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ABSTRACT: Forests have a very significant protective function against the impacts of natural hazards. 
Identifying the protective forests is therefore of crucial importance in order to define proper technical and 
silvicultural measures able to maintain or improve their function. The active mitigation function of the for-
ests could completely prevent the triggering of an avalanche; otherwise, the passive function (i.e. increas-
ing the friction of the snow mass while moving) is quite limited or null in case of large sized events. In this 
work, an automated approach for avalanche hazard mapping is used for identifying the forests playing a 
protective role in avalanche risk mitigation in the Trento Province (Italy). A digital elevation model with a 
spatial resolution of 5m was used for the terrain classification; a layer identifying the forested areas was 
calculated by combining a forest map with the information derived from a canopy height model; the cli-
matic snow cover characteristic, necessary to define the fracture heights, were derived by analysing the 
data of 53 manual weather stations, which have a recorded dataset longer than 17 years. The potential 
release areas were automatically defined with an algorithm for a scenario with and one without forest. 
The fracture heights were defined depending on the micro-climatic area and the elevation of each ava-
lanche release area.  Then, the avalanche dynamics model RAMMS was applied to simulate the ava-
lanche tracks and deposition areas for an extreme scenario with a return period of approximately 100-300 
years. By comparing the results obtained considering both the forest effects and not, the forests playing 
an active function for avalanche risk mitigation were identified. Even if we considered an extreme scenar-
io only in which the forests playing a passive protection role have small effects, the passive protection 
forests were still accounted for hazard indication mapping. The obtained results show the applied auto-
mated approach is a big help for large-scale identification of the protection forest. Especially in this period 
of strong climate changes, both the forest cover and snow cover characteristics can change rapidly; thus 
faster approaches for their evaluation are even much needed. Even if automated approaches are less 
precise than an expert based hazard map, they are significantly less expensive both money and time -
wise, therefore more suitable to be applied on large areas such as for an entire province. 
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1. INTRODUCTION 

Mountain forests have a very significant protective 
function in avalanche protection (Brang et al., 
2006). Forest conditions affect avalanche disturb-
ances and, on the other hand, avalanche occur-
rences are the most important disturbance that 
affects mountain ecosystems (Bebi et al., 2009). 

Forest structure is a key factor limiting what is 
habitable in large areas of the Alps or not (Bebi et 
al., 2001). The active mitigation function of the 
forests could completely prevent the triggering of 
an avalanche (Bebi et al., 2009); otherwise, the 
passive function (i.e. increasing the friction of the 
snow mass while moving) is quite limited or null in 
case of large sized events (Teich et al., 2012). 

Measures for mitigating the avalanche risk range 
from the installation of active and passive ava-
lanche protections to regional planning in order to 
avoid building where there is an avalanche haz-
ard. In the same way, forest management in prone 
to avalanches mountain landscapes has the 
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potential to be an effective avalanche risk mitiga-
tion approach (Teich and Baby, 2009). Identifying 
the protective forests is therefore of crucial im-
portance in order to define proper technical and 
silvicultural measures able to maintain or improve 
their function. 

Hazard maps show the hazard degree based on 
the frequency and intensity of avalanches (Bühler  
et al. 2018) and have the potential to precisely 
identify the forest with protective function. Their 
elaboration is very demanding with respect to time 
and expertise and are usually only applied to in-
vestigate very defined and critical situations 
(Gruber and Margreth, 2001). Even if hazard indi-
cation maps are less detailed and accurate than 
hazard maps, they can give a spatial continuous 
overview on avalanche hazards based on numeri-
cal simulations over large regions (Bühler et al. 
2018) and have the potential to be the better tool 
to identify the forests playing a protective function 
against avalanche over large areas. First ap-
proaches combining automated release are identi-
fication with numerical avalanche dynamic 
simulations have already be performed in 2004 to 
assess the protective functions of forest within the 

SilvProtect project in Switzerland (Gruber and Bal-
tensweiler 2004) 

In this work, a new automated approach for ava-
lanche hazard mapping is used for identifying the 
forests playing a protective role in avalanche risk 
mitigation in the Trento Province (Italy). 

2. DATA 

To define the fracture depths, the climatic snow 
cover characteristics of the Province were derived 
by analysing the data from 53 Manual Weather 
Stations (MWS) located in the Trento Province 
(Figure 1). These data range from winter season 
1981/82 to 2017/18 (only the CARESER MWS 
(DICA) has data since the winter season 1934-35). 
A digital elevation model with a spatial resolution 
of 5m was used for the terrain classification; a lay-
er identifying the forested areas was calculated by 
combining a forest map, updated with aerial pic-
tures collected in 2017, with the information de-
rived from a canopy height model (1 m of 
resolution).  

