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Abstract: Snow avalanches are among the most significant natural hazards worldwide in
high mountain areas. Mapping the spatial distribution of avalanches is one of the initial steps
in avalanche management. In this study, geospatial modeling was performed for the terri-
tory of the Sar Mountains on a total area of 1602 kmz. The first step in the research is to
collect data on past avalanche occurrences in Serbia and North Macedonia and create a da-
tabase in geographic information systems (GIS). The second step involves the application of
the SAFI-Flow-R method and the analysis of three natural and anthropogenic factors: snow
cover, terrain slope, and land use. The third step involves modeling (propagation) of ava-
lanches in the Flow-R 2.0 software package, and the creation of synthesis maps based on the
thickness of the triggered snow layer. Based on the law of friction and other software algo-
rithms, avalanche modeling was performed from the starting zone through the movement
zone to the accumulation zone. The results show that 26.6% of the area is susceptible to snow
avalanches, with a potentially triggered snow layer thickness of 50 cm. The fourth step is the
analysis and zoning of vulnerable settlements and the proposal of environmental protection
measures. The settlements susceptible to avalanches are Restelica, Brod, Musnikovo, and
the "Brezovica" ski center in Serbia, while in North Macedonia, the settlements of Bozovce,
Vesala, and the "Popova Sapka" ski center are vulnerable. The results obtained may be useful
for decision-makers, national park managers, and mountain rescue services in Serbia and
North Macedonia in terms of adequate environmental management and adoption of protec-
tion measures.
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Introduction

Due to the intensification of climate change and the increase in climate extremes, natural
disasters threaten nature and the human environment (Manojlovi¢ et al., 2021; Curié et al.,
2022; Milevski et al., 2024; Valjarevi¢, 2024). Snow avalanches are a typical natural hazard
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characteristic of high-mountainous areas characterized by very low air temperatures and a
significant thickness of snow cover (Turquet et al., 2024; Cetinkaya & Kocaman, 2024).
Snow avalanches are defined as a phenomenon that occurs by the release, movement, and
accumulation (deposition) of snow on a topographic surface under the influence of gravity
(Rahmati et al., 2019; Yang et al., 2024). In addition to snow, avalanches often include a
pedological layer, rock debris, and plants that the avalanche transports to the accumulation
zone (Durlevi¢ et al., 2022; Chu et al., 2024). Depending on their size, medium- and large-
scale avalanches can have a negative impact on the environment, causing damage to eco-
systems, landscapes, existing infrastructure, etc. (Kumar et al., 2019; Yang et al., 2020).

The initiation of snow avalanches is influenced by specific geomorphological (terrain
slope), meteorological (wind speed, air temperature, precipitation), biogeographic (land
use), hydrological (snow layer structure), and anthropogenic factors (Akay, 2021; Nishi-
mura et al., 2021; Bian et al., 2022; Hao et al., 2023).

Depending on the place of origin, natural conditions, and water content, there are
several types of snow avalanches: slab (dry and wet), loose snow avalanches (dry and
wet), powder avalanches, ice avalanches, cornice avalanches, gliding avalanches, and
slush avalanches (Tremper, 2008). In the territory of the Sar Mountains, slab, gliding,
and loose snow avalanches are most common. Due to small differences in the structure
and distribution of all types of avalanches, the same parameters are used for all types in
geospatial modeling.

Over the past 15 years, numerous methods and models for spatial modeling of ava-
lanches have been developed. The most commonly used are multi-criteria analysis, numer-
ical modeling, and machine learning.

Multi-criteria analysis involves the use of a large number of natural and anthropogenic
conditions and their evaluation in geographic information systems using various methods,
such as the analytical-hierarchical process (AHP) and the Best-Worst model (BWM)
(Nasery & Kalkan, 2021; Konurhan et al., 2023; Rafique et al., 2023; Xi & Mei, 2023). Fuzzy
logic is often integrated into multi-criteria analysis models (Varol, 2021). Numerical mod-
eling involves the use of digital elevation models and 2-D avalanche modeling in specialized
software packages such as RAMMS, FLO-2D, and Flow-R (Horton et al., 2013; KosSova et
al., 2022; Martini et al., 2023). The advantage of multi-criteria analysis and numerical
modeling is that it provides relevant final results without prior avalanche inventories. In
the case of a large number of mapped avalanches, authors often resort to using several ma-
chine learning models: support vector machine, random forest, multivariate discriminant
analysis, logistic regression, gradient boosting machines, etc. (Choubin et al., 2019; Wen et
al., 2022; Iban & Bilgilioglu, 2023).

The study used GIS tools, remote sensing, open data, and the SAFI-Flow-R method to
perform geospatial modeling of the Sar Mountains, a national park in Serbia and North
Macedonia. This is the first study of the spatial distribution of avalanches in the entire Sar
Mountains area, so the results have international significance in adequate management of
national parks, local governments, and tourist centers within the study area.
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Material and methods

Study area

The study area includes the Sar Mountains, one of the largest mountain ranges on the
Balkan Peninsula. On the territory of Serbia, a part of the mountain is protected as a
national park (1993), while the entire mountain range with its foothills represents the
planned border of the national park (Institute for Nature Conservation of Serbia,
2024). In North Macedonia, Sar Mountains was declared a national park in 2021. The
total study area is 1602 km?2.
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Fig. 1. Geographical position of the Sar Mountains

The lowest point is 387 meters high near the settlement of Grejkovce (Serbia), while
the highest is Titov Vrh (2748 m) in North Macedonia (Fig. 1). The status of a national park
was obtained due to the highly diverse flora and fauna: 1800 plant species, 147 species of
butterflies, 200 species of birds, and 45 species of reptiles and amphibians (Institute for
Nature Conservation of Serbia, 2024). In addition to the rich flora and fauna, this area has
specific landforms such as glacial and periglacial. This is because of the active Pleistocene
glaciation during which glaciers were formed on the Sar Mountains (Menkovié¢ & Milivo-
jevic, 2021). A certain number of cirques are now filled with water, so there are more than
30 permanent glacial lakes in this territory.

In addition to being one of Europe's most important ecological points, Sara is charac-
terized by extremely low temperatures and large amounts of snow during the winter period.
In this part of the year, the average maximum depth of snow cover at altitudes above 1700
meters is 150-200 c¢cm. In leeward ravines, the snow thickness can be up to five meters

165



(Durlevié et al., 2024). The large amount of snow and the occurrence of temperature inver-
sions during the winter period cause the formation of different types of snow layers. Recre-
ational skiers who ski off-piste in the tourist centers of "Brezovica" and "Popova Sapka" are
particularly at risk. Due to the formation of a weak layer, the pressure caused by winter
sports participants can be sufficient to trigger an avalanche.

Fig. 2. Snow avalanches and environmental impact on the Sar Mountains (Flickr, 2015)

Avalanches in the Sar Mountains endanger human lives, residential buildings,
roads, and biodiversity (Fig. 2). According to existing estimates, more than 100 people
have died since 1800 from avalanches in the Sar Mountains. Accidents have been rec-
orded on both the northern and southern slopes. In the settlement of Restelica (Gora
municipality, Serbia), an avalanche killed ten people and buried 11 houses on 11 Feb-
ruary 2012 (Durlevié et al., 2023).

Outside the marked trails in the territory of the ski center "Brezovica" (Serbia), ava-
lanches kill several skiers almost every year. On February 13, 2024, the famous American
skier Katherine Rigby died from the consequences of a snow avalanche, which was activated
at the location "Orlovo Gnezdo" in the Sar Mountains. In the settlement of Bozovce (North
Macedonia), on February 13, 1956, an avalanche caused the death of three people, while
seven were injured (Krivokapié¢, 1969). Due to the large number of avalanches in the entire
territory of the national park, it is important to create maps of the spatial distribution of
snow avalanches. There are 112 settlements within the study area, of which 80 are in Serbia
and 32 in North Macedonia, including tourist centers.

