outlined the problems associated with snow
avalanches. By using the Avalanches Potential Index method authors indicated that favor-
able conditions for the formation of avalanches occur within the 9.1 km? of the municipality
area (in southern and western parts of the analyzed municipality). The paper provided by
Aydin et al. [27] assessed avalanche situation in Tiirkiye by examining the proportion of
avalanche fatalities and using the numerical avalanche simulation software RAMMS and
DEM (digital elevation model). On the other hand, Bair et al. [28] performed an analysis
mainly related to the snow properties (with high potential to cause snow avalanches) in
northwestern High Mountain Asia (regions in Afghanistan, Pakistan, and Tajikistan) by us-
ing the numerical snow cover modeling. The work of Caiserman et al. [29] provided snow
avalanche frequency estimation by using 32 years of remote sensing data in Afghanistan.
The obtained results indicated that a total of 810,000 large avalanches occurred since 1990
within an area of 28,500 km? with a mean frequency of 0.88 avalanches/km?yr~—!, damaging
villages and blocking roads and streams.

In the eastern parts of Canada, Germain et al. [14] studied snow avalanche regime
and climatic conditions in the Chic-Choc Range. The results of this study emphasized the
sensitivity to regional climatic conditions (e.g., frequency of snowstorms, significant rise in
air temperature, heavy snowfall and strong winds), as well as local factors such as snow
drifting, cornices and slope aspect for the period between 1895 and 1999.

Factors influencing the formation of avalanches can be divided into two groups: nat-
ural and anthropogenic. Natural factors are vital for studying and identifying terrains
susceptible to avalanches. These factors include geomorphological, climatic, biogeographi-
cal (vegetation), hydrological and lithological conditions.

The anthropogenic factors are reflected in various activities that are very sensitive to
avalanche formation, such as deforestation, excessive construction, and the movement of
skiers and snowboarders on the slopes.

The lack of data and studies on avalanches and their spatial distribution is a major
problem in some countries. As indicated by Gruber and Bartelt [30], potential avalanche
release areas are strongly related to the slope inclination of the terrain in general. Therefore,
GIS and remote sensing based techniques can be used to automatically and efficiently
determine potential avalanche release areas and other natural hazards [31-42].

Remote sensing-based and other modern methodologies allow the identification of
terrains most susceptible to avalanches. Since both socio-economic and climatic factors are
contributing to a significant increase in losses associated with natural hazards (including
snow avalanches), decision makers and managers are striving to apply the most robust and
user friendly models for the vulnerability assessment, reconstruction and rehabilitation of
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different structures affected by the given hazard. Due to the given demands, the Analytical
Hierarchy Process (AHP) was developed in the 1970s and has been extensively studied and
refined since then [43-47]. Users of the AHP first decompose their decision problem into a
hierarchy of more easily comprehended sub-problems while each of them can be observed
independently. This method usually helps the problem of multi-criteria decision making
in the situation where there is a necessity for a prioritization of certain criteria. That was
the reason why this model is widely used in the science of natural hazards and disasters.
The AHP model uses hazard/disaster weights, which are comprised of numerical values
evaluated for each structure when the influence of specific hazard/disaster is considered.
Hence, the result of multiple sets of pair-wise comparisons at each level is a weighted
value hierarchy, with all of the priorities in the decision concisely captured and expressed
as numerical values [48]. Therefore, the AHP method stands as a structured technique
for dealing with complex decisions, which is especially useful when dealing with hazard
such as snow avalanches. Combining the analytic hierarchy process (AHP), GIS and field
research makes it possible to identify avalanche-prone areas within a given area.

There is no integrated inventory of avalanches for the territory of Serbia, but previous
research has identified the mountain ranges where this natural disaster has caused human
and material losses. The Sar Mountains are among the most avalanche-prone mountainous
areas on the Balkan Peninsula. As pointed out by Durlevi¢ et al. [12], data collection from
1800 until today reports that more than 100 people have lost their lives due to avalanches
in this area. The Brezovica ski center situated in the Sar Mountains is visited by tens of
thousands of tourists enjoying winter sports every year, which leads to a great need to
single out the most susceptible areas to protect human lives, infrastructure, and the rich
biodiversity [49].

This research aims to apply a multi-criteria decision analysis to identify the potential
spatial distribution of avalanches. The AHP method has found great application in studying
natural hazards and other phenomena and processes in the world [50-53]. The susceptibility
of terrain to snow avalanches depends on a large number of natural conditions that do
not have the same influence on their formation and movement. Geomorphological and
climatic conditions are more significant than lithological ones. Applying the AHP method
gives greater importance to the main factors, so that the results obtained by this method
give a more objective review of the state of the field, unlike methods that give the same
importance to all factors.

After obtaining the results and synthesis maps, organizational, administrative and
biological measures can be proposed to ban the movement of skiers and snowboarders
outside the marked and secured trails and restrict the construction and deforestation, which
would significantly improve the environment. This can be the first step in defining the
safety services and the preliminary risk mitigation protocols that can be of interest to
respective stakeholders involved in the decision making and territorial planning over a
ski facilities area prone to a mass movement hazard. For the analysis of avalanches in this
research, we used geographical approaches. The AHP approaches used in this research are
presented by methods and algorithms established in previous respective investigations.

