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Abstract. Two-dimensional avalanche simulation software 1 Introduction

operating in three-dimensional terrain is widely used for

hazard zoning and engineering to predict runout distanceéwvalanche dynamics models are widely used for hazard zon-
and impact pressures of snow avalanche events. Mountaiiilg and engineering to predict runout distances and impact
forests are an effective biological protection measure againsperessures of snow avalanche events (Gruber and Margreth,
avalanches; however, the protective capacity of forests to de2001; Ancey et al., 2003; Gruber and Bartelt, 2007). The
celerate or even to stop avalanches that start within foresteéffect of mountain forests as an effective biological protec-
areas or directly above the treeline is seldom consideredion measure against avalanches has rarely been addressed
in this context. In particular, runout distances of small- in this context (Berger and Rey, 2004; Gruber and Bartelt,
to medium-scale avalanches are strongly influenced by th@007; Teich and Bebi, 2009). Large destructive avalanéhes,
structural conditions of forests in the avalanche path. Wewhich often destroy the forest without a significant decel-
present an evaluation and operationalization of a novel deeration, are of major interest in hazard zoning (e.g., Gruber
trainment function implemented in the avalanche simulationand Hafner, 1995; Fuchs et al., 2005). Yet, frequent small-
software RAMMS for avalanche simulation in forested ter- to medium-scale avalanches are also often a threat to roads,
rain. The new approach accounts for the effect of forestgailways and ski runs below the forest (Techel et al., 2013;

in the avalanche path by detraining mass, which leads to deich et al., 2013). Especially when it comes to decisions
deceleration and runout shortening of avalanches. The relaabout the size and extent of avalanche defense measures (in-
tionship is parameterized by the detrainment coefficknt cluding afforestation) in potential starting zones in forested
[kg m~1s72] accounting for differing forest characteristics. areas (e.g., in newly created forest openings due to wind dis-
We variedK when simulating 40 well-documented small- turbance), or directly above the treeline, forest and civil en-
to medium-scale avalanches, which were released in and ragineers could benefit from reliable avalanche simulation in
through forests of the Swiss Alps. Analyzing and compar-forested terrain (e.g., Weir, 2002; Schonenberger et al., 2005;
ing observed and simulated runout distances statistically reBebi et al., 2009).

vealed values foK suitable to simulate the combined influ-  The avalanche flow is not only influenced by terrain char-
ence of four forest characteristics on avalanche runout: foracteristics, but also by vegetation in the avalanche path
est type, crown closure, vertical structure and surface cover(McClung, 2003). A recent study showed that forest struc-
for example, values fok were higher for dense spruce and tural parameters (e.g., the type of forest and the stem den-
mixed spruce-beech forests compared to open larch foressity in avalanche starting zones) have a significant influence
at the upper treeline. Considering forest structural conditions
within avalanche simulations will improve current applica- ~ “For avalanche size definitions we refer to typical

tions for avalanche simulation tools in mountain forest andPath lengths ~where ~“smalk 100m  (volume< 1000 1),
natural hazard management. “medium” <1000 m (volume< 10000 m°’) and “large”< 2000 m

(volume< 100 000 n{) avalanche length (EAWS, 2014).
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on runout distances of small- to medium-scale avalanchesnd analyzing large quantities of one-dimensional avalanche
starting in forested areas (Teich et al., 2012a). For largemodel outputs have been conducted in several studies
avalanches released high above the treeline, this effect iée.g., Ancey, 2005; Gauer et al., 2009; Eckert et al., 2009). In
negligible (de Quervain, 1979; Bartelt and Stdckli, 2001; contrast, multidimensional simulation data have mainly been
Margreth, 2004; Schneebeli and Bebi, 2004; Christen et al.evaluated manually along predefined cross sections within
2010b). The decreasing speeds and runout distances of largtkie avalanche path (e.g., Christen et al., 2010b; Bihler et al.,
scale avalanches depend mainly on the topography and th2011). Manually comparing two-dimensional simulation re-
distance an avalanche travels through open terrain beforsults with field observations for a high number of avalanche
penetrating into forests (McClung, 2003; Takeuchi et al.,events by visual (image) interpretation is time consuming
2011; Anderson and McClung, 2012; Teich et al., 2012a).and rather subjective. To overcome this weakness, a stan-
Both cases have only rarely been implemented in avalanchdardized evaluation and comparison method for models op-
models (Anderson and McClung, 2012). erating in three-dimensional terrain has been suggested by
Flow models used for avalanche simulation often employFischer (2013). This approach is employed here to analyze
Voellmy-type relations, splitting the total basal friction into avalanche simulation results automatically and objectively.
a velocity-independent dry-Coulomb term and a velocity- In this study, we apply a novel detrainment modeling ap-
dependent “viscous” or “turbulent” friction (Voellmy, 1955). proach in order to investigate the effect of different forest
The friction approach has been applied by several authors teharacteristics on small- to medium-scale avalanches. We
model the effect of forest on avalanche runout by increas-compare simulation results of the avalanche simulation soft-
ing friction in forested areas compared to open unforestedvare RAMMS (RApid Mass Movement System; Christen et
terrain (Gubler and Rychetnik, 1991; Bartelt and Stdckli, al., 2010a) with runout observations of 40 small- to medium-
2001; Gruber and Bartelt, 2007; Teich and Bebi, 2009), butscale avalanches released in forests of the Swiss Alps in order
has been verified for few real large-scale avalanche event operationalize the detrainment function. We evaluate our
(Casteller et al., 2008; Takeuchi et al., 2011). Avalanche-model by systematically analyzing parameters, characteriz-
forest interactions may be only poorly represented withining forest structural conditions and their effects on simulated
the framework of this model (Teich et al., 2012b). Espe-compared to observed runout distances. The overall aim is
cially for small-scale avalanches, physical processes withirto define combinations of forest characteristics correspond-
the avalanche flow such as snow entrainment (mass uptakeng to a specific value of the detrainment coeffici&to be
and detrainment (mass extraction) along the avalanche patapplicable in practice.
are important and are not included in the calibrated Voellmy
friction coefficients (Maggioni et al., 2012). The local brak- ,
ing effect of forests on avalanche flow seems to be difficult2 Materials and methods
to model with a frictional relationship at the grid scale (Feistl
etal., 2014).