Figure 1:  Area of the Provincia Autonoma di Trento split into 5 micro-areas. The respective MWS are 
showed as well: Bondone – Stivo – Paganella + Adamello Sud – Tremalzo + Prealpi – Piccole Dolomiti – 
Folgaria (B+A+F); Brenta – Tonale (BRENTA); Valle di Fiemme e Fassa (FIEMME); Lagorai – Primiero 
(LAGORAI); Val di Sole – Peio – Rabbi – Rumo (SLE). 
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3. METHODS

3.1 Snow cover analysis 

By analysing the snow cover data and interacting 
with the technicians of the Trentino avalanche-
forecasting centre, the Province was divided into 
homogeneous micro-climatic areas. For each mi-
cro-climatic area, the estimation of the fracture 
depth was derived by analysing the yearly maxi-
mum snow depth increase within 3 consecutive 
days (∆HS3) of each MWS (Salm et al. 1990). The 
regional analysis were performed by applying the 
index flood procedure consisting of the combina-
tion of the Generalized Extreme Value distribution 
(GEV) and, to calculate the probabilistic distribu-
tion parameters, the station year approach (Kite, 
1998; Cunnane, 1989; Maione and Moisello, 1993: 
Hosking and Wallis; 1197, Lu and Stedinger, 
1992). The elevation correction was calculated for 
each micro-climatic area by performing linear re-
gression between the maximum ∆HS3 of each 
MWS versus the relative elevation. In this work, 
only the values representative of the extreme sce-
nario, with a return period of approximately 100-
300 years, were used. Finally, to transform the 
∆HS3 derived at the flat field into the inclined slope 
of the release area the same approach proposed 
by Bühler et al. (2018) was applied. 

3.2 Forest coverage 

The province raster showing the areas covered by 
forests was refined by excluding the areas in 
which the forest height was lower than 2 meters 
and the canopy coverage lower than 50% follow-
ing the Swiss guidelines (Frehner et al., 2005). 
The canopy coverage was derived by analysing 
the LIDAR raster with a window size of 10 cells 
(10m resolution). 

3.3 Identification of the potential snow avalanche 
release areas (PRA) 

The PRA were obtained by applying the algorithm 
proposed by Bühler et al. (2018a and b) based on 
object based image analysis (OBIA). The DEM 
derivatives taken into account with this approach 
were: i) the slope angle; ii) aspect; iii) roughness; 
iv) curvature and v) fold. At first, OBIA were per-
formed without accounting the forest coverage in 
order to identify the PRA in a completely forest-
free scenario (PRANOF). Finally, the forest cover-
age was accounted as binary value (forest/no for-
est) in order to obtain a PRA scenario closer to the 
actual one (PRAF). 

3.4 Numerical avalanche dynamic simulations 

The RAMMS::AVALANCHE software (Christen et 
al., 2010), adapted for automatically process large 
number of release areas, was applied for identify-
ing the avalanche paths and deposit areas. De-
pending on the different PRA sizes, different 
friction parameter sets were used for running the 
model (Table 1). This set-up is the same applied 
by Bühler et al. (2018a and b). 

4. RESULTS

4.1 Snow cover analysis 

The snow cover analysis helped identifying 5 ho-
mogeneous climatic areas (Figure 1). By perform-
ing the regional analysis, for each micro-climatic 
area, the ∆HS3-normalized values (Figure 2), for 
return periods ranging to 300 years, were derived. 
Which, combined with the ∆HS3 values extrapolat-
ed for the different elevations (Figure 3), were 
used as input values for the OBIA to calculate the 
fracture depth of each PRA. 

Table 1: Coulomb ( ) and Turbulent ( ) friction parame-
ters used for RAMMS simulations. 

Volume categories    

Tiny (< 5000m3) 0.275 1500 
Small (5000 – 25000 m3) 0.235 2000 
Medium (25000 – 60000 m3) 0.195 2500 
Large (> 60000 m3) 0.155 3000 

Figure 2:  t (return period) versus ∆HS3 normal-
ized values. Colours represent the 5 MWS micro-
climatic areas. 
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4.2 Identification of the forest with a protection 
function 

By comparing PRANOF and PRAF, the forests actu-
ally playing an active protection function against 
avalanche releases were identified (Figure 4). 
Moreover, by overlapping these areas with the 
layer representing the forest with canopy coverage 
lower than 50%, the forests with the potential to 
turn into a protection forest with proper silvicultural 

measures were highlighted (Figure 4). Finally, by 
comparing the RAMMS simulations obtained start-
ing from PRAF to the forest coverage layer, the 
forest playing an actual passive protection function 
was identified (Figure 5). 

5. CONCLUSIONS 

The obtained results show the automated ap-
proach for hazard indication mapping can be suc-
cessfully adapted for large-scale identification of 
the protection forest. Moreover, by accounting the 
potentially exposed assets, the protection forest 

Figure 3:  for each MWS with at least 17-winter 
season data, the mean value of the yearly ∆HS3 
maximum values is plotted versus the respective 
MWS elevation. Colours represent the 5 MWS 
micro-areas. The 6 straight lines are the linear 
regression on the whole dataset (black) and on 
the 5 different subsets. The R2 of each subset are: 
i) R2

B+A+F: 0.8883; ii) R2
Brenta: 0.8712; iii) R2

Sole: 
0.8846; iv) R2

Fiemme: 0.5761; v) R2
Lagorai: 0.7623; vi) 

R2
Tot: 0.5545. 