2. Study Area

The Sar Mountains are one of the largest mountain systems on the Balkan Peninsula.
They stretch over about 1600 km? and cover parts of three countries: Serbia, North Macedo-
nia, and Albania. In Serbia, the Sar Mountains spread in the extreme south of the Republic,
on the territory of the Autonomous Province of Kosovo and Metohija. This territory de-
clared independence (which was partially recognized worldwide), but is officially under
the temporary administration of the United Nations based on the Resolution 1244. In
this paper, we analyzed the total area of 969.52 km? of the Sar Mountains within Serbian
territory (Figure 1).
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Figure 1. Geographical position of the Sar Mountains.

The Sar Mountains were declared a national park (NP) back in 1993. Although the per-
manent NP boundaries are planned to cover an area of 970 km?, only 228 km? are currently
protected [54]. Due to their extremely rich geodiversity (geological, geomorphological,
speleological, climatic, and hydrological values) and biodiversity, the Sar Mountains are an
ideal area for geographical and ecological research. Administratively, it fully or partially
covers the territories of the municipalities of Gora, Prizren, Suva Reka, Strpce, and Kacanik.

Geologically, the most common rock formations in the Sar Mountains are metamorphic
rocks, mainly represented by Paleozoic shales, covering almost half of the protected area
(48.11%). Mesozoic carbonate platforms are present in the lower parts and near rivers.
Moraines, fluvioglacial deposits and Pleistocene lake sediments are evidence of the specific
Quaternary past in these areas.

From the geomorphological and morphometric aspects, the Sar Mountains are one of
the highest terrains in Serbia, with an average altitude of 1421 m and an average slope of
18.16°. The highest peak of Serbia, Velika Rudoka (2660 m), is located on the Sar Mountains.
One of the characteristic shapes in the relief of this area is the glacial relief.

During the Pleistocene, the highest parts of the Sar Mountains (above 2000 m) were
periodically under snow cover, which resulted in the formation of glaciers that played a
significant role in the morphological terrain formation.

Due to the formation and movement of glaciers, cirques, glacial valleys, moraines, and
other characteristic forms of glacial relief were formed [55]. Today, most of the cirques are
filled with water, so they transformed into glacial lakes, counting more than 60 on the Sar
Mountains. In addition to the glacial reliefs, in this territory periglacial, slope, fluvial and
karst reliefs are also found.

Climatic properties differ significantly due to the vertical relief (Figure 2). The highest
mean annual air temperature (>12 °C) and the lowest precipitation (<800 mm) were mea-
sured in the northwestern part of the investigated area (near the city of Prizren), which can
be explained with the Mediterranean influence that reaches the valley of Beli Drim River
from the Adriatic Sea. Terrains with the lowest air temperature (<1 °C) and the highest
precipitation (>1800 mm) are characterized by alpine climate, and these zones are above
2000 m, where the snow cover often lasts over 200 days a year [49]. During six months, the
average snow layer can be deeper than 30 cm in these areas. The Sar Mountains are very
rich in lakes, springs, and rivers. The most famous glacial lakes on the Serbian side of the
Sar Mountains are Livaditko, Veliko Jazinacko, Gornje Bukorovacko, Veliko Sutmansko
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and Kuatovo Lakes. The most important watercourses are the Lepenac River (75 km long),
which flows into the Vardar River, belonging to the Aegean Basin. Then, there are Plavska
River (47.5 km long) and Prizrenska Bistrica River (35 km long) flowing into Beli Drim
River belonging to the Adriatic Basin.

Figure 2. Ski center Brezovica on the Sar Mountains (photo by Jovanovi¢, S., 2022).

According to the Institute for Nature Conservation of Serbia, the Sar Mountains have
one of the highest degrees of biodiversity in Europe: 1800 plant species (of which 339 are
endemic to the Balkan and 18 are endemic to the Sar Mountains), 147 species of butterflies,
200 species of birds and about 45 species of reptiles and amphibians inhabit this mountain
massif [54].
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3. Implementation of the Analytical Hierarchy Process (AHP) Method
3.1. Methodology

The analytic-hierarchy process (AHP) was used for the needs of multicriteria analysis
and obtaining a synthesis map. The method was developed by Thomas Saaty [56,57].
Its goal is to quantify the criteria differently, i.e., to make a hierarchy of criteria by
priority [58-60]. To approach the AHP method and assign weight coefficients, it is neces-
sary to know the research space, to understand the processes and physical laws in order to
make the hierarchy of priority criteria more relevant [61-63].