Instead of using higher friction values, Feistl et al. (2014) |, this contribution, avalanche flow is modeled using depth-
propose an additional one-parameter function (detrainmengveraged mass and momentum equations; for a detailed
function) to account for avalanche—forest interactions. Baseg,5thematical description see Christen et al. (2010a). To
on field observations, they assume that trees stop fractiongiefly summarize: avalanche flow is characterized by un-
of the granular snow flow by a combination of impact, gieady motion with varying flow depth and velocity. There-
rubbing dissipation, deflection, cohesion and jamming. Thefore, avalanche flow deptH (x, y, r) and mean avalanche
stopped snow deposits behind trees, groups of trees or réMyelocity U (x, y, 1) are the unknown field variables. The
nant stumps and, therefore, mass is direct_ly extracted fro'f’&iepth-averaged field variables are a function of timeaad
the avalanche volume and the corresponding m(_)mentum ISpace £, y) and, thus, the equations to model avalanche flow,
removed from the total momentum of the moving SNOW. ; o ' mass balance and momentum equations, are solved from
This detrainment function accounts for the braking effect of 5,5 1anche release£ 0) to avalanche deposition.
forests on avalanche flow, and can be implemented in nUMer- The mass balance in terms of the avalanche flow depjh (
ical avalanche dynamics models. The relationship is param;g given by
eterized by the detrainment coefficigtit which is related to

2.1 Avalanche modeling in forested terrain

forest characteristics. Currently, valuesfoffor forested ar- 9, H 4 9, (HU,) + 9, (HUy) =0, y, 1), Q)
eas have only roughly been estimated and tested for few real .
avalanche events (Feistl et al., 2014). where Q(x, y,7) denotes the mass source term with

Detailed analyses of two-dimensional avalanche simu-@ = Qe+ Qd, the sum of the volumetric entrainmegte
lation software working in three-dimensional terrain ob- and detrainmentq rates. The mass source term specifies
jectively require a suitable data selection and a comprethe mass uptake (entrainment) with> 0 or mass extraction
hensive and standardized way of processing multiple sim{detrainment)0 <0 from the snow cover per unit area as a
ulation results (Fischer, 2013). Automatically processingfunction of timer; U is the velocity inx andy direction.
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The depth-averaged momentum balance is given by

H2
3 (HU,) + 0y <cxHU§ + gzka/,,7> +0, (HU,Uy)

= Sgr — St )

and

2 H?
% (HUy) 49y ( cyHU; + gekasp— | + 0 (HU,Uy)

wherec, andc, are the velocity profile shape factofs,,
is the earth pressure coefficient afid= (Si,, Sfy)T is the
total friction (for details onc andk,/, we refer to Christen
et al., 2010a). The right-hand side terms of Egs. (2) and (3)
add up to the driving, gravitational acceleratignn x and
y direction:

Figure 1. Schematic illustration of avalanche modeling in forested

terrain. The release ared) as well as forested areads) have

Sgc =g H and Sy, =gy H. 4) to be defined by the avalanc_h_e expert and assig_ngd an a}ppropriate
K value dependent on specmc forest characteristics which deter-

Avalanche flow resistance is implemented by a “Voellmy- nwllndet:hehdetralllnmgnt ,rat@%)- 'ZYa'ar,‘Che flow '3 ge”er";' Ibs thd'

fluid” friction relation, assuming small shear strains in the friitionyst ait‘i’re] Oiﬁ:tltﬁz 'g agsi{e é:?gélt?gn«tjﬁ ﬂﬁl] ali]yg 3‘12 ervtit:-

flow body (Salm et al., 1990; Bartelt et al., 1999). The model .. 9 PP ' g

: L . o tional acceleratiow.

splits the total basal frictio$; into a velocity-independent

dry-Coulomb term, which is proportional to the normal stress

at the flow bottom (friction coefficient) and a velocity-  js removed from the total momentum of the avalanche flow

dependent “viscous” or “turbulent” friction (friction coeffi- (Egs. 2 and 3). The stopping process is immediate and can

cientg) (Salm, 1993): be associated with infinite friction. To account for the effect
U2 of differing forest conditions on avalanche flow, this rela-
Sty = Ux [/ngH + gVl } tionship is parameterized with the forest detrainment coef-
U] § ficient K [kgm~1s?] according to
and St =ﬂ|:ug H+g|U|2} G) . K : :
SNVl £l My =~ where Ma=p- Qa, (6)

where g, is the surface normal component of the vector

of gravitational acceleration= (gy. gy. g.) (see Fig. 1). with My as the mass lost by the avalanche in front of tree-