Methodology

SAFI-Flow-R approach

The anatomy of a snow avalanche consists of a starting zone, a movement zone, and a dep-
osition zone. In order to determine the locations where a snow avalanche is activated, the
Snow avalanche formation index (SAFI) was developed in 2024. It includes three factors in
its calculation: the Normalized Difference Snow Index (NDSI), the slope of the terrain, and
the land use.
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The NDSI is obtained by remote sensing, that is, by analyzing satellite images during
the winter months. The formula for the NDSI is (Hall et al., 1995):

Green—SWIR
Green+SWIR '

NDSI = €Y)

where: Green — green spectral channel; SWIR — short-wave infrared spectral channel.

Satellite images for the territory of the Sar Mountains were processed for January
and February from 2020 to 2024. The mission of the images is Sentinel-2, while the
cloudiness of each image content is less than 1% (Copernicus Open Access Hub, 2024).
NDSI values can range from -1 to +1. Pixel values greater than 0.4 indicate the presence
of snow cover on the topographic surface (Stojkovié et al., 2023). The maximum NDSI
value (+1) indicates complete snow dominance and significant snow cover depth. Accord-
ing to estimates from field research on the Sar Mountains, pixel values above 0.6 indicate
a greater thickness of snow that can be triggered and cause an avalanche. The spatial
resolution of the pixels is 12.5 m.

The slope of the terrain is the most important geomorphological condition for the oc-
currence of snow avalanches. In most cases, the slope of the terrain is the highest during
avalanche formation and decreases with the process of avalanche deceleration and snow
accumulation. According to research and standards of the Utah Avalanche Center (USA),
snow avalanches form on terrain slopes of 20-600 (Utah Avalanche Center, 2024). Data on
terrain slope were obtained using a digital elevation model (DEM) with a spatial resolution
of 12.5 meters (Alaska Satellite Facility, 2024).

Land use is a biogeographic factor that affects the formation and path of avalanche
material. Bare surfaces (rocky areas) and territories with low vegetation (meadows, pas-
tures) are suitable locations for avalanche formation. Dense forest stands prevent the for-
mation of slab avalanches and represent an important natural barrier during the movement
and accumulation of avalanches (Sykes et al., 2024). Land use data were taken from the
Environmental Systems Research Institute (2024) geospatial database formed based on
satellite images of the Sentinel-2 mission with a spatial resolution of 10 m.

In the GIS, values were assigned for all three criteria in the range from o to 1, with o
indicating unsuitable areas for avalanche formation, while 1 indicates suitable areas for
snow avalanches' activation (Tab.1).

Table 1. Parameters for the calculation of the SAFI index.
Criteria Categories Ratings
Snow cover (SC) / NDSI -1-0.6
> 0.6
Slope (S) 0—200
20—-609
>600
Land use (LU) Forests, settlements, water bodies
Meadows, pastures, bare areas, agricultural
areas

= o|O+H O|® O
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The results of the SAFI index are obtained based on the formula (Durlevié et al., 2024):
SAFI=SC S e<LU, (2
where: SC — snow cover; S — terrain slope; LU — land use.

The SAFI map shows suitable areas for avalanche activation, with a value of 1 (Fig. 3).
After this calculation, the Flow-R software program analyzes potential avalanche move-
ment and accumulation zones.
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Fig. 3. Maps of natural factors and snow avalanche formation index (SAFI)
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Flow-R software was developed for the purpose of processing regional gravity hazard
assessments (snow avalanche, debris flow, rockfall, shallow landslide) based on GIS (Hor-
ton et al., 2013). The software identifies the source area of instability using the results ob-
tained from the SAFT index.

It defines the process distance based on the principles of propagation probability and
the friction law (Holmgren, 1994). The model consists of two primary components: auto-
matic source area identification and propagation estimation (Fischer et al., 2016; Noél et
al., 2023). The probability of avalanche flow hazard is calculated using flow direction algo-
rithms and persistence functions.

Perla et al. (1980) described the friction model to analyze avalanche propagation. This
model relies on a nonlinear friction law derived as a solution to the equation of motion for
estimating flow dynamics. The law determines the flow velocity (Vi) at the end of the seg-
ment (Perla et al., 1980):

1
V; = (q;w(1 — exp b;) + Viexp b))z

a; = g(sin B; — ucos ;) (3)
—2L;
b=

where: p is the friction parameter, w is the mass-to-drag ratio, f; is the slope angle of the
segment, V,, is the velocity at the beginning of the segment, L; is the length of the segment,
and g the acceleration due to gravity. Segments represent parts of an avalanche flow. All
the mentioned computational processes are embedded in the Flow-R software.

Results and Discussion

Geographic information systems are a modern tool that plays an important role in depicting
the spatial distribution of natural hazards and other environmental phenomena and pro-
cesses (Durlevié, 2021; Gulan et al., 2023; Vujovi¢ et al., 2024). After analyzing the snow
cover, slope, and land use, maps of the spatial distribution of avalanches in the Sar Moun-
tains were obtained using the Flow-R software. Two modeling maps were produced. The
first has a potential thickness of activated snow of 50 cm, and the second has a potential
thickness of the activated snow layer of 3 m. The propagation model with a potential acti-
vated layer of 50 cm shows that 425.99 km? of the area on the Sar Mountains is vulnerable
to avalanches (Fig. 4). Physical-geographic, the susceptible terrains are the bare areas be-
low the Sar Mountains ridge (from the Morava peak in the southwest to Ljuboten in the
northeast), the southwestern slopes of Koritnik (2393 m), the southern slopes of Osljak
(2212 m), the southern slopes of Ostrvica (2092 m) and the bare slopes at the foot of the
Tromeda peak (1934 m). From an environmental perspective, the following settlements are
susceptible to avalanches: Restelica, Brod, Musnikovo, and the "Brezovica" ski center in
Serbia, as well as Bozovce, Ve$ala, and the "Popova Sapka" ski center in North Macedonia.
Restelica and Brod are settlements in the municipality of Gora, Musnikovo is located in the
territory of the city of Prizren, while the ski center "Brezovica" belongs to the municipality
of Strpce. In the territory of North Macedonia, Bozovce, Vegala, and the ski center "Popova
Sapka" are settlements in the municipality of Tetovo.

An alpine climate characterizes the aforementioned peaks, while the settlements are
located at the contact of a temperate and an alpine climate.
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Fig. 4. Geospatial distribution of snow avalanches at a triggered snow of 50 cm

All the mentioned settlements represent areas where the activated snow layer would
potentially accumulate and thus endanger the local population. The second map indicates
the vulnerable areas at a thickness of the potentially activated layer of 3 m. In this scenario,
433.9 km? of the Sar Mountains would be susceptible to snow avalanches, which comprise
27% of the study area (Fig. 5). These are the same peaks and settlements. Still, the zone of
accumulated snow would be significantly larger.
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Fig. 5. Geospatial distribution of snow avalanches at a triggered snow of 3 m

The results can be confirmed by field research. In the case of more detailed modeling,
analysis of high-resolution satellite images of the terrain and snow cover (1 m) is necessary
to precisely zone residential buildings within the settlement that are at risk from the poten-
tial effects of snow avalanches (Denissova et al., 2024).

In order to mitigate their impact, it is necessary to apply combined protection
measures: structural measures (supporting structures), temporary measures, planning
measures, and afforestation.