The main characteristic of the AHP (Analytical Hierarchy Process) method is the
influence of the subjective attitude in determining the weight of the criteria [46]. The
subjective attitude in terms of assigning importance to different criteria is based on the
results of previous research in the same field. In that case, the user’s subjectivity regarding
the hierarchy of natural conditions by importance can bring a more objective presentation
of the results. The Analytical Hierarchy Process is considered one of the best methods of
expert scenario analysis and decision-making by consistently evaluating the hierarchy of
objectives, criteria, sub-criteria and alternatives. In the process of avalanche research, all
criteria are not equally important. The main reason for applying the AHP method is to add
a different coefficient to each parameter, which would put the essential parameters first,
while the less important ones would have a lower coefficient.

For the purposes of judging pairwise comparisons, a numerical scale of 9 degrees
is used, according to values from 1 (equal importance) to 9 (extreme importance). AHP
scale: 1, equal importance; 3, moderate importance; 5, strong importance; 7, very strong
importance; and 9, extreme importance (2, 4, 6, 8 values in-between) [56,57].

In this study, numerical values from 1 to a maximum of 5 were used because it is
considered that increasing the numerical values would lead to a large difference in the
weighting coefficients, which would significantly increase the subjectivity of the priority
assessment. The criterion with a value of 1 is marked as the most significant in its matrix,
while the criterion with the highest value is the least significant. For the needs of research
and data processing, the QGIS 3.8 open-access software was used [64].

Checking the consistency between the weightings of criteria resulting from the matrix
of pair-wise comparisons was done through estimating the consistency ratio (CR) and
consistency index (CI) [44]. The consistency index (CI) is obtained by the formula [65]:

Amax —n
=TT M
where: Apax—maximum eigenvalue of the matrix; n—number of criteria.
The consistency ratio (CR) is obtained by the formula [65]:
CI
R=— 2
CR =11 @

where: Cl—consistency index; and RI—random consistency index (Table 1). Rl is the value
of the random index and depends on the number of criteria used in the matrix [65]. If the
value of CR is smaller or equal to 0.1, the inconsistency is acceptable. In this study, all
matrices have a CR of less than 0.05.

Table 1. Random consistency index (RI) values [56].

1 2 3 4 5 6 7
00 00 0.58 0.90 1.12 1.24 1.32

Since degrees of influence of natural factors on the formation and movement of
avalanches are different, natural conditions were classified by importance: geomorpho-
logical, climatic, vegetation, hydrological and lithological conditions (Table 2). A large
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number of previous studies indicate that geomorphological and climatic factors are the
most important for evaluating the spatial modeling of snow avalanches.

Table 2. Hierarchy of natural conditions by importance.

Factors G C Vv H L Coefficient
G 1 2 3 4 5 0.418
C 0.5 1 2 3 4 0.263
\% 0.333 0.5 1 2 3 0.160
H 0.25 0.333 0.5 1 2 0.098
L 0.2 0.25 0.333 0.5 1 0.061

Note: G—geomorphological; C—climatic; V—vegetation; H—hydrological; L—lithological.

If it is confirmed that avalanches occur in a certain territory, a geomorphological study
is an indispensable factor in determining their geography. The morphometric characteristics
of the relief (elevation, slope, curvature, roughness, aspect) determine the place of avalanche
formation, its movement and stopping.

Considering susceptibility, the presence and height of the snow cover is a prerequisite
for analyzing the terrain. Climatic characteristics affect the appearance of snow cover, its
duration, melting, freezing, falling again, recrystallization, etc. [49].

Due to characteristics of the high-mountain relief, the vegetation is differentiated into
numerous altitude zones, of which the most significant for the occurrence of avalanches
are the mountain pasture zones, as well as the frigophilous vegetation. On the northern
slopes of the Sar Mountains, a large part of the territory is covered with grass vegetation
representing an ideal base for the appearance and movement of avalanche masses.

The hydrological condition (distance from stream) plays a very important role, espe-
cially when it comes to wet avalanches. This type of avalanche can increase the amount of
water in the rivers, which could later cause flash floods that would threaten the environment
far from the place of avalanche’s occurrence.

Lithological characteristics represent the basis of the avalanche process. For the terri-
tory of the Sar Mountains, among the features important for the occurrence of avalanches,
metamorphic rocks stand out, because they disintegrate relatively easily and form a loose
cover of different thickness on the surface. When it comes to resistant rocks, selective
erosion led to the creation of ridges, sharper parts of ridges, vertical fragments of slopes,
and exactly these forms are one of the causes of avalanches [49].

For the needs of previous researches, different factors were used (Table 3). It is noted
that terrain slope, aspect and curvature are indispensable factors in avalanche research.

Table 3. Authors of articles and criteria used.

Authors/Criteria E S A C R(TRI) TWI LS A% T WEI DFS L
Pistocchi and Notarnicola [25] + + + + +
Biihler et al. [24] + + + +
Kumar et al. [7] + + + + +
Choubin et al. [66] + + + + + + + + +
Rahmati el al. [67] + + + + + + + + + + +
Yariyan et al. [3] + o+ + + + + + + + +
Akay [68] + 4+ + + + + + + +
Varol [63] + + + + +

Note: E—elevation, S—terrain slope, A—aspect, C—curvature, R (TRI)—roughness (terrain ruggedness index),
TWI—topographic wetness index, LS—length-slope, V—vegetation, T—air temperature, WEI—wind exposition
index, DFS—distance from stream, L—lithology.