U] is the magnitude of the mean flow velocity given by stands. The density of the avalanche snow is denote_dp/vith
_ > > Parametelk accounts for the amount of mass detrained by
U= vV Uy + Uy. different forest types per unit area and time (Fig. 1).
Based on observations, we assume that trees in the path Currently, two approaches exist to model the braking ef-
of small- to medium-scale avalanches do not break, actfect of forests on avalanches:
ing as rigid obstacles causing mass to stop (Faug et al.,
2004). The mass removal behind trees starts immediately — The friction approach increases the turbulent drag of the
after the avalanche is released in forests, leading to a sig- Pasal frictionsS; of the Voellmy-fluid model in forested
nificant deceleration and a runout shortening (Teich et al., ~ areas compared to open unforested terrain (Eq. 5),
2012a). When modeling avalanche flow in forested terrain,  €-9-, Bartelt and Stockli (2001), Casteller et al. (2008),
we assume that snow detrainment, (i.e., mass removal by ~ Takeuchietal. (2011).
trees, remnant stumps or dead wood) is predominant in rela-
tion to potential snow entrainment (mass uptake) and, there-

fore, snow entrainment is neglected, in other words, the mass avalanche volume caught behind trees, groups of trees

source term (see Eq.. 1) correspondgite: O (as the sum 9f or remnant stumps; for a detailed description see Feistl
the volumetric entrainment rat@e =0 and the volumetric etal. (2014)

detrainment rat@)q < 0). The extracted mass stops promptly
and, thus, is instantly subtracted from the avalanche volumdoth the friction and the detrainment modeling approach
(Eq. 1) and the associated momentum of the stopped madsave the same goal: to explain and quantify the deceleration

— The previously summarized detrainment approach,
which is based on extracting the mass of snow from the
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of the avalanche by the forest (for a detailed discussion se&ere released in forests near Davos, Switzerland in the win-
Feistl et al., 2014). ter 2011/2012, were mapped using a hand-held differential

Conceptually, the effect of forest on avalanche flow could GPS device (for details see Feistl et al., 2014). Forest struc-
also be described by an additional drag term interpreted as tral parameters (Table 1), terrain variables and avalanche
retarding force that a tree exerts on the avalanche. The magsharacteristics such as the type of snow (dry or wet snow
nitude of such a drag force would be, however, similar toavalanche) or the distance an avalanche ran through the for-
the increase in friction used to model avalanche—forest in-est were assigned to all 40 avalanche events based on col-
teractions with a Voellmy-fluid model. Applying the friction lected field data, orthophotograph interpretation and DEM
approach to small- to medium-scale forest avalanches, utilizanalyses (Table Al). Release heights were measured in the
ing a turbulent drag coefficierst of 400ms2 for forested  field for 38 observations; for two avalanches (#39 and #40)
areas independent of the forest structure (Gruber and Barteltelease heights were estimated based on field visits in combi-
2007), was not satisfying (Teich et al., 2012b; Feistl et al.,nation with measurements of nearby snow and weather sta-
2014). The local retarding effect of forests modeled with thetions. Avalanche release volumes Y were calculated cor-
friction approach is significantly larger than the decelerationresponding to mapped and reconstructed release areas and
due to detrainment. On the avalanche path scale, howeverglease heights.
this relationship may be reversed. That is, detrainment leads In this contribution, forests are characterized by a max-
to reduced flow depths as soon as the avalanche penetratesum distance between trees of 25m, a minimum canopy
into forests, which reduces the avalanche’s potential energydensity of 20 %, and a dominant height above 3 m. We chose
Furthermore, reduced flow depths also increase the magnforest and terrain variables due to pretests of potentially rel-
tude of the retarding effect associated with the turbulent dragevant variables and their compatibility with existing assess-
This effect is especially important for small- to medium- ment methods. Forests were classified into three types, de-
scale avalanches since the ratio of the detrained flow deptpending on the main tree species: “beech forests”, contain-
to the total flow depth is high, leading to a significant runout ing beech as well as mixed beech—spruce forests with the
shortening. main tree species being European beéelyqs silvatica..);

In this contribution, we evaluate and operationalize the de-‘spruce forests”, consisting of evergreen coniferous forests
trainment approach for avalanche simulation in forested terdominated by Norway sprucd’icea abies(L.) H. Karst.);
rain. We specifically aim to quantify the effect of the detrain- and “larch forests”, defined as deciduous coniferous forests
ment function (Eq. 6) and, therefore, keep the turbulent dragormed by European larch.érix deciduaMill.) at the upper
constant, that is, to link the magnitude of this effect to differ- treeline. Forest density can be characterized by the degree of
ent types of forests growing in the avalanche path. Howeverthe crown coverage (Bebi, 1999). Based on the classification
a combination of both the friction and the detrainment mod-system of Bebi et al. (2001), the crown coverage was delin-
eling approaches might finally be suitable to fully account eated and digitized in GIS by orthophotographic interpreta-

for the effect of forests on avalanche flow. tion and aggregated in three classes, which are described by
the variable crown closure (see Table 1). The stage of devel-
2.2 Avalanche data opment indicates the mean stem diameter distribution, which

is, for our data set, also represented by its vertical structure
Our evaluation and operationalization of the detrain-(Tables 1 and A2). The terrain variables overall mean slope
ment function were based on 40 small- to medium-scaleangle, the cross-slope curvature and terrain roughness were
avalanches released in forests, with runout distances rangietermined from a high-resolution DEM, which was gained
ing between 50 and 700 m. Within this data set, 38 wet androm airborne lidar (light detection and ranging) data with
dry snow avalanches were observed during the winters 1986a spatial resolution of 2m and a vertical accuracy of ap-
1990 in the Swiss Alps (avalanches #1 to #38; Table Al).proximately 0.5 m. Cross-slope curvature was categorized as
For these avalanches, the starting points were specified as “gully” or concave slope, and “flat” terrain, i.e., almost no
y coordinates and runout distances were recorded from theurvature; terrain roughness as “low” and “high” (Table 1).
starting point as the horizontal projection. Detailed data onFor a detailed methodological description, we refer to Teich
avalanche characteristics and forest parameters were coét al. (2012a). In addition to the terrain roughness gained
lected in the field close to the events (Schneebeli and Meyerfrom the DEM, the small-scale surface roughness was also
Grass, 1993). Since adequately detailed maps of release areassigned to each avalanche by the variable surface cover.
existed only for 26 of these avalanches, we reconstructed th&his variable was mapped in the field and describes the na-
release areas of the remaining 12 avalanches based on givéure of the surface cover. Categories are “smooth”, “knobby”,
avalanche starting points, maximum release widths, and fieldscree” and “stumps/shrubs/saplings” (Table 1).
notes and photos taken shortly after the avalanche events
combined with digital elevation model (DEM) analysis and
visual orthophotograph interpretation (Vassella, 2012). In
addition, two avalanches (#39 and #40; Table Al), which
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Table 1.Forest parameters and corresponding categories assigned to each avalanche.