For the area of the Sar Mountains, the first modern research, or avalanche mapping,
began in the late 1980s ({unwh, 1990). The analysis of the territory's avalanche vulnerabil-
ity in GIS packages was first carried out in 2021 for the territory of the Strpce municipality
when the AVAPI (Avalanche Potential Index) was developed, which analyzed four natural
factors: exposure, terrain roughness, snow depth, and land use. The results indicated that
9.1km? of the Strpce municipality is susceptible to avalanches (Durlevié et al., 2021). A year
later, the avalanche vulnerability of the Sar Mountains was analyzed using the AHP
method, where 14 criteria were included, and the final results were classified into four clas-
ses. A high level of vulnerability was found for 20% of the Sar Mountains territory (Serbia)
and 15 settlements that are partially or fully threatened (Durlevi¢ et al., 2022). In 2023,
when nine natural and anthropogenic criteria were analyzed, another multi-criteria analy-
sis method was applied for the same area — the Best-Worst Method (BWM). The results
identified four settlements (Restelica, KruSevo, Prevalac, ski center "Brezovica") as poten-
tially endangered (Durlevié et al., 2023). In 2024, SAFI-Flow-R was used for the spatial
distribution of avalanches on the northern slopes of the Sar Mountains, where it showed
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very high predictive power (AUC=94%). This approach represents a universal avalanche
modeling index that has certain advantages over machine learning models and classical
multi-criteria analysis methods:

1. Simple application of the model and processing of open data;

2. Regional snow avalanche modeling. Areas larger than 1000 km2 can be modeled in a
relatively short period;

3. Complete modeling of avalanches from the starting zone to the snow deposition zone;

4. Possibility of geospatial modeling without a previous avalanche inventory;

5. Due to the analysis of the most significant natural conditions (snow, terrain slope, and
land use), this method can also be used in other high-mountain areas worldwide.

In addition to Flow-R, the RAMMS and FLO-2 models, which have already been used
for avalanche prediction in mountain areas of Slovakia and Italy, can be used for numerical
modeling of avalanches (KoSova et al., 2022; Martini et al., 2023).

For future avalanche research in the Sar Mountains and other mountainous regions in
Serbia, it is necessary to collect field data and create a high-resolution digital elevation
model (less than 1 meter) to gain more precise insight into vulnerable residential buildings
and roads. In Slovenia, researchers used DEM with a resolution of 0.5 m to determine the
spatial distribution of avalanches (Komac et al., 2023).

Conclusion

Many snow avalanches occur on the Sar Mountains during the winter months. The likeli-
hood of negative environmental impacts increases if the avalanche flow is large. Snow ava-
lanche modeling was performed using the SAFI-Flow-R method, which used open data,
GIS, and remote sensing. Maps of the geospatial distribution of avalanches represent the
starting point for adopting environmental protection measures. Two scenarios were devel-
oped: avalanches in the form of triggered snow with a thickness of 50 cm and 3 m. Through
office work, field research, and visual analysis, vulnerable mountain terrains were identi-
fied, as well as settlements on the territory of Serbia (Restelica, Brod, Musnikovo, and the
ski center "Brezovica') and North Macedonia (Bozovce, Vesala, and the ski center "Popova
Sapka"). The susceptible areas with a depth of triggered snow of 0.5 m cover an area of
425.99 kmz2, while avalanches of 3 m depth potentially endanger 433.9 km2. The research
is important because other settlements predisposed to this natural disaster, in addition to
previously recorded avalanches in Restelica and Bozovce, have been identified.

For further research, it is necessary to install meteorological stations in vulenrable set-
tlements to monitor the state of all climatic elements, especially snowfall and wind. It is
also necessary to implement other avalanche protection measures, such as afforestation,
construction of retaining dams, and prohibition of skiing outside clearly marked trails in
ski centers. The results of the study form the starting point for the development of an ava-
lanche risk reduction strategy. Decision-makers, civil protection, mountain rescue services,
and national park managers should coordinate all activities related to avalanche forecasting
and protection measures. The data from this study can be used to develop a snow avalanche
database as an integral part of the natural disaster cadastre. This database could be useful
for better planning activities related to mitigating avalanches and other natural disasters in
the Sar Mountains National Park area.
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I'EOIIPOCTOPHO MOJAEJ/JIOBAIBE CHEXKHUX JIABUHA HA
ITAP INTAHUHH, BAJIKAHCKO IT10/JIYOCTPBO

Ancrpakr: CHexxHe JIaBUHE IPEZCTABIbajy jeIaH O] Haj3HAYajHUjUX IPUPOJIHIX Xa3ap/a y
BHCOKOIUTAHUHCKUM 00JIacTHMa IIHPOM cBeTa. M3paza kapaTa IPOCTOPHE AUCTpUOynuje
CHEXXHUX JIaBUHA IIPEACTaB/ba jeZlaH oOJf IOYEeTHUX KOpaKa y YIPaBJbakby CHEXHUM
JlaBUHAMa. Y 0BOj CTYZUWjU M3BPIIEHO je TeOIPOCTOPHO MOJEIoBarhe 3a Tepuropujy Illap
IUIAHWHE HA YKYIHO] NOBPIIMHM of 1602 km?2. IIpBH KOpak y HCTPaKUBAWYy jecTe
MIPUKYIUbakhe MO/IaTaKa O JI0CAAIIBIM II0jaBaMa CHeXKHUX JlaBuHA y Cpouju u CeBepHO]
Makxkezonuju u hopMupame 6asze noparaka y reorpadckuM nHGOPMAIMOHUM CHCTEMUMA
(TUC). Opyru xopak mnoxpasymeBa IpumeHy SAFI-Flow-R Meroze u aHamuzy Tpu
NpUPOJIHA M aHTpomloreHa (akTopa: CHEXXHHM IIOKpUBA4, Harub TepeHa U HaMeHy
3emspHLITa. Tpehu Kopak yK/bydyje MOZeI0OBatbe, OJHOCHO POIIaralijy CHEXKHUX JIaBUHA
y codrBepckoM makery Flow-R 2.0 U Kpenpame CHHTE3HHX Kapara Ha OCHOBY Je0GspHHE
TIOKPEHYTOT CHEXKHOT ¢10ja. [TprMeHOM 3aKOHA Tpemwa U JIPYTHX aJIfopuTama y codTBepy,
WU3BPIIEHO je MOJeJIOBambe JIABUHA Off CTapTHE 30HE, IPEKO 30HE KpeTama JI0 30He
akymynanyje. Pesynararu mokasyjy za je 26.6% yKyIlHe IOBPIIHHE YTPOXKEHO JIABUHAMA,
npu yemy je /eb/brHA MOTEHIHjaTHO OKPEHYTOT CHEXKHOT ¢JIoja 50 cm. YeTBPTH KOpak
IIpeJICTaB/ba AaHAIN3Y U 30HUDPAMe YIPOXKEHHUX Hacesba, Kao U IPeJJIor Mepa 3a 3alITUTY
JKMBOTHE CpeJluHe. YTpOlKeHa Hace/ba CHEXHUM JlaBuHama cy: Pecrenuna, Bpon,
MyurHuKOBO 1 cku nentap "Bpesosura” y Cpouju, 1ok cy y CeBepHoj MakenoHUju pambuBa
Hacesba Bo3oBre, Bemana u cku nenrap "Ilomosa Illanka". lo6ujeHu pe3yaTaTi MOy OUTH
0]l KODHCTH JOHOCHOIIMMA OJUIyKa, YIpaB/baylMa HAIMOHATHHUX NApKOBA U TOPCKUM
cay:kbama cracaBama y Cpbuju u CeBepHoj MakeloHWjU 3a a/IeKBAaTHO YIIPaBJbaibe
JKHBOTHOM CDEIMHOM U ZIOHOLIEHE Mepa 3allTHUTe.
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YBojg