Figure 4:  example from the area of Peio of the 
active protection forest detected by comparing 
PRANOF and PRAF (red). In blue, the forest whit a 
low canopy coverage for being classified as pro-
tection forest.  

Figure 5:  3D model (Dx) showing the forest of the picture (Sx) classified as active protection forest (dark 
red) and passive protection forest (light green). 
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can be discriminated in function of its risk mitiga-
tion importance. Finally, the obtained map can 
provide useful information for mountain sylvicul-
ture and forest planning. 

Especially in this period of strong climate changes, 
both the forest and snow cover characteristics can 
change rapidly. These approaches are less pre-
cise than an expert based hazard map but, at the 
same time, are significantly less expensive both 
money and time-wise. Therefore, they can be 
more easily updated for accounting changing natu-
ral conditions. 

 ACKNOWLEDGEMENTS 

We thank Alberto Trenti, Sergio Benigni, Lukas Stoffel, 
Stefan Margreth for their technical support. We thank 
the Servizio Foreste e Fauna - Provincia Autonoma di 
Trento for the economic support. A great thank to our 
partners: Livigno tourist office, BlackDiamond, Pieps, 
Scarpa and Adidas Eyewear.  

REFERENCES 
Bebi, P., Kienast, F., and Schönenberger, W., 2001: Assessing 

structures in mountain forests as a basis for investigating 
the forests dynamics and protective function. Forest Ecolo-
gy and Management, 145: 3–14. 

Bebi, P., Kulakowski, D., and Rixen, C., 2009: Snow avalanche 
disturbances in forest ecosystems—State of research and 
implications for management. Forest Ecology and Man-
agement, 257(9): 1883–1892. 

Brang, P., Schönenberger, W., Frehner, M., Schwitter, R., 
Thormann, J.-J., Wasser, B., 2006. Management of protec-
tion forests in the European Alps: an overview. Forest 
Snow and Landscape Research 80, 23–44. 

Bühler, Y., von Rickenbach, D., Christen, M., Margreth, S., 
Stoffel, L., Stoffel, A. and Kühne, R., 2018a. Linking mod-
elled potential release areas with avalanche dynamic simu-
lations: An automated approach for efficient avalanche 
hazard indication mapping, International Snow Science 
Workshop ISSW, Innsbruck, Austria.

Bühler, Y., von Rickenbach, D., Stoffel, A., Margreth, S., Stof-
fel, L. and Christen, M., 2018b. Automated snow avalanche 
release area delineation - validation of existing algorithms 
and proposition of a new object-based approach for large 
scale hazard indication mapping. Natural Hazards and 
Earth System Science Discussion. 

Christen, M., Kowalski, J., and Bartelt, P., 2010: RAMMS: nu-
merical simulation of dense snow avalanches in three-
dimensional terrain. Cold Regions Science and Technolo-
gy, 63: 1–14. 

Frehner, M., Brächt, W., Schwitter, R., 2005: Continuità nel 
bosco di protezione e controllo dell’efficacia (NaiS). 
Istruzioni per le cure nei boschi con funzione protettiva, 
Ambiente-Esecuzione. Ufficio federale dell’ambiente, delle 
foreste e del paesaggio, Berna, 564 p. 

Gruber, U. and Baltensweiler, A., 2004. SilvaProtect-CH, Eidg. 
Forschungsanstalt WSL, Birmensdorf, Schweiz.

Gruber, U., Margreth, S., 2001. Winter 1999: a valuable test of 
the avalanche-hazard mapping procedure in Switzerland. 
Annals of Glaciology 32, 328–332. 

Hosking, J.M.R. and Wallis J.R. 1997. Regional Frequency 
Analysis. Cambridge University Press, Cambridge, U.K., 
224 pp. 

Kite, G.W. 1988. Frequency and Risk analysis in Hydrology, 
Littleton, CO, Water Resources Publications, No. 224. 

Lu, L.H. and Stedinger R. 1992. Variance of Two- and Three-
Parameter GEV/PWM Quantile Estimator: Formulae, Con-
fidence Intervals and a Comparison. Journal of Hydrolo-
gy,138, 247-267. 

Maione, U. and Moisello, U. 1993. Elementi di statistica per 
l'idrologia. La Goliardica Pavese Ed., Pavia, 299 pp. 

Salm, B., Burkhard, A., and Gubler, H. U.: Berechnung von 
Fliesslawinen. Eine Anleitung für den Praktiker mit Beispie-
len, Eidgenössisches Institut für Schnee- und Lawinenfor-
schung SLF, Davos, 1990. 

Teich, M., and Bebi, P., 2009: Evaluating the benefit of ava-
lanche protection forest with GIS-based risk analyses—A 
case study in Switzerland. Forest Ecology and Manage-
ment, 257(9): 1910–1919. 

Teich, M., P. Bartelt, A. Grêt-Regamey, and P. Bebi. 2012. 
Snow avalanches in forested terrain: influence of forest pa-
rameters, topography and avalanche characteristics on 
runout distance. Arctic, Antarctic, and Alpine Research 
44:509-519. 

Proceedings, International Snow Science Workshop, Innsbruck, Austria, 2018

735