Variable Description and categories

Forest type (1) “Beech forests” contain deciduous and coniferous forests,
but mostly dominated by European beeEhdus silvatica..)
(2) Norway spruceRicea abieqL.) H.KARST.) dominated
“spruce forests”
(3) “Larch forests” formed by European lardbafix deciduaMiLL .)
at the upper tree line

Crown closure (1) Dense to loose (Crown coveragid %)
(2) Scattered (Crown coverage 40—70 %)
(3) Open (Crown coverage 40 %)

Vertical structure (1) One layer
(2) Two layers
(3) > Two layers
(4) Clumped or grouped

Stage of development (1) Pole stage forest and young timber treeBBH* < 40 cm)
(2) Middle-aged timber trees and old timber trees DBH0 cm
(3) Mixed

Surface cover (1) Smooth
(2) Knobby
(3) Scree
(4) Stumps/shrubs/saplings

* Mean diameter at breast height: outside bark diameter measured 1.37 m above the forest floor on the uphill side of the tree.

2.3 Simulation software and setup between 19 and 3398%which corresponds to the avalanche
size class “tiny” & 5000 n¥), and is applied in practice to
simulate frequent avalanches (10-year return period), in un-

The detrainment function (Eq. 6) was implemented i_n channeled terrain above 1500 ma.s.l. (Buser and Frutiger,
the avalanche simulation software RAMMS (RAMMS: 19g. saim et al., 1990). The simulations are based on a

AVALANCHE version 1.5.01 ©OWSL/SLF). Based on a pgm with a spatial resolution of 2m and a vertical accu-
two-dimensional depth-averaged flow model (Egs. 1-4).racy of approximately 0.5m. The mapped release areas and
RAMMS calculates the development of avalanche flow rejease heights were used to specify the initial conditions
depth H(x, y, 1) and depth-averaged avalanche velocitiesfor each simulation run. All simulations were accomplished
U(x, y, t) as a function of time (see Sect. 2.1); the system \uithout any pre-defined stopping criteria.

of partial differential equations is solved numerically using  For each observed avalanche, a reference simulation was
first- and second-order finite volume techniques (Christen eEomputed by running RAMMS without accounting for any
al., 2010a). The depth-averaged field varialliteandU are  forest influence in the avalanche patki £0). In order to
used to predict avalanche runout distances or impact présing optimal values fok dependent on different forest char-
sures in complex three-dimensional terrain. Three spatially,cteristics, we then simulated each observed avalanche with
explicit quantities are required to perform the numerical Ca"varying values fork of 5, 10, 20, 30, 40, 60, 80, 100, 130,
culation: (1) a DEM, (2) release areas;], and (3) model 160, 190 and 220kgm s~2. Thesek values were chosen

friction parameters and §, Eq. 5). In addition, to run  pased on results of a computational experiment performed by
RAMMS including the detrainment function, forested areas peist] et al. (2014).

(A1) have to be defined in the model domain and assigned & The main simulation results are maxima over tinué the
K value corre_spondlng to specific forest charactgr|§tlcs. flow depthH (x, y, t) and the two-dimensional slope paral-
We determined forested areas based on existing foregg velocitiesU (x, y, t) at a constant density. As usually

maps and orthophotographs. In order to focus the evaluagppjied in hazard assessment (e.g., Eckert et al., 2010), the
tion and operationalization on the detrainment function only, 5ccording peak pressure field can then be derived as
snow density was set tp =300kgnT3 and we kept the

friction parameters constant at=0.29 anct = 1500 m s2 P(x,y)= pUgeak(x, ), @)
throughout this study. We chose this combination since the
estimated release volumes of our avalanche data set range

www.nat-hazards-earth-syst-sci.net/14/2233/2014/ Nat. Hazards Earth Syst. Sci., 14, 22338 2014
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where x, y denote the two-dimensional Cartesian coordi-
nates. Herd/peakcorresponds to its maximuii value over
the entire simulation time

Upeak(xv y) = mtaXU(xs Y, t) (8)

For our analyses, we exported the spatially explicit maximum
pressure output.

2.4 Analyzing simulation results

To compare the two-dimensional model outputs with the
one-dimensionally recorded avalanche runout distances, we
applied the analysis method AIMEC (Automated Indica-
tor based Model Evaluation and Comparison) presented by
Fischer (2013).

The AIMEC approach allows for a standardized and ob-
jective evaluation of two-dimensional simulation results. The
simulation results are transformed from Cartesian coordi-
nates , y) to a coordinate system dependent on the spe- S
cific avalanche paths(!) (Fig. 2), here applied for the peak

srunout

Figure 2. Schematic avalanche simulation result (see Fig. 1).

pressure. Red areas correspond to forests with specific forest characteristics
- (i.e., tree density illustrated by green dots); displayed is the outline
P(x,y) — P(s,1). (9)

of the peak pressure field with a new coordinate system along the

. . . . central flow linez(x, in bold).
As a scalar metric, the runout indicator is defined based on 2 ) ( )

the peak pressure (Eg. 7), and evaluated for each simulation

run. Th|S runout indicator Corresponds to the horizontal pro- In Order to measure the diﬂ:erences Of Simu'ated runout in-
jection of length measured along the avalanche path coorgicators (runougm) to observed runout distances (rungi,
dinates, where the cross—sectional maximum peak pressurene relative runout difference\funout in [%]) is introduced

value as
P (s) = mzaXﬁ(s’ 1) (10) A runout— ("unOUim — runoubps 100 (1)
runoubps

i iRtmnax - i
falls below a certain pressure limfrosds) < Pimit (Fig. 2). where positive values indicate overestimated runout dis-

We tested pressure threshold%mi; of 1, 3, 5 and .