Geomorphological factors and climatic properties have been most frequently used in
research by numerous authors and are considered to be the most important criteria for the
occurrence of snow avalanches [69]. From the geomorphological aspect, seven factors were
used for the terrain analysis: slope, aspect, profile curvature (PC), elevation, topographic
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ruggedness index (TRI), topographic wetness index (TWI), and length-slope factor (LS)
(Table 4).

Table 4. Matrix of geomorphological subindicators.

Criteria Slope Aspect PC Elevation TRI TWI LS Coefficient
Slope 1 1.5 2 2.5 3 3.5 4 0.280
Aspect 0.667 1 15 2 25 3 3.5 0.217
PC 0.5 0.667 1 15 2 2.5 3 0.164
Elevation 0.4 0.5 0.667 1 15 2 2.5 0.123
TRI 0.333 04 0.5 0.667 1 15 2 0.092
TWI 0.286 0.333 0.4 0.5 0.667 1 15 0.070
LS 0.25 0.286 0.333 0.4 0.5 0.667 1 0.054

Data for geomorphological characteristics were obtained through a digital elevation
model (EU-DEM) with 25 m spatial resolution, taken from the website of the European
Environment Agency (EEA)—Copernicus program, Land Monitoring Service [70]. All
geomorphological parameters were obtained by processing DEM in the QGIS program in
combination with SAGA additional functions and indices [64].

Climate factors are essential in terms of snowfall, wind effect (Wind exposition
index—WEI), and air temperature. The index considered the most significant is the Nor-
malized Difference Snow Index (NDSI) (Table 5).

Table 5. Matrix of climatological subindicators.

Air

Criteria NDSI WEI Coefficient
Temperature
NDSI 1 2 3 0.540
WEI 0.5 1 2 0.297
Air temperature 0.333 0.5 1 0.163

The Wind Exposition Index (WEI) was obtained by processing DEM in QGIS software
using SAGA plugins.

The Normalized Difference Vegetation Index (NDVI) and the Bare Soil Index (BSI)
were used to process vegetation conditions (Table 6).

Table 6. Matrix of vegetation sub indicators.

Criteria NDVI BSI Coefficient
NDVI 1 1.5 0.600
BSI 0.667 1 0.400

3.2. Criteria Selection

Elevation—The elevation does not have a direct influence on the development of snow
avalanches, but it is closely related to climatic elements whose values vary depending
on the altitude. With the increase in altitude, the air temperature drops, the wind speed
increases and the snow cover stays longer than at lower altitudes [71]. The synergy of the
mentioned factors creates ideal conditions for triggering snow avalanches [72]. On the Sar
Mountains, the altitude varies from 384 to 2660 m.

Slope—The slope is the most important geomorphological factor for mapping the
terrain’s vulnerability to snow avalanches. Combined with the forces of gravity and friction,
the slope can be identified as the main initiator of avalanches [73]. The values of the slope
of the terrain where the avalanche occurs can be different, it depends on which part of the
avalanche is being investigated. Snow avalanches consist of three zones: the starting zone,
the avalanche track and the runout zone. The starting zones are generally characterized by
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a large slope, which (as the avalanche moves) decreases in the avalanche track, and is the
smallest during the avalanche runout (zone of deposition).

Aspect—Exposure of the terrain plays an important role in maintaining the snow cover.
The sides that are facing the Sun due to pronounced insolation and higher temperature do
not retain a large amount of snow during the year, warmer snow compacts more rapidly
and weak layers tend to disappear quickly. Due to the higher probability of persistent weak
layers, slopes facing the north side are considered more vulnerable to the occurrence of
avalanches.

Profile curvature (PC)—The profile curvature is considered to be a significant factor
that affects shear stress and snowpack movement [67]. Profile curvature is strongest at
slope breaks. At such locations, stresses in the snow cover tend to be highest, thus the
probability of an initial fracture increases. Avalanches may occur on concave, convex and
linear sides of slopes.

Terrain ruggedness index (TRI)—The terrain ruggedness index is applied to obtain
a representation of the height difference between adjacent cells in the digital elevation
model [74]. TRI was developed by Riley [75] and can be computed with:

TRI = \/]x\ (max? — min?) (3)

where: x is the elevation of each neighboring cell and max and min are the highest and
lowest elevations in the eight neighboring cells.

Terrains with lower values indicate smooth surfaces represented by river valleys or
plains. On extremely sharp ridges and shoulders, the wind usually blows away all the snow
so the chances of avalanche release are weak. However, the blowing snow is deposited in
concave areas nearby, increasing the local stresses and fracture probability.

Topographic wetness index (TWI)—This factor derived from the digital elevation
model quantifies terrain driven variation in soil moisture [76]. It can be calculated by the
formula [77]:

TWI = In (m":lﬁ> (4)

where & denotes upslope area which drains to a point, and § is the slope angle at the
pixel. The highest values indicate areas with the highest percentage of humidity (river
valleys). In this case, the areas with the lowest values are designated as vulnerable terrains
because ridges and steep terrains are characterized by lower humidity, which increases the
instability of the snow cover.