Yciien nHTEH3UBUPakbha KJIIMMAaTCKUX IIPOMeHa U moBeharba 6poja KIIMMaTCKUX €eKCTPEMa,
MPUPOZHE HEMOTO/IE MPECTABIbAJY BEJIUKY IPETEY [0 MPUPOY U YOBEKOBY OKOJIMHY
(Manojlovié et al., 2021; Curié¢ et al., 2022; Milevski et al., 2024; Valjarevié, 2024).
CHesKHe JIaBHUHE Cy TUIIMYAH IIPUPOIHU Xa3ap/| KADAKTEPUCTUYAH 32 BUCOKOIUIAHUHCKE
mpejsiesie KOjU Cy OJJIMKYjy BeoMa HHCKHM TeMIlepaTypaMa BasjyXa U 3HadajHOM
nebspbuHOM cHekHor mokpuBaua (Turquet et al., 2024; Cetinkaya & Kocaman, 2024).
CHexxHe J1aBUHe ce JeuHUIIY Kao IojaBa Koja Hacraje ociobahamem, KpeTarmeM U
aKyMyJanujoM (JIermo3uIujoM) cHera Ha TOnorpadCkoj MOBPIIMHU MO/ YTULAjeM CHJIe
rpaButanuje (Rahmati et al., 2019; Yang et al., 2024). Ilopep cHera, y cactaB JlaBUHA
HePEeTKO yJIa3H Jiel, eJ0JIOIIKH CJI0j, OCTAIlM CTeHa U OMJbKE KOje JIABHHA TPAHCIOPTYje
no soHe akymyianuje (Durlevi¢ et al.,, 2022; Chu et al.,, 2024). Y 3aBucHocTd 0]
BEJINYUHE, JIABUHE CPEIIbUX U BEJIMKUX Pa3Mepa MOTY HAHETH 3HA4YajHe MOCIIEUIIE 10
JKUBOTHY CpelWHy, u3a3BaTH omTehema ekocucTeMma, Iej3aka, 1ocrojehe
uHdpacTpykrype uta. (Kumar et al., 2019; Yang et al., 2020).

Ha mokperarme CHE;KHUX JIABUHA YTHUY crienuduaH reoMopdostoku (Harub tepeHa),
MeTeopoJIOIIKH (Op3rHa BeTpa, TeMIlepaTypa Ba3ayxa, ajlaBuHe), ororeorpadcku (HameHa
3eMJBHIITA), XUPOJIOIIKK (CTPYKTypa CHEXXHHX CJIojeBa) M aHTpororenu dakxropu (Akay
2021; Nishimura et al., 2021; Bian et al., 2022; Hao et al., 2023).

¥ 3aBHCHOCTH Off MecTa HACTaHKA, IPUPOJIHUX YCJIOBA U CaZpiKaja BOJe, IOCTOjU
HEKOJIMKO THIIOBA CHEXKHHUX JIaBHHA: Itodacre (CyBe W BJIAYKHE), JIABUHE PACTPECHUTOT
cHera (CyBOT U BJIQ?KHOT), IIPAIlIHACTE JIABUHE, JIe/IcHe JIaBUHE, BEHAYHE JIABUHE, KJIU3HE
snaBuHe u Oyjuune japuHe (Tremper, 2008). Ha Tepuropuju Illap miaHuHe HajBHUIIE CY
3aCTyIUbeHE IUIoYacTe, KIU3HEe U JIAaBUHE PACTPECUTOr cHera. 360r MajuX pasjidka y
CTPYKTYPH M JUCTPUOYIIHMjHU CBUX THIIOBA JIABUHA, IPUJIMKOM Te0IPOCTOPHOT MO/IE/IOBaha
KOPHCTE ce UCTH IIapaMeTPH 3a CBE TUIIOBE.

TokoM MOCJIEeUX 15 TOANHA, pa3BUjeHe cy OpOjHE MeToZie U MOJIEIN 32 IPOCTOPHO
MOJIEIOBAIbE JIABHUHA, O] KOJUX Ce Hajuemine MPUMEbYjy: BUIIEKPUTEPHjYMCKA aHAIN3a,
HYMEPHUYKO MOJIEJIOBAakhe U MAIITUHCKO yUEHheE.

BuliekpuTepHjyMcKa aHaJIN3a MoipadyMeBa KopHIhemne BeJIMKOT 6poja IPUPOTHUX
M AHTPOIOTEHUX VCJIOBAa, HUXOBY eBalIyalldjy y reorpadckuM HHOOPMAIMOHUM
CUCTEMUMA TPUMEHOM PA3JIMUUTHUX METO/IA, MOMYT aHATUTHIKO-XHjepapXHjCKOT Impoiieca
(AHP) u Best-Worst mozena (BWM) (Nasery & Kalkan, 2021; Konurhan et al., 2023;
Rafique et al., 2023; Xi & Mei, 2023). HepeTko je (as3u jioruka UHTETPUCAHA Y MOJIeJIe
BHIIEKpUTepUjyMcKe aHanu3e (Varol, 2021). Hymepuuko MozesioBame IOApasyMeBa
NPUMEHY JUTUTAJIHMX MOJeJa BUCMHA H 2-D MomenoBarba CHEXHHX JIABUHA Y
crenujanu3oBanuM copTBepckuM nakeruma momnyT RAMMS, FLO-2D u Flow-R (Horton et
al., 2013; KosSova et al., 2022; Martini et al., 2023). IIpegHOCT BHUIIIEKPUTEPUjYMCKE
aHayIn3e ¥ HyMepUYKOT MO/IEJIOBaha jecTe N00Ujahe PesIeBAHTHUX (PUHATHUX Pe3yJITaTa
6e3 IMpeTXO/IHOT WHBEHTAapa CHEXXHUX JIaBUHA. Y CJIy4yajy /Aa IOCTOjU BeJIUKU Opoj
ManyupaHUX CHEKHUX JIABUHA, ayTOPU 4yecTo npuberapajy xopuirhemy 6pojHUX Mozesa
MalMHCKOT y4erba: Support vector machine, Random forest, Multivariate discriminant
analysis, Logistic regression, Gradient Boosting Machines utz. (Choubin et al., 2019; Wen
et al., 2022; Iban & Bilgilioglu, 2023).
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¥ crynuju je kopunthemwem I'MC anaTa, Ja/bUHCKE AeTEKIMje, OTBOPEHUX ITOAATaKa
u SAFI-Flow-R ™eTozie HW3BpIIIEHO TeOIMpPOCTOPHO MojesnaoBaibe Illap maHuHHE,
HanuoHaHOT napka y Cpbuju u CeBepHoj MakenoHuju. OBO je IPBO UCTPAKUBAIHE
NIPOCTOpHe JAucTpUOyLMje JaBUHA Ha KOMIUIeTHO] Tepurtopuju Illape, Tako na
pesynTaT uMajy MehyHapogHHM 3Ha4aj 3a moTpebe aJeKBATHHUjer YIIpaB/bama
HAIMOHAJIHUM I[IapKOBMMaA, JIOKAJHUM caMoyIpaBamMa M TYPHCTHYKUM I€HTpHMa
YHyTap IIpoCcTOpa UCTPaKUBAbA.