. tances and negative values farunout reveal that runout

10kPa as well as 0.5kPa for very small avalanches with . : ! .
distances were underestimated by the avalanche simulation
release volumed/; <100n®. For such small avalanches,
. S . ' software compared to the recorded ones.

the differences between runout indicators determined with
Piimit =3 kPa andPimit = 1kPa for the reference simula- 55 gtatistical analysis
tions with K = 0 ranged between 1 and 66 % (meaBd2 %).
When calculating the difference between both runout indica+or an evaluation of general dependencies between variables
tors for all avalanches of our data set, the mean _dlﬁergncqescribing forest structure, topography and avalanche char-
was only 14 % (ranges between 0 and 67 %). For simulationgcteristics, and the response variahleinout, we calculated
performed with the detrainment functiok ¢ 0), mean dif-  Spearman’s rank correlation coefficieng) for categorical
ferences between the two runout indicatofsfit =3kPa  and continuous predictor variables, since it is known as non-
and Pimit =1kPa) decreased for very small avalanchesparametric and does not assume a linear relationship. In addi-
(Vi <1001) to 2% and for all avalanches to 7%. Due tion, Pearson’s correlation coefficien was calculated for
to such small differences, we applied a pressure thresholdil continuous variables andrunout to reveal potential lin-
of Pimit =3kPa throughout this study, which corresponds ear dependencies and to measure their strengths. A correla-

to a pressure threshold used for hazard zone mapping ifion was assumed to be statistically significant if the respec-
Switzerland (BFF/SLF, 1984). That is, for avalanches with tive p value was 0.0k p <0.05 and highly significant for

return periods< 30 years an impact pressure8kPa is as-  p <0.01.
signed to have consequences regarding land-use planning
(J6hannesson et al., 2009).

Nat. Hazards Earth Syst. Sci., 14, 22332248 2014 www.nat-hazards-earth-syst-sci.net/14/2233/2014/
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Table 2. Significan® (0.01< p <0.05) and highly significaHt(p <0.01) Spearman rank correlation coefficients) (between predictor
variables and\runoutes calculated for the reference simulation runs with= 0, and between predictor variables and the assigned optimal
value forK (Kopt).

rs

Predictor variable Arunoutes (K =0) Kopt

Forest type - - 0.39 pn=0.014)
Surface cover 041 p=0.01B) - -
Snow type -0.37 (p=0.019) - -
Volume - - 0.58 f <0.00P)
Release height 0.36 p=0.02%) - -
Absolute distance through forest—0.53 (p = 0.00lb) -051 (= 0.001b)

Relative distance through forest 0.34 p£0.039) - -

The evaluation and operationalization of the avalanche3 Results
model included four steps:

1. We tested all variables (see Table Al) againstinout 3.1 Avalanche simulation with K =0

(further referred to aarunouter) for the reference sim-

ulations without any influence of foresk (= 0). Runout distances were overestimated by RAMMS for 38 of

40 investigated avalanches in forested terrain when forest in-
2. Based on the simulations, including the mass extractfluence was not considered. The relative runout difference
ing effect of forests parameterized with the detrainmentArunouter (Eq. 11) revealed overestimations by RAMMS
coefficient K, we determined an optimat value for up to 700 % for the chosen paramet&rs=0, u =0.29, and
each avalanche evenkpy). That is, one value fok £ =1500 m s2. The two avalanches with negative values for
was defined for each of the 40 avalanche events, whichArunoutes (—34 and—48 %) are of very small release vol-
resembled the observed runout distances “best”, whereimes {; < 50 rTP).
K approaches zero okrunout, on the condition that Variables which affectedsrunoutes of our data set signif-
Arunout> 0. A conservative evaluation of simulation icantly are the release height, the snow type, the absolute as
results leading to overestimated rather than to undereswell as the relative distance an avalanche ran through forest,
timated runout distances is preferred to reveal optimaland the surface cover (Table 2). Dependencies between the
K values which are applicable in practice. continuous variables release height and absolute and relative
_ distance through forest are not linear since no significant cor-
3. We again calculateds and r, and tested the forest gations were found when calculating Pearson’s correlation
parameters forest type, crown closure, vertical struc-coefficient ¢). However, it could be assumed that increas-
ture, stage of development and surface cover, as wellng release heights, accompanied with increasing release vol-
as the release vqume and the d|stance.an avalanche r3fines (see Table A2), are related to an increagerimouter.
through forest against the response variaig:. That is, the bigger an avalanche, the larger the difference be-
tween observed and simulated runout distances. Both corre-
lations imply, that a loss of avalanche volume modeled for
forested areas may lead to a significant runout shortening and
a more realistic avalanche simulation which would match the
We evaluated our derived values by simulating two observations.
avalanche events additionally observed in 2012 in forested Differences between observations and simulations were
terrain in the Swiss and Bavarian Alps. These avalanches difsignificantly higher for dry snow avalanches compared to wet
fered in forest conditions and the distance they ran througrsnow avalanches (Fig. 3). Thus, one can assume that the ac-
forest as well as in the snow type. To further test the practicacompanying snow densities and thermal snow temperatures
applicability of the derivedX values, we ran RAMMS using also determine the detraining effect of forests. Here, snow
a default simulation setup and compared simulation resultglensity was kept constant at=300 kg m3, which is of-
manually. ten applied for dry snow avalanches. The snow type was also
correlated with release volume and release height (Table A2),
where the latter also influencedrunoutes significantly (Ta-
ble 2). The nature of the surface cover was correlated sig-
nificantly with Arunoutes. That is, a scree slope and higher