Length-slope factor (LS)—Geomorphological factor representing the distance from
the origin of overland flow along its flow path to the location of either concentrated flow
or deposition [78]. LS factor is based on an algorithm in SAGA-GIS software that uses a
digital elevation model (DEM) as input data [64]. In the case of this index, the values vary
depending on the length of the slopes.

Air temperature—One of the three analyzed meteorological parameters is the mean
annual air temperature. The air temperature was calculated based on the estimate of the
average annual air temperature for the Gora region, according to the formula [79]:

T =-0.0050 - H + 13.68 ®)

where: T—the average annual air temperature; and H is the digital elevation model.

Territories with a high annual air temperature are subject to more intense melting of
the snow cover, which minimizes the chances of snow avalanches. Low air temperatures
cause the snow to remain on the surface longer and give the possibility of accumulating
new snow deposits, which reduces its stability [3]. On the Sar Mountains, the average
annual air temperature varies from 0.59-11.75 °C.

Normalized difference snow index (NDSI)—an index of essential importance for the
study of snow cover distribution. The Normalized Difference Snow Index was obtained by
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processing satellite images from the Sentinel-2 satellite. Since the snow cover varies each
season, the images from three periods were analyzed: 27 January 2019, 17 March 2020, and
7 March 2021, so that finally, the average values from three images were taken. Normalized
Difference Snow Index (NDSI) is obtained by the formula [80]:

(Green — SWIR)

DSI =
NDS (Green 4+ SWIR)

(6)

where: Green is the green spectral band, while SWIR is the shortwave infrared spectral
band. The highest values of the index indicate areas covered with snow, while negative
values show territories without snow cover.

Wind exposition index (WEI)—a significant parameter that plays a role in the process of
snow accumulation. Sides that are constantly exposed to strong winds are less susceptible
to the formation of snow avalanches because there is no major accumulation of snow
deposits [67]. The wind exposition index (WEI) was calculated and mapped in SAGA-GIS
based on DEM [64]. This tool calculates the average WEI for all directions using an angular
step [81]. Values below 1 indicate wind shadowed areas whereas values above 1 indicate
areas exposed to wind.

Normalized difference vegetation index (NDVI)—a vegetation parameter that is
widely used in the analysis of natural hazards. NDVI was obtained by processing Sentinel-2
satellite images from July 30, 2021, and is calculated by the formula [82-84]:

NDyy — (NIR = RED)

(NIR + RED) @

where: NIR is the near-infrared spectral band; and RED is the red spectral band. Low
vegetation (meadows and pastures) is much more suitable for the movement of avalanches,
in contrast to the forest cover, which to a certain extent hinders the formation of the
avalanche process.

Bare-soil index (BSI)—Using this index, it is possible to identify bare lands and low
vegetation whose soil is vulnerable to the occurrence of avalanches. BSI was also obtained
based on Sentinel-2 satellite images from 30 July 2021, and is calculated by the formula [85]:

psj — (SWIR+ RED) — (NIR + BLUE)
~ (SWIR +RED) + (NIR + BLUE)

®)

where: SWIR is the shortwave infrared spectral band; RED is the red spectral band; NIR
is the near-infrared spectral band; and BLUE is the blue spectral channel. High values
indicate a higher degree of soil bareness.

Distance from stream—A hydrological factor that finds its application in the analysis
of spatial patterns of soil moisture and subsurface runoff dynamics, which affect the types
of vegetation present in a landscape and their conditions [67]. If the threatened areas are
closer to watercourses, wet-snow avalanches can increase the amount of water in rivers. In
the analysis of hydrological conditions, first river flows from 1:25,000 topographic maps
were digitized [86], and after that, the distance from stream (DFS) was obtained in GIS by
processing DEM and watercourses in SAGA plugins.

Lithology—Although they do not play a crucial role in the formation of avalanches,
rock types are used in the analysis in order to mark off the territories that are lithologically
most vulnerable to the formation of avalanches [68]. In the absence of precise spatial
resolution data, lithology can be used to extract rough surfaces. On the example of the Sar
Mountains, 16 geological formations were marked off, most of which are highly susceptible
to the spatial distribution of snow avalanches (Figure 3). Rock types were obtained by
digitizing content from 1:100,000 geological maps [87].
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Figure 3. Suitability maps of the Sar Mountains—main physical characteristics. (a) Elevation;
(b) slope; (c) aspect; (d) profile curvature; (e) TRI; (f) TWT; (g) LS factor; (h) Air temperature; (i) NDSI;
(j) WEL (k) NDVT; (1) BSI; (m) distance from stream; and (n) lithology.

3.3. Data Reclassification

After obtaining the thematic maps, the values were reclassified. An important factor
in value reclassification is the inventory of avalanches, which was partially digitized so
that several locations where avalanches appeared in the past were singled out. Relative to
spatial distribution, the highest susceptibility classes were assigned. Grade 4 shows the
values that are most susceptible to avalanches (Table 7).