Marepujanu 1 MeToae

IIpocmop ucmpaixcusarsa

IIpocrop ucrpaskuBama obyxBaTa Illap IIaHHHY, jemaH of HajBehUX IUIAHUHCKUX
MacuBa Ha basnkanckom mosyocTpBy. Ha Teputopuju CpbOuje jeian /[eo IUIaHUHE je
3amTrheH Kao HAIMOHAJIHU HapK, [JOK YWTAB IUIAHWHCKM MAacHB ca IOJHOXjeM
Mpe/icTaB/ba IUIAHUPAHY TPAHUIYy HAIMOHAJIHOT mapka (3aBoj 3a 3alITUTY IPHUPOJE
Cpbuje, 2024). ¥V CeBepHoj Makenonuju je TokoM 2021. roguHe Illap miaHwHa
mporjianieHa HAIMOHAJIHUM IAPKOM. YKyIHAa MOBPLUIMHA HCTPAXKHMBAHOT IIPOCTOPA
u3Hocu 1602 km2. Hajuu»ka Tauka je BucuHe 387 Merapa HeZJaJIeKo of1 Hacesba I'pejkoBIie
(Cpbwuja), nok je Hajpumia TutoB Bpx (2748 m) y CeBepHoj Makenonuju (Ci. 1). Cratyc
HAI[MOHAJHOT MapKa /00ujeH je 300T U3y3€THO Pa3HOBPCHOT OUJBHOT U JKUBOTHUHHCKOT
cBeTa: 1800 GWJbHUX BPCTA, 147 BPCTA JIENTHPA, 200 BPCTA IITUIA U 45 BPCTa TMU3aBana
u BojrozeMaria (3aBoy 3a 3amtuty npupoae Cpouje, 2024).

Ca. 1. I'eoepagcku noaodicaj Illap naanuwe (noenedamu y eneneckoj 8epauju mexema, cmp. 147)

Ilopen Gorate ¢uiope u dayHe, HAa OBOM IPOCTOPY IOCTOje crerupUIHU 0OJTUIU Y
pesbedy HOIyT IIAI[HjaTHOT U IIEPUTJIANjaTHOT. Pa3sior ToMe jecTe akTHBHA IJIEUCTOLIEHA
Ianujaruja TOKoM Koje cy hbopmupanu sequuiy Ha lap manuau (Menkovié & Milivo-
jevié, 2021). OppeljeH 6poj UPKOBA je IaHaC UCIYELEH BOJIOM, TAKO Jla Ha OBOj TEPUTOPHH
TIOCTOjU BUIIIE O/ 30 CTAJTHUX IVIAIAjAJTHUX je3epa.

OcuM 1ITO je je/THA O] Haj3HAYAJHUjUX eKOJIOIKUX Tauaka EBpore, [llapa ce opyukyje
U3y3eTHO HHUCKAM TeMIlepaTypaMa M BEJIHMKAM KOJHUYMHAMA CHEra TOKOM B3HMCKOT
TIepUOZa IITO Jiaje BeJIMKY IOTEHIIjasl Pa3B0jy IUIAHMHCKOT TYpU3Ma. Y OBOM JieJTy TOZIHE
MIpOCeYHa MaKCHMaJsIHA JyOWHA CHEXHOTr IIOKpHBAaYa HAa BHCHMHAMa W3HAZ 1700 MeTapa
HU3HOCU 150-200 cm. Y japyraMa Koje ce Hajia3e y 3aBeTpUHH, Zie0/pbIHA CHera MoXke OUTH
1o et Metapa (Durlevi¢ et al., 2024). Besuka koyimdnHA CHeEra U I0jaBa TEMIIEPATYPHIX
WHBep3Hja TOKOM 3MMCKOT ITepHo/ia N3a3uBajy popMupame pasjInduTIX BPCTa CHEXXHUX
ciojeBa. [ToceOHO cy yrpoXKeHU peKpeaTUBIU KOjU CKUjajy BaH 00OesIeKeHUX CKH CTa3a y
TypucTHYKuM IeHTpuMa "Bpesosuna” u "Ilonosa Ilanka". Yeen HacTaHka cabor cioja,
NIPUTUCAK W3a3BaH O CTpaHe yYeCHUKA 3MMCKUX CIOPTOBAa MOXKE€ OWTH JOBOJbAH A
TIOKPEHE CHEKHY JIABUHY.

Ca. 2. CHedcne nasune Ha Illap naanunu (no2aedamu y eHaneckoj eep3uju mexema, cmp. 148)

CuexHe s1aBuHe Ha [llap mIaHUHU YyrpoXKaBajy JbyJICKe KUBOTe, craMbeHe objekTe,
caobpahajuune u 6uogusepsuret (Ci. 2). [Ipema nocrojehum mponenama, BUIe ozx 100
JbYJIU je cTpazaso oz 1800. roauHe oA mocaeaunna sasuHa Ha [llap manunu. Hecpehe cy
3a0esie’keHe U HA CEBEPHUM U Ha jy»KHHUM IafinHama. Y Hacespy Pecresnmna (ommruHa
T'opa, Cpbuja) je 11. dpebpyapa 2012. roguHe JaBUHA YCMPTUJIA JECETOPO JbYAU H
3arpnasna 11 kyha (Durlevié et al., 2023). Ban obenexxeHux cTa3a Ha TEPUTOPUjHU CKU
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nentpa "bpesosuna" (Cpbuja), 1aBHHA CKOPO CBaKe FOJIUHE YCMPTH HEKOJIUKO CKUjaIla.
Hana 13. ¢debpyapa 2024. roauHe IO3HaTa aMepHuka ckujamuna Kerpun Purbu
IIPEMUHYJIA je OJf IIOCIeIUIIA CHEXKHE JIABUHE, KOja ce aKTUBHUPaJia Ha JIokanuju "OpyioBo
rHe3/o", Ha lllap mianuHu. Y Hacesby Bozosie (CeBepHa Makenonuja) je 13. pebpyapa
1956. TO/IMHE JIABIHA U3a3UBaja CMPT TPOje JbYAH, JI0K je cenmopo mospeheno (Krivoka-
pi¢, 1969). 360r BesTUKOT Opoja IaBUHA Ha I[€JIOKYITHOj TEPUTOPHjH HAITMOHAIHOT TapKa,
0J1 BEJIUKOT je 3Hauaja Kpeupame Kapara [IPOCTOPHE AUCTPHUOYIMje CHEeXKHUX JaBHUHA.
VYHyTap IpocTopa HCTpaXKHUBama Hajla3! ce 112 Hacesba, o1 Tora 80 y Cpbuju u 32 Hacesba
y CeBepHOj MakesoHU]jH, YK/BYUyjyhHu TYypHUCTHUKE I[EHTPE.

MertomoJioruja

SAFI-Flow-R npucmyn

AHaToMHja CHE)XKHe JIaBHHE CacTOjU ce OJ[: CTAapTHE 30He, 30He KpeTarkha U 30HE
neno3uiyje. Jla 61 ce oApenwe JIOKalyje HA KOjUMAa Ce aKTHBHUPA CHEXKHA JIABUHA,
TOKOM 2024. ToAMHE pa3BujeH je Snow avalanche formation index (SAFI), koju y cBom
mpopauyHy ykspyayje Tpu (akropa: Normalized Difference Snow Index (NDSI), Haru6
TepeHa U HaMeHY 3eMJbUIIITA.

NDSI ce nobuja MeToOM JIaJbUHCKE JETEKIFje, OJHOCHO AHAJIM30M CATEJIUTCKUX
CHHMMaKa TOKOM 3UMCKUM Mecenu. HeKe ce pauyHa Ha ocHOBY dopmyste (Hall et al., 1995):

NDSI :w €Y

Green+SWIR '

rae je: Green — 3eneHu cruekTpaiHu kaHai; SWIR — kparkorasacHu WHGpanpBeHH
CIIEKTPaJIHU KaHaJI.