4. We definedK values based on specific forest charac-
teristics and their combined effects to be applicable in
practice for avalanche simulation in forested terrain.
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- ’ - fluenceArunoutes significantly. This strengthens the theory
one  two  >two grouped young old mixed that avalanche—forest interactions need to be implemented by

a function dependent on forest characteristics in combination
Figure 3. Difference between simulated and observed runout dis-\yith snow conditions only.

tances Arunoutes) calculated for the reference simulation runs
without any forest influencek( = 0) shown for the subsets of vari- 3 5 Ayalanche simulation with varying K values
ables snow type and small-scale surface cover which are statisti-

cally significant (first row) and for the subsets of four other for- £or the next step of our evaluation and further operational-
est structural pargnjeters (no statistically 5|gn|f|ca_1nt relat|onsh|ps)izati0n, we calculated\runout for each simulation run with
BOXPIOtS show minimum Values.’ the lower quam'@. 0.25), the varying values foK and analyzed relationships between for-
median Q 0.5), the upper quantiled 0.75) and maximum values . . .
of Arunoutes. Points are relative positions of extreme values. est characteristics antrunout. .In general,.mc.reaswlg val-

ues corresponded to decreasing runout indicators, where the

strength of this effect seemed to decrease arokindal-

ues of 150kgm's=2 and higher (Figs. 4 and 5). Very
small obstacles such as stumps and shrubs in the avalanclsenall avalanches with release volurtie< 100 n? showed
path were related to larger differences between observed andiverging simulation results. For such avalanches, values of
simulated runout distances and, therefore, also determine tharunout were often negative when applying the detrain-
amount of snow deposited in the avalanche track. ment function; one avalanche simulation did not even start

Besides surface cover, distributions affrunoutes sug- with the smallest chosek value of 5kgntls=2. How-

gest influences of other forest parameters on avalanchever, differences between avalanche simulations in terrain
simulations (Fig. 3). In particular, runout indicators for covered with different forest types are visible, especially be-
avalanches that started in spruce forests were highly overtween larch forests and the two other forest types, spruce
estimated (medias 88 %, mean= 154 %), but less overesti- and beech forests, when calculating mean valuesrahout
mated for avalanches which ran through beech forests (mecorresponding to each chosén value for the three cat-
dian=52 %, mean= 79 %) or larch forests (median44 %, egories separately (Fig. 4). In addition, differences in the
mean= 49 %). For simulations without any forest influence, vertical structure of a forest stand as well as in crown clo-
Arunoutes was largest for avalanches which ran through sure had a higher influence on the amount of snow extracted
dense evergreen forests with a more than two-layered verticdtom the avalanche volume compared to a differing stage
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Figure 5. Mean values ofArunout for each applie& value calcu-

lated separately for the corresponding categories of four forest variznaracteristics crown closure, vertical structure and surface
abIes.lThe dasheq line correspondsAtainout= 0 indicating the. cover (see Fig. 5); the mean value of the respectiveal-
foifsqtl/irggfen optimak value for each category of the respective ues for the four forest characteristics were calculated for our
' case studies (see Sect. 3.3). The influencg wélues higher
than approximately 150kgnts=2 on Arunout decreases
(Fig. 5). Thereforek values> 150 kg nm1s2 do not seem

of development (Fig. 5). The latter forest variable is, NOW- o aningful for modeling avalanche—forest interactions.

ever, relatively well represented by the vertical structure (Ta-

ble A2). The nature of the surface cover also influenced the3 3 Case studies

amount of snow removed from the avalanche volume. The

effect of differences in surface cover could have even beerin order to test the practical application of our results,
underestimated, since our simulation setup did not accounive simulated two additionally observed avalanches with
for changes in surface cover in unforested areas. RAMMS including the detrainment function (Table 3).

In terms of the operationalization, optimal values for  Therefore, we assigned & value to forested areas charac-
(Kopt) were assigned to each observed avalanche based derized by the forest parameters forest type, crown closure,
the election rule thatrunout approaches zero on condition vertical structure and surface cover as specified in Table 1.
Arunout> 0. A significant correlation was found between Values of K were estimated based on Figs. 4-6. For for-
Kopt and the forest variable forest type (Fig. 6) as well as forest type, crown closure, vertical structure and surface cover,
the release volume and the absolute distance an avalanche r&h values close taArunout=0 were chosen and, then, the
through forest (Table 2); the latter two were even linear with mean value ok was calculated (Table 3). We ran RAMMS
r=0.35 andp =0.028 for release volume, and=—-0.44  with a default simulation setup, in other words, values for
and p =0.005* for the distance through forest. Thus, the friction parameterg: andé were not kept constant but de-
larger the release volume the higher #igy, and the longer fined by an automatic procedure of RAMMS depending on
the distance an avalanche runs through the forest, the loweaerrain features such as gullies or flat slopes, elevation, the
the correspondingopt. According to theoryk should only  return period (set to 10 years) and the avalanche size class
account for forest characteristics. (“tiny”). The simulations were based on a 2m grid for the

Thus, we propose choosing a value &f to simulate  avalanche observed in Switzerland, and a 1 m grid for the
avalanche runout in forested terrain mainly dependent on thene from Germany. Forested areas and forest characteris-
forest type. Based on Fig. 6, possible values Kocan be  tics were delineated based on pixel maps, orthophotographs,
obtained, that isk values of 5kgm?!s~2 may be assigned and photographs taken during field visits. Again, we ran the
to areas covered by larch forests, 80kge~2 to forests  simulations until the final pressure patterns were reached.
dominated by spruce, and 100kghs 2 to beech and In practice a stopping criteria of 5% of the total momen-
mixed beech—spruce forests. These values should be adaptadn is often applied, indicating that if the sum of all mo-
with K values corresponding to classes of the three forestenta of all grid cells is lower than 5% of the maximum
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Table 3. Characteristics an& values corresponding to selected forest parameters of two avalanches which were not included in previous
analyses to test the results of the operationalization.