Decreasing grades indicate decreasing chances of their occurrence. Snow avalanches
occur at higher altitudes, with a more pronounced terrain slope, mainly facing the shady
sides (north, northeast, northwest).

The most important climatological property is the presence and level of snow cover
(Table 8).
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Table 7. Assessment of geomorphological conditions.

Criteria Parameter Grade Grade Percent (%)
384-600 1 34.33 3.54
Elevation (m) 600-1200 2 301.51 31.10
1200-1600 3 291.61 30.08
>1600 4 342.15 35.29
0-5 1 58.77 6.06
Slope (°) 5-10 2 97.45 10.05
P 10-20 3 427.58 44.10
>20 4 385.80 39.79
S 1 90.41 9.32
Aspect SW, SE 2 180.32 18.60
p W,E 3 231.46 23.87
NW, NE, N 4 467.41 48.21
Convex 3 75.26 7.76
Profile curvature Linear 4 827.87 85.38
Concave 3 66.47 6.86
0-2.5 1 92.56 9.55
Terrain ruggedness index 2.5-45 2 161.89 16.70
88 4565 & >17.5 3 263.66 27.19
6.5-17.5 4 451.48 46.56
2-8 4 872.55 89.99
. . 8-10 3 62.38 6.43
Topographic wetness index 10-12 ” 2814 290
>12 1 6.53 0.67
0-4 & >50 1 250.86 25.87
Leneth-slope factor 4-6 & 35-50 2 242.19 24.98
gHhsiop 6-8 & 25-35 3 221.79 22.87
8-25 4 254.76 26.27
Table 8. Assessment of climatic conditions.
Criteria Parameter Grade Area (km?) Percent (%)
0-5.7 4 344.38 35.52
. o 5.7-8 3 340.29 35.10
Air temperature (°C) 8-9.5 2 188.83 19.47
>9.5 1 96.10 9.91
—0.52-0 1 542.24 55.99
Normalized difference 0-0.25 2 93.56 9.66
snow index 0.25-0.6 3 68.82 7.11
>0.6 4 263.80 27.24
0.77-0.85 &
107 1 34.74 3.58
0.85-0.9 &
2 72.29 7.46
Wind exposition index 1.2-1.27
0.9-0.93 &
117-12 3 74.66 7.70
0.93-1.17 4 787.91 81.26

Low air temperatures and more frequent winds increase the chances of avalanches.
Vegetation cannot stop an avalanche flow, but can have a significant impact on mitigating
its intensity (Table 9).
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Table 9. Assessment of vegetation conditions.

Criteria Values Grade Area (km?) Percent (%)
Normalized difference —0.02-0.75 4 588.89 60.78
vegetation index 0.75-0.92 3 379.93 39.22
B 1ind —2.99--0.95 3 354.59 36.6
are-sotl mdex —0.95-0.78 4 614.25 63.4

Bare soil areas and low vegetation are suitable terrains for the creation and movement
of this natural hazard. Areas closer to mountain rivers are rated as the most susceptible
because the river fall and the curvature of the space around the watercourses are suitable
for the movement of most avalanches (Table 10).

Table 10. Assessment of hydrological conditions.

Criteria Parameter (m) Grade Area (km?) Percent (%)
0-200 4 486.35 52.07
Distance from stream (m) 200-600 3 381.58 40.85
stance from stre 600-1000 2 54.10 5.79
>1000 1 12.00 1.29

Rock types do not play a crucial role in the formation of avalanches, but can affect
their movement. Metamorphic and igneous rocks, as well as most sedimentary rocks, have
proven to be the parent substrate that increases terrain susceptibility (Table 11).

Table 11. Assessment of lithological conditions.

Rock types Grade Area (km?) Percent (%)
Metamorphic rocks 4 466.57 48.12
Igneous rocks 4 61.05 6.30
Mesozoic carbonate sediments 4 118.24 12.19
Deluvium 3 26.04 2.69
Moraine deposits 4 50.12 5.17
Fluvio-glacial sediments 4 30.14 3.11
Scree 3 1.77 0.18
Alluvial sediments 2 16.06 1.66
Diabase-chert formation 4 135.62 13.99
Mesozoic clastic sediment 4 1.80 0.19
Proluvium 3 30.43 3.14
Thick rock debris caused by rock weathering 1 0.86 0.09
Tertiary clastic sediments 4 1.94 0.20
Flysch 4 0.54 0.06
Ultramafic 4 25.41 2.62
Pleistocene lacustrine sediments 4 3.01 0.31

After reclassification, the sub indicators were multiplied by their weight coefficients
(Table 12):

Table 12. Calculation of weight coefficients.

Factor Criteria and Mathematical Procedure
. (0.280 - S) + (0.217 - A) + (0.164 - PC) + (0.123 - E) + (0.092 - TRI) +
Geomorphological (GF) (0.070 - TWI) + (0.054 - LS)
Climatic (CF) (0.540 - NDSI) + (0.297 - WEI) + (0.163 - T)
Vegetation (VF) (0.600 - NDVI) + (0.400 - BSI)

Hydrological (HF) 1
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Table 12. Cont.