3a rerupopujy [llap njaHWHe MPOIECYUPAHU Cy CATEJIUTCKH CHUMIIU 3a jaHyap U
debpyap ox 2020. 10 2024. roauHe. Mucuja cHuMaka je Sentinel-2, 1ok je obGsauHoCT
caziprkaja cBakor cHUMKa Mamba off 1% (Copernicus Open Access Hub, 2024). NDSI
BPEAHOCTH Ce MOTY KpeTaTH of -1 A0 +1. BpemHoctu mucena Behe o 0.4 IPHUKa3yjy
TIPUCYCTBO CHEXKHOT MOKpHBaya Ha Tomorpadckoj moBpiuuu (Stojkovié et al., 2023).
Makcumantna BpegHoct NDSI (+1) ykasyje Ha NOTIyHY AOMHHAIM]y CHeTa U 3HAYajHY
MyOVHY CHEXKHOT MOoKpHuBaua. [Ipema mpoljeHaMa ca TepeHCKHUX UCTpakuBamwa Ha llapu,
BPEAHOCT MUKCesIa U3HaA 0.6 yKasyje Ha Behy /e6/b1Hy CHera Koja ce MOKe TIOKPEHYTH 1
n3a3BaTH JIaBUHY. I[IpocTOpHA pe30IyIyja MUKCesa je 12.5 m.

Harub Tepena npe/cTraB/ba HajBaXKHUjU reoMOP(OJIOMIKY YCIIOB 3a M0jaBy CHEXKHUX
snaBuHA. Y BehuHU ciydajeBa, cTelleH MHKIMHAIMje TepeHa je Hajsehu npu dpopMupamy
JIaBUHE W OIa/ia ca IpOIecOM YycIopaBarha JIaBHHE M aKyMmysanuje cHera. IIpema
HCTpaOKHUBambUMa U crangapauMa llentpa 3a jasute y Jytu (CAJl), CHeXKHe JIaBUHE ce
dopmupajy Ha Harubuma tepeHa o7 20 a0 60° (Utah Avalanche Center, 2024). Ilomanu o
Haruby TepeHa /OOMjeHU Cy IyTeM AUTHTAIHOT Monena BucuHe (DEM) ca mpocTtopHOM
pesosyiujom o 12.5 merapa (Alaska Satellite Facility, 2024).

Hawmena 3emspuinra je 6uoreorpadceku $axkTop koju yrude Ha GOPMHUDPAmE U TPACy
saBuHCKOT Marepujana. OrosumheHe moBpiinHe (KaMemapy) U TEPUTOPHje ca HHUCKOM
BeretanujoM (JIMBajie, MALIHAIM) IPEJCTaB/bajy HAEATHY IMOAJIOry 3a GopMHUparbe
snaBuHe. ['ycTe IIyMCKe cacTojUHE CIIpeyaBajy popMupare IUI0UacTHX JIABUHA U BaXKHA Cy
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npupojiHa 6apujepa TOKOM KpeTama U akymysaiije saBuHa (Sykes et al., 2024). Iloxanu
0 HaMeHU 3eMJBHIIITA IPEY3ETH Cy ca TeopocTopHe 6a3e nogataka Environmental Systems
Research Institute (2024) bopMupaHe Ha OCHOBY CATEJTUTCKUX CHUMaKa Mucuje Sentinel-
2 ca IIPOCTOPHOM PE30JIyLIHjOM Of 10 m.

¥ THIC-y cy monesbeHe BPETHOCTH 3a CBa TPH KPUTEPHjyMa y OICery of O [0 1, IIpu
yeMy O 03Ha4aBa HEIIOTO/{HE ITOBPIIHHE 32 GOPMHUPAIbe JIABUHA, IOK BPETHOCT 1 IPHKa3yje
ITOTO/THE TTOBPIINHE 332 AaKTHBUPAIE CHEXKHUX JIABHUHA.

Tab. 1. [Iapamempu 3a uspauynasare SAFI undexcar (nozaedamu y eHaneckoj eep3uju mekema,
cmp. 149)

Pesynratu SAFI unzekca 106ujajy ce Ha ocHoBY popmysie (Durlevié et al., 2024):

SAFT = SC S+ LU, (2)
rae je: SC — cHeXHU MMOKpUBay; S — Harub Tepena; LU — HaMeHa 3eMJbHIIITA.

Ca. 3. Kapme npupodHux daxmopa u unoexc popmupara cHexcHux aaguHa (SAFI) (noeaedamu y
eHanecKoj 8ep3uju mexkema, cmp. 150)
IToroaHe MOBPIIMHE 33 aKTUBUPatbe 1aBuHA Ha SAFI kaptu umajy Bpensoct 1 (Ci. 3).
HakoH oBOr mpopauyHa, MpUCTyIla Ce aHAJIM3HM IOTEHIUjAJIHUX 30HA KpeTama u
aKyMyJianje JaBuHa y codtBepckoM mporpamy Flow-R.

CodrBep Flow-R pasBujeH je 3a morpebe 06pajie perHOHATHUX IPOIEHA YTPOKEHOCTH
rpaBUTAIMIOHUM XazapauMa (CHe:KHe JIaBHHe, TEUMINTa, OJPOHH, IUINTKA KJIM3UIITA)
3acHoBanux Ha I'MIC-y (Horton et al., 2013). CodptBep umeHTH(DUKYje U3BOPHY 00JsacT
HecTabuaHOCTH KopucTehu pesystate mobujene SAFI uumekcom u edUHHUIIE PACTOjatbe
mporieca Ha OCHOBY IIPUHIUIIA BepoBaTHONe HInpera 1 3akoHa Tpersa (Holmgren, 1994).

Mozen ce cacroju Of ABe IMPUMapHe KOMIIOHEHTe: ayTOMATCKY HAeHTUDUKAIUjy
mozipyYja u3Bopa u mporieny mupema (Fischer et al., 2016; Noél et al., 2023). BepoBataoha
OIIACHOCTH Off CTPYjarba JIABHHE Ce N3padyHaBa KOpHUIIhemheM airopuTaMa paBlja TOKa U
dyukumja mepaucrentHocTH. Momen Tpema Koju cy ommcanu Perla et al. (1980) je
JU3ajHUpaH 3a aHAIN3Y Ipomaranuje japuHa. OBaj MOJIEN ce Ocjiarba Ha HEJWHEApHU
3aKOH TpEHA, KOjU je U3BEJEH KA0 Pelllehe jeZlHAUYNHE KpPeTarba 3a IMPOLeHy JUHAMUKE
cTpyjama. 3akoH oapelyje 6p3uny Toka (Vi) Ha Kpajy cermenTa (Perla et al., 1980):

1
V; = (q;w(1 —exp b;) + Viexp b;)?
a; = g(sin B; — ucos f;)
—2L;
b, = 24 3

w

I7le je: | mapaMeTap Tpema, o IpeJCcTaB/ha OJHOC Mace M OTIOpa, fB; je yrao Harmba
cerMeHTa, V, o3HauaBa Op3WHY Ha IIOYETKY CErMeHTa, L;je Ay’KMHA CEerMeHTa, 0K ¢
npencTaBba yop3ame yciien rpaBuTanyje. CerMeHTH INPEACTaB/bajy Z€I0BE JIABUHCKOT
ToKa. CBH IOMEHYTH PavYyHCKH ITponecu yrpahenu cy y codprsep Flow-R.