Location (country) Dischma valley K Brecherspitz K
(CH) [kgm~1s72] (GER) [kgm~1s2]

Snow type wet dry

Release volumgm3] 5043 1324

Forest parameters

Forest type mainly larch 5 beech 100
Crown closure mainly open 50 mainly dense 125
Vertical structure one layer 75 one to two layers 75
Surface cover knobby 75 smooth 25
AssignedK value 50 80

forgsted area

e obselved runout N
e — w— Veters
01530 “60_ 90 120 simulatedyunout
S —— 5
0510020, 80~ 40,

Figure 7. Simulation results gained with RAMMS including the detrainment function in comparison to the observed runout distances of the
two case studies “Dischma valley” (left panel) and “Brecherspitz” (right panel). Contour lines are displayed in 10 m steps.

momentum sum, the simulation is stopped (Christen et al.yunout distances stopped within6 to 3m compared to the
2010a). However, test simulation runs applying this thresh-observed ones.

old have shown that runout distances of our case studies and,

therefore, such small-scale avalanches were highly under-

estimated. In contrast, we ran our simulations without any4 Discussion

stopping criteria and analyzed the simulation results by only

displaying the grid cells of the runout area, which exceededn this study, we applied a novel detrainment modeling ap-
a pressure threshold of 3kPa. This corresponds to our limiroach (Feistl etal., 2014) to account for avalanche—forest in-
for the maximum peak pressurai(nit) when defining runout teractions within Computational avalanche simulations. The
distances by applying AIMEC (see Sect. 2.4) as well as to the?im was to evaluate and operationalize the detrainment func-
impact pressure threshold with consequences for hazard zorf#on (Eq. 6) and, therefore, to quantify the detrainment coef-
mapping in Switzerland (BFF/SLF, 1984; J6hannesson et al ficient K, which is associated to the amount of snow caught
2009). behind trees in the avalanche path.

The simulation results showed a good agreement with the In general, immediate stopping and removal of a certain
observed runout when applying the novel detrainment func-2mount of mass by trees has a greater influence on small- to
tion (Fig. 7). Even if the runout area did not match the ob- medium-scale avalanches than on larger avalanches (Feistl
served ones exactly, runout distances were predicted relet al., 2014). Large-scale avalanches are able to break and

tively well by the model for both avalanche events; simulateduproot trees linked to a low energy consumption which in-
creases avalanche mass and, therefore, flow energy (Bartelt

and Stdckli, 2001). When applying a Voellmy-type relation,
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which is often employed by avalanche flow models, the effect ki
of forests on such avalanches can be modeled by increasin
friction compared to unforested terrain (Bartelt and Stockli
2001). This is not valid for modeling small-scale avalanches
in forested terrain: previous simulations of our data set with %8
RAMMS with alternatings values for forested areas (100— |
1000 m s2) showed that runout distances of 31 out of the
40 avalanches were still overestimated when applying thefg
smallest choses value of 100 ms? (Teich et al., 2012b).
Moreover, simulating small-scale avalanches with a model
based on Voellmy-type frictional relationships only is gen- %
erally questionable (Sailer et al., 2008), since the avalanche
will not stop as long as the slope angle is larger than the fric-
tion angle, i.e., tap > . Therefore, including physical pro- -
cesses within the avalanche flow such as snow entrainmen r3
(mass uptake) and detrainment (mass extraction) is impor-

tant, for example, modeling the mass removal by trees, remFEigure 8. Snow detrained by a stump, highlighting thg significant
nant stumps or dead wood, as realized in this study. We henc%ﬁec_t of sur_face cover on _small-_scale avalanches which should be
kept friction parameters constant to focus the evaluation an&ons'dered in avalanche simulations.

operationalization on the detrainment function only.

The results gained from analyzing reference simulationsyhijle this effect decreased arounki =150kgntT1s2.
accomplished without any forest influende £ 0) highlight  However, some of the 40 observed avalanches were still over-
the importance of modeling the mass loss induced by forestgstimated by RAMMS when simulating with the highest cho-
growing in the avalanche path. Significant correlations be-sen x value of 220 kgm!s=2. On the one hand, partially
tween the predictor variables release height and the distancgisinterpreting the orthophotographs and DEMs when re-
an avalanche ran through the forest with the response variconstructing 12 release areas could have affected the simu-
ableArunouter suggest that a loss of avalanche volume mod-|ation results (Vassella, 2012). On the other hand, other pro-
eled for forested areas will lead to shorter runout distances. “a:esses such as the influence of thermal snow temperature on
addition, the surface cover in terms of stumps and shrubs ofhe avalanche flow (see above) and the effect of different to-
scree slopes also affectexrunouter significantly. This ef-  pographic features (usually modeled by varying friction pa-
fect should also be considered for small- to medium-scal&ameterg, andg) could have also influenced the simulations.
avalanches’ simulations in unforested areas, such as largg order to reduce uncertainties related to the avalanche mod-
forest openings caused by natural disturbances, which are ogjing process and to account for effects of varykigalues
ten interspersed with shrubs, fallen logs, remnant stumps angp, the simulations only, we used constant valuegfandé
root plates of upturned trees (Fig. 8). Remaining dead woodhroughout this study (see Sect. 2.3).
is able to increase the surface roughness at least over the first The statistical analyses between predictor variables and
10-20 years after the dieback (Brown et al., 1998; Rammighe response variabl&op revealed that the forest type in
et al,, 2007). Indeed, the effective heights and interactingyhich an avalanche was released and ran through had an in-
avalanche flow depths also determine the mass deposited byence onarunout. Thus, the forest type mainly determines
hind obstacles (Faug et al., 2004; Naaim et al., 2004). Baseghe K value to be chosen for avalanche simulation in forested