Factor Criteria and Mathematical Procedure

Lithological (LF) 1
Final AHP approach (0.418 - GF) + (0.263 - CF) + (0.160 - VF) + (0.098 - HF) + (0.061 - LF)

All procedures and approaches used for the purpose of this research are presented in
the flow chart given in Figure 4.

Criteria Subcriteria

Literature

Aspect

Data set

Curvature

Geomorphology Elevation

=

R

Climatology Air temperature

WEI

Reclassification
values

NDVI
Vegetation

Distance from
stream

I Snow avalanche |
Lithology Rock types hazard map

Figure 4. Flow chart with all the procedures and methods used in this research.

Hydrology

4. Results and Discussion

By processing five indicators and 14 sub-indicators, assigning weight coefficients, and
then multiplying them, a synthetic map of terrain susceptibility to snow avalanches was
obtained (Figure 5).

According to the obtained hazard map, approximately 20% of the total planned
territory of the National Park is highly susceptible to the occurrence and movement of
avalanches, while 24% of the terrain is moderately susceptible. The high susceptibility of
the terrain indicates the presence of natural conditions that are extremely favorable for
the formation and movement of snow avalanches. The greatest part of the study area, i.e.,
1/2 belongs to low susceptible terrains, while 6% of the territory has a very low chance of
avalanche formation (Table 13).

Previous investigations of avalanches on the Sar Mountains refer to the smaller, eastern
part of the study area. Using the AVAPI method, the areas that are threatened by avalanches
were marked in that part on the surface of 9.1 km? [12]. The AVAPI method includes five
criteria, of which the terrain slope values are eliminatory. Other factors have different
coefficients, aspect has the greatest weight, while vegetation has the least importance. The
results of both studies point to a highly susceptibility terrain with snow avalanches in the
mountainous part of the research area not far from the ski center Brezovica.
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Figure 5. Snow avalanche hazard map.

Table 13. Susceptibility of the terrain to snow avalanches.

Susceptibility Area (km?) Percent (%)
Very low 57.03 6
Low 481.12 50
Medium 235.23 24
High 194.41 20

The highly susceptible terrains are characterized by specific natural conditions. High
altitude (>600 m), pronounced terrain slope (>20°), linear curvature, and low terrain
ruggedness are the most critical geomorphological factors for avalanches. Low annual
air temperature (0-5.7 °C), high level and retention of snow cover, and terrain exposure
to wind are favorable climatic conditions for increasing territory susceptibility. Terrains
with sparse vegetation (without forests), bare land, and a short distance from watercourses
increase the chances of avalanches, mainly formed on metamorphic and igneous rocks,
but the risk is also significant when Mesozoic, Tertiary, and Quaternary sediments are the
parent substrate.

The identified settlements that are moderately or highly susceptible to avalanches in
a greater or smaller part of their territory include: LeStane, Globocica, Krusevo, Zlipotok,
Restelica, Brod, Rades$a, Plajnik, Zrze, Kukovce, Brodosavce, Struzje, Nebregoste, facilities
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on the Prevalac pass and Brezovica ski center. Numerical modeling combined with field re-
search, gathering information on snow conditions and past events in the local environment
can provide results and simulation of potential avalanches [88]. To validate the results, it is
necessary to map the most susceptible areas and collect the data in the field to confirm the
obtained results.

In settlements or in their immediate vicinity where there are chances of avalanche
formation, it is necessary to determine and implement a set of measures aimed at preventing
and mitigating the consequences for the environment. The protection measures applied in
the Alpine countries include artificial avalanche triggering, avalanche zoning, afforestation,
and structural measures. A widely used and economically justified method for protecting
ski slopes, roads, and railways is the artificial avalanche triggering with explosives aimed
at preventing the occurrence of big avalanches. Avalanche hazard mapping and land-use
planning are applied throughout many countries. Compared to other mitigation measures,
implementing hazard mapping and land-use planning is usually the least costly and
most cost-effective method. Afforestation is one of the oldest and most commonly used
measures to mitigate avalanches [89]. Forest complexes affect the snow cover structure,
and susceptible areas near settlements should be afforested and then monitored, as any
deforestation could be detrimental to the ecosystem and the environment. Structural
measures include constructing supporting steel structures and stone walls that slow down
and prevent avalanches.

Geospatial terrain conditions (slope, aspect, curvature, ruggedness) are easy to process
in geographic information systems [90-93], so geomorphological factors are most often
used in this kind of studies. Besides geomorphological, climatological factors (air tempera-
ture, snow cover, wind direction and speed) are also important for avalanche susceptibility
analysis. Influenced by climate change and sudden air temperature changes, the remnants
of avalanches can cause other natural disasters, such as floods. As for the snow cover struc-
ture, it is important to investigate the stability of snow layers, the crystallization process,
and the liquid water content [94]. Biogeographical factors are reflected primarily in the
analysis of vegetation cover, forest cover, and the degree of soil bareness. Degraded areas
and areas with sparse vegetation are at higher risk than forest complexes. The proximity
of the area to watercourses can be a significant hydrological factor due to similarities in
the terrain configuration of avalanches and mountain rivers movement. In lithological
terms, the numerous types of rocks represented on the Sar Mountains are a suitable ge-
ological basis for the avalanche process. Taking into account the spatial distribution of
snow avalanches, physical processes and the need of knowledge for mitigation purposes,
three categories can be distinguished in the science of avalanches: avalanche geography,
avalanche formation and avalanche dynamics [95]. In this study, the emphasis is on the
geography of avalanches, that is, locations where there is a possibility for their formation
and movement.