Pe3ysTaTu U TUCKycHja

Teorpadcku MHGOPMALMOHU CHCTEMU IPE/ICTAB/HA]y CABPEMEHU ayiaT KOjU MMa BeoMa
BKHY YJIOTY Y IPUKA3y IPOCTOPHE JUCTPUOYIIMje IPUPOIHIX Xa3ap/ia U JPYTUX I0jaBa U
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mpotieca y :kuBoTHOj cpeaunu (Durlevi¢, 2021; Gulan et al., 2023; Vujovié et al., 2024).
HaxoH aHann3e CHEXXHOT IOKPUBaua, Haruba TepeHa U HaMeHe 3eMJbHINTA, y Flow-R
codTBepy AoOHjeHe Cy KapTe IIPOCTOpPHe JucTpuUOyuyje cHeXHHX JyiaBHHa Ha Illap
miannHu. OgpaljeHe cy ABe kapTe MozesioBama. [IpBa, ca IOTeHIUjaTHOM /1€6J/bUHOM
aKTHUBHUPAHOI CHEXHOT c€JIoja O 50 cm, W Jpyra, ca HOTeHIHjaTHOM Jeb/pHHOM
MOKPEHYTOT cj10ja o7 3 m. Mozes nmponaranyje Ipu MOTEHIUjaTHO IOKPEHYTOM CJI0jY
o7l 50 cm IpuKasyje ia je 425.99 km? noppurrHe lllap miaHuHe YyTPOKEHO CHEXKHUM
naBuHama (Ci. 4). @usuuko-reorpadcku IIOCMATPAaHO, IOJJIOKHU TepeHU Cy
orosinheHe MOBPIIMHE HCIOJ IIapIUIaHUHCKOr Trpebena (o Bpxa MopaBa Ha
jyrosanany no JbyboreHa Ha ceBEPOUCTOKY), jyrozamnaaHe naguHe KoputHuka (2393
m), jyxkue nagune Onbaka (2212 m), jyskHe maauae OctpBuile (2092 m) u orosnhere
majnHe y MoAHO0XK]jy Bpxa Tpomeha (1934 m). Ca aciiekTa >KMBOTHE CpeIHHE, JaBUHAMA
cy yrpoxkeHa Hacespa: Pecrenuna, Bpoa, MymHuKoBo u cku 1eHtap ''bpesoBuna" y
Cp6uju, xao u bososue, Bemana, u cku uenrap ''IlomoBa Illanka" y CeBepHO]j
Maxkenonuju. Pecrennna u Bpox cy Hacespa y onmmuTuau ['opa, MyITHUKOBO ce Hajia3u
Ha TepuTopuju rpazaa IlpuspeHa, 70K cKU IeHTap "BpesoBuna' mpumaza ONIITHUHU
IItpune. Ha Tteputopuju CeBepHe Makenonuje, bo3oBie, Bemasa U CKu LeHTap
"ITonosa IIlanka' cy Hacespa y onimTHHU TeTOBO.

IToMeHyTH BpPXOBH OJIMKYjy Ce AJICKUM KJIMMAaTOM, /JOK Ce Hace/ha Hajiaze Ha
KOHTAKTy yMEPEeHO-KOHTUHEHTAIHE U JIIICKE KJINME.

Ca. 4. T'eonpocmopHa ducmpubyyuja cCHexcHUX AasuHa npu 0ebHpUHU NOKPeHymoe cHeaa 00 50 cm
(noenedamu y eHeneckoj eepauju mexcma, cmp. 152)

CBa moMeHyTa Hacesba IIPeICTABIbajy IOAPYYja Ha KOjuMa O ce TOKPEHYTH CJI0j CHera
MOTEHIMjJIHO aKyMyJIIpao M THUMeE YIPO3HMO JIOKAJIHO CTAaHOBHUINTBO. Jlpyra kapra
O3Ha4yaBa yrpOKEHE MOBPIIUHE ITpU Ae6JbUHHU TOTEHIIN]aTHO TOKPEHYTOT ¢J10ja o1 3 m. Y
OBAKBOM CII€HAPH]Y, 433.9 km?2 Illap mianuHe 6MI0 OM YIPOKEHO CHESKHUM JIaBHHAMA,
IITO YIHY 27% IOBPIINHE HcTpakuBaHor mpocropa (Ci. 5). Y nuTamy ¢y HCTH BPXOBH U
Hacesba, C TUM Jia O 30HA aKyMyJIMPAHOT CHera Guiia 3HaTHO Beha.

Ca. 5. 'eonpocmopHta ducmpubyyuja cHexicHUX Aa8UHa npu 0eb/bUHU NOKPeHYMoe2 cHe2a 00 3 m
(noenedamu y eHeneckoj eepauju mexema, cmp. 153)

PesysrtaTu ce MOTY HOTBPAUTH TEPEHCKUM HCTPAKUBABUMA, & Y CIy4ajy IeTaJbHUJET
MOZIEIOBAaha HEOIIXO/THA je aHAIN3a CAaTEJTUTCKUX CHUMAaKa TEPEHA U CHEXKHOT IIOKPUBayJa
BHCOKe pe3osyiyje (1 m) Kako OU ce TMPenu3HO 30HUPAIH CTaMOEHU O0jeKTH YHyTap
Hacesha KOjU Cy YTPOKEHU Of MTOTEHIIUjaTHOT JleIoBama cHeXXHUX yiaBuHa (Denissova et
al., 2024). Kako 6u ce y61akKH0O HUXOB YTUIAj, HEOMXOIHO je TPUMEHUTH KOMOMHOBaHE
Mepe 3allTUTe: CTPYKTypHEe Mepe (MOTHOpHE KOHCTPYKIHje), MPUBPEMeHe Mepe, Mepe
IUIaHUPamka U I0LIyM/baBabe.

3a npoctop Illap miaHWHE TPBa MO/IEPHA HCTPaYKUBaba, OTHOCHO KApTHUparha JIABUHA
3amoveTa ¢y KpajeM 80-ux rojuHa mpouuior Beka (Jluuuh, 1990). AHaIN3a yITPOKEHOCTH
TepuTOpHje cHexkHuM JiaBuHama y TMIC makerrMma je mpBu myT oapaljeHa TOKOM 2021.
roauHe, 3a Tepuropujy ommrute [ltpmie, kaza je passujen AVAPI (Avalanche Potential
Index) koju je aHATU3UPAO YeTUPU IPUPOJHA GaKTOPA: EKCIO3UIIN]Y, XPATIABOCT TEPEHA,
JIyOVHY CHera M HaMeHy 3eMJ/bMINTA. Pe3ynTaTté cy ykazuBaid Ja je 9.1 km? onmitune
ITpmnie noastoxkuo saBuHama (Durlevic et al., 2021). ToauHy flaHa KacHUje aHATU3UPAHA
je yrpoxkenoctr Ilap miaHuHe cCHeXXHUM JiaBuHaMa npumeHom AHP merone, rze je y
AHAIN3U YKJBYUEHO 14 KPUTEPUjyMa, 8 GUHATHY PE3YITATH Cy KIacu()PHUKOBAHU Y YETUPH
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KIace. BUCOK cTeleH yrpoKEHOCTH KOHCTAaTOBAaH je 3a 20% Tepurtopuje Illap 1uiaHuHe
(Cpbuja) u 15 Hacesba Koja Cy IETUMUYHO UIN TOTIyHO yrposkeHa (Durlevié et al., 2022).
3a uCTH MPOCTOp je TOKOM 2023. TOAVHE IPUMEHeH APYTH METO/| BHIIEKPUTEPHjyMCKE
anamuze — Best-Worst Method (BWM) kaza je obpaheHo jieBeT NPUPOAHUX U
AHTPOIIOTEHUX KpHUTepujyma. Pesysitatu cy u3zABOjwin udeTHpu Hacesba (Pecreinuia,
Kpymeso, IIpeBasaii, cku 1ieHTap "Bpe3osuiia’) kao notennujanaao yrposkena (Durlevié et
al., 2023). SAFI-Flow-R je Tokom 2024. kopuiirtheH 3a IPOCTOPHY AUCTPUOYIIH]Y JTaBHHA
Ha ceBepHUM naguHama lllap mwiaHuHe, I7e je T0Ka3ao0 BPJIO BHCOKY IPEAUKTHBHY MoOh
(AUC=94%). OBaj mpucTyIl IpeCTaB/ha YHUBEP3aIHH HH/IEKC MOJEIOBaHa CHEKHUX
JIaBUHA KOju MMa oppeljeHe NpPEAHOCTH y OZHOCY Ha MOJeJe MAIIMHCKOT ydyerha U
KJIACHYHUX METO/Ia BUIIEKPUTEPUjYMCKE aHATH3E:

1. JegHOCTaBHA IpPUMEHA Mo/ies1a ¥ 06pajZia OTBOPEHUX II0/IaTaKa;

2. PernoHaIHO MOJZIEJIOBAbE CHEXKHUX JIABUHA. 32 PEJIATHBHO KPAaTaK BPEMEHCKH IIEPHO/
ce MOTy MojiesioBaTu oBpiuHe Behe o1 1000 km?;

3. KoMmmieTHO Mo/ieI0Bathe CHEXKHUX JIABUHA, O/ CTAPTHE 30HE /10 30HE IEMIO3UIHje CHEra;
4. MoryhHocT reonmpocTOpHOT MOZeJIOBama 0e3 NPETXOJHOI WHBEHTapa O CHEXHUM
JIaBUHAMA;

5. 300r aHajM3e Haj3HAYAJHUjUX MPUPOJHHUX yciaoBa (cHer, Harub TepeHa W HaMeHA
3eMJBUIIITA), 0BA METOZA Ce MOKe KOPUCTUTH U ¥ APYTUM BUCOKOIUIAHMHCKUM 00J1acTUMAa
LIUPOM CBETA.

IMopen Flow-R, 3a HyMEpUYKO MO/IEJIOBathe CHEKHUX JIABHHA CE MOTY UCKOPUCTHUTH
mozenu RAMMS u FLO-2 koju cy Beh kopunrheHu 3a peIuKITHjy JaBUHA Y IJTAHUHCKAM
obacruma CiioBauke u Utanuje (KoSova et al., 2022; Martini et al., 2023).

3a Gyayha ucTpakuBarba CHEXKHUX JIaBUHA Ha Teputopuju lllap miaHvHe U ApyruM
IUIAHUHCKUM pervioHnMa y CpOHju HEONXOIHO je IPHUKYIUTH IOJIATKE Ca TepeHa WU
¢dopMupaTH JUTUTATHH MO/l BUCHHA BHCOKE pe3osynuje (Marmbe o/ 1 MeTap) Kako Ou ce
1060 IPEeNU3HUjH YBU] Y yTpOskeHe crambeHe o0jekTe u caobpahajuurie. Y CioBeHuju cy
ucrpaxkupauu kopuctwiu JITEM pe3sosyruje 0.5 m Kako 61 yTBPAWIN IPOCTOPHU 00yXBaT
cuexnux yiapuHa (Komac et al., 2023).

3axk/pydyak

ToKOM 3UMCKHX MeCelH J10J1a3u JI0 I0jaBe BEJIUKOT Opoja cHeXXHUX JaBuHA Ha Illap
IUTAHWHHU. YKOJIMKO je JIaBUHCKA TOK Behmx pas3mepa, moBehaBa ce BepoBaTHOha
HEraTUBHOT YTHUIAja Ha JKUBOTHY cpemuny. Kopucrehu otBopene mozgatke, TMIC u
JIAJBUHCKY JI€TEKITHjy, U3BPIIEHO je MOZIeJIOBathe CHeXKHUX 1aBuHa MeToioM SAFI-Flow-
R. Kapre reompocTopHe IUCTPUOYIIMje JIaBUHA TPEACTaB/bajy IOJa3Hy OCHOBY 3a
JIOHOIIIehe Mepa 3alllTUTe >KUBOTHe cpemube. Oapahena cy aBa ciieHapHja, JlaBUHE Y
CJIy4uajy MOKPEeHyTOr cHera febsbuHe 50 ¢cm 1 3 m. KaGWHETCKUM pajioM, TEPEHCKUM
HCTPAXKUBAKkUMa M BU3YEJTHOM AHAJINU30M UAEHTU(DUKOBAHU Cy YIPOKEHU ILIAHUHCKHU
TepeHHu, Kao U Hacesba Ha Teputopuju Cpbuje (Pecrenuna, bpos, MyIIHUKOBO M CKH
mienTap "Bpesosura") u CeBepue Makemonuje (bo3osiie, Bemasna, u cku iienTap "Ilomosa
ITanka"). YrpoxeHa moapydyja ca fe6/bMHOM MTOKPEHYTOT CHEra o7 0.5 M Cy MOBPLINHE
425.99 km?2, 10K je 433,9 km? oTeHNMjaIHO yrPOKEHO 07 JIABUHA ca 1e6/pUHOM CHEXKHOT
coja oz 3 m. MerpakuBarme je BaXKHO 3aTo IITO Cy, Hopes Beh paHuje eBUAEHTHPAHUX
gaBuHa y Pecremumu u BosoBny, uzeHTudrKoBaHA U Jpyra Hacejba Koja cy
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MpeANCIIOHNPAaHa OBOj IPUPOJIHO] HENOroAM. 3a Ja/ba HUCTPaKUBAaFa HEOIXOJHO je
IIOCTAaBUTHU MeTEOPOJIOLIKe CTAaHUIE Y YIPOKEeHUM Haces/buMa Kako OU ce IIPaTUjIo CTambe
CBUX KJIMMATCKUX eJleMeHaTa, HApOYNUTO CHEXKHUX [1a/IaBUHA U BeTpa. Takole je moTpe6GHO
CIIPOBECTH JIpyTe Mepe 3alITUTe Off JIABUHA, [TOIIYT IOIIyM/baBaka, U3IPajibe MOTIIOPHUX
OpaHa, 3abpaHe CKUjarba BaH jacHO 00eJIe’KEHUX CTa3a y CKU IleHTpuMa. PesyiraTu cryiuje
YHHe I10JIa3Hy OCHOBY 3a Da3B0j CTpaTeruje 3a CMameme pU3KKa off JaBuHA. JloHOocuonu
OIUIyKa, LMBIJIHA 3aIlTUTA, IOpcKe ciayxbe crmacaBama M yNpaB/baull HallMOHATHUX
rnapkoBa Tpeba Jia KOODAMHHUPAjy CBe aKTHUBHOCTH Be3aHe 3a IIPOTHO3Y JIaBUHA U Mepe
samrture. [Tofanu u3 oBe cTyAMje ce MOI'y KODUCTUTH Y U3pazu 6ase mofiaTaka O CHEXKHIM
JIaBHHaMa Kao MHTeTPaJIHOT JieJia KaTacTpa IPpUPOoJHUX Henorozga. Osa 6a3a noparaka 6u
Moria jia Oyzie KopucHa 3a 0osbe IUIAHHPAle AKTUBHOCTH Yy BE3W ca yOJIaKaBameM
TOCJIENIIA Off JIABUHA U JPYTUX IPUPOAHUX HENoroza Ha noApy4jy HanuonasHor mapka
ITap m1aHuHA.

3axBayHuiia: VcTpaskupame je MoAp:KaHO 07 cTpaHe MUHHCTaPCTBA HAyKe, TEXHOJIOIIKOT
pasBoja u uHoBanuja Pemyoinke Cpouje (YroBop 6poj 451-03-136/2025-03/200091).

Cykob6 uHTepeca: AyTopy HU3jaBbyjy 1a HeMa cykoba MHTepeca.

Hanomena wuszaBaua: Cprcko reorpadCko /PYLUITBO OCTaje HEYTPATHO IO IHUTAIY
jypucnukiyje y o6jaBJbeHUM ManaMa ¥ HHCTUTYIIHOHAJTHUM Be3aMa.
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JInTepaTypa (nornenaty y eHIIecKoj Bep3uju TEKCTa)
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