In studies with the same topic that have been done around the world, different
methods have been used based on the treatment of a large number of natural conditions. In
Turkey, the authors investigated the susceptibility of the terrain to snow avalanches using
the AHP method and the analysis of five criteria.

On the example of the province of Van, it was determined that 2% of the territory is
very highly susceptible to avalanches [73], while in the Uzungol region, 28.15% of the terrain
has a very high susceptibility [63]. In the Western Indian Himalaya (Siachen region) using
the AHP method, it was determined that 12.32% of the territory is very highly susceptible to
snow avalanches [71]. In the territories of China [1,2] and Iran [66,67], the methods are based
on machine learning, while in Slovakia, the authors used the GIS and RAAMS simulation
model [5]. For the run-out calculations, the NAKSIN script calls MoT-Voellmy, a simple
quasi-3D model developed at Norwegian Geotechnical Institute [96]. Researchers from
Switzerland are using a new algorithm based on object-based image analysis (OBIA) [24].
With detailed data on the average depth of the snow cover, it is possible to use shallow
water numerical methods to evaluate snow avalanche modeling [30].
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In high mountain areas that have significant tourist potential, environmental monitor-
ing through remote sensing and GIS tools can serve as an additional measure to preserve
the safety of tourists and infrastructure [97-99].

5. Limitations and Future Research Directions

All scientific approaches (even the advanced ones) in the study of snow avalanches,
has certain weaknesses and limitations. This study was based on a few applicable method-
ologies and procedures following the geographical approaches. The main sources are
connected with representative data obtained from the adequate databases, as well as geo-
morphological and geographical studies respectively. The other data used in this research
was comprised of regional hydro-meteorological data and historical data (with some histor-
ical evidence of avalanches in the Sar Mountains). The leading methodology within this
research is the use of AHP (Analytic Hierarchy Process). The given approach in this research
enabled us to geospatially assess and analyze avalanche properties in the case study.

The main algorithms (procedures) of the AHP used in this research encompassed:
Elevation, Slope, Aspect, Profile curvature; TRI index, TWI index, LS factor; Annual air
temperature, NDSI index, WEI index, NDVI index, BSI index, Distance from the stream, and
basic Lithology. All of these procedures are associated with the geographical approaches in
snow avalanches research. On the other hand, the dynamical and geotechnical analysis
are more suitable and precise, but rather highly complex and challenging approaches. In
the future studies, the dynamical analysis supported by LIDAR data may provide more
respectable results [100]. This pioneer research has one goal, and this goal is to start with
the analysis of avalanches and their occurrence on the Sar Mountains. The climate change
effects will make these changes more dangerous, thus emphasizing the importance of snow
avalanche research as an environmental problem on local, national and regional scales.

6. Conclusions

Due to the numerous snow avalanches that occur in the area of the Sar Mountains in
the winter and early spring period, terrain susceptibility to avalanches was investigated
using the AHP, GIS, and remote sensing methods. The analysis used five indicators with
different weight coefficients (geomorphological, climatic, vegetation, hydrological and
lithological), where 14 subindicators were analyzed with different weight coefficients
depending on the significance for the avalanche formation process. For the needs of the
research, the inventory of avalanches was used to form the classes of natural conditions
that most affect territory susceptibility.

The final result of data processing was a synthetic map of benefits, based on which it
is concluded that approximately 20% of the Sar Mountains territory is highly susceptible,
and 24% is moderately susceptible to snow avalanches. Susceptible settlements requiring
protection measures have been singled out, i.e., the process of afforestation should be
combined with the construction of protective walls to minimize the chances of hazard.
As seen from the practice of the Alpine zone countries, artificial triggering of avalanches
will help avoid more significant avalanches on the main roads. In uninhabited places that
are moderately and highly susceptible, it is necessary to adopt a measure banning the
construction of any buildings to protect the environment and avoid potential aftermaths.
The given research can serve as a preliminary step in defining the safety services, risk
mitigation protocols, as well as future geospatial forecasting of potential snow avalanches.
This can be of interest to respective stakeholders involved in the decision-making and
spatial planning over a ski facilities area prone to a mass movement hazard. In this way
settlements vulnerable to potential avalanche occurrences may be better adapted for this
hazardous threat. In the end, the data from this research can be used in the creation of
the snow avalanches database as an integrative part of the cadastre of natural hazards.
This database could be useful for better planning activities related to avalanche mitigation
within the area of the Sar Mountains National Park.
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