on sporadic field samples we can assume effective heightgerrain in combination with crown closure, vertical structure,
of approximately 0—30cm for “smooth” slopes, 30-50cm gnd surface cover since:

for “knobby” terrain, and 30-150cm for “scree” slopes as

well as for terrain interspersed with stumps, shrubs and/or — clear differences of meaarunout between the cate-
saplings. The significant correlation between the snow type  gories of these forest parameters are visible (Fig. 5)
and Arunoutes indicates that the effectiveness of the mass
removal by forests is also determined by snow densities as
well as thermal snow temperatures, for instance, the wetter
and more viscous the snow, the slower the avalanche; in fu-
ture such processes need to be incorporated when modeling
small- to medium-scale avalanches (Vera Valero et al., 2012). _ other studies on the effect of forest structural param-

In the next step, we simulated each avalanche with vary-  eters on observed runout distances emphasize the rel-

ing K values (between 5 and 220 kgrs~2) and assigned evance of these forest characteristics (e.g., McClung,
an optimal value forK (Kopt) to each avalanche event. In 2003; Teich et al., 2012a).

general, runout distances decreased with increasinglues

— these variables can be largely derived from remote-
sensing-based data (orthophotographs, lidar-data) com-
bined with sporadic field samples, but no extensive mea-
surements are required
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The case studies performed by simulating two additional In this study, we could only compare observed and sim-
avalanches emphasized this argumentation (Table 3 andlated avalanche runout distances. Reliable observations,
Fig. 7): the good agreement of the simulated and observeds well as measurements and experiments on the effect of
runout distances when applyirig values based on the four forests on the avalanche flow (which also contain more
suggested forest characteristics encourages the applicabilitgvalanche characteristics such as avalanche velocity and
of the detrainment function for hazard analyses and, thereavalanche mass balance), are rare. In addition, more well-
fore, for a practical natural hazard and protection forestdocumented avalanches in forested terrain have to be ana-
management. lyzed in the way we did to establish better grounded results

For these two avalanches we applied a default simula-on the role of forest type, crown closure, vertical structure
tion setup and interpreted the simulation results visually, butand surface cover in avalanche simulation to further improve
based on an avalanche pressure threshotd®kPa used for  the new detrainment function, in particular in forested ar-
hazard mapping in Switzerland (BFF/SLF, 1984). Impact oreas with varying decelerating effects. The presented findings
peak pressure results are generally of high interest in snovare nonetheless a valuable first step to simulating small- to
avalanche modeling to estimate the avalanches’ destructivenedium-scale avalanches in forested terrain for applicability
potential, and are utilized for hazard zoning and engineeringn hazard analyses.
affecting land-use planning in many countries (J6hannesson
etal., 2009).

We also chose the threshold Bt = 3 kPa when analyz-
ing our simulation results automatically by applying AIMEC . . : . .
(ng]scher, 2013). That is, we ran the si)r/nu)I/atiF())F;lZ ng]thout anyThe applied detrainment function, which can be imple-

i : . mented in numerical avalanche dynamics models, will im-
pre-defined stopping criteria such as for the flow momen-

.. __prove the simulation of small- to medium-scale avalanches
tum or flow depth and used a pressure-based runout indica- : . .
. . : forested terrain considerably. A value for the detrainment
tor to determine simulated runout distances. In the case o T X :
coefficientK can now be defined mainly dependent on the
very small avalanches, the pressure thresi®igi has to

be defined carefully, since pre-defined pressure limits couIJoreSt parameter forest type in combination with crown clo-

be too high (i.e., never be exceeded). Defining too-low pres-sure’ vertical structure and surface cover. As the suggested

S . . forest characteristics can be largely derived from remote-
sure limits could, however, lead to a misinterpretation of the . . .
) . . sensing-based data (orthophotographs, lidar data) combined
simulation results, for example, when accounting for runout” : L : : .
I ) g T with sporadic field samples, there is a high potential for prac-
which is attributed to non-realistic stopping in flat natural ter- .~ . »
: e . A tical implementations. In addition, we demonstrated that ap-
rain due to a diffusive runout behavior arising from the flow

model (Fischer, 2013). On the contrary, defining runout dis-plylng a standardized method to analyze a high number of

) two-dimensional avalanche simulation results automatically
tance based on thresholds for the maximum flow momen- D L Y

- . increases the reliability of an objective software evaluation;
tum or the minimum flow depth could also lead to mis-

interpretations, which would considerably influence furtherthe employed method AIMEC provided accurate runout in-

analyses. ThePimit = 3 kPa yielded reliable runout indica- dicators as the basis for further anglyses. . .
. : . I Implementing avalanche—forest interactions in avalanche
tors and did not differ considerably from runout indicators

. . : simulations will facilitate current applications for such soft-
determined with lower values. In contrastPgyit > 3 kPa is . . .
. . o ware, for instance, by better accounting for the protective ef-
not appropriate to determine runout indicators of small-scal

Sects of forests in natural hazard mapping (Berger and Rey,

avalanches since tested values of 5 and 10 kPa were not e>é—004' Gruber and Bartelt, 2007), for managing mountain
ceeded for many simulated avalanches of our data set. Aver=_~ ’ ’ ging

ification of the results received with AIMEC is, however, still forests efficiently (Weir, 2002; Brang et al., 2006; Teich and

. . i . . ... _Bebi, 2009) or to value “avalanche protection by forests”
necessary since numerical solutions can include singularities

especially when simulating small-scale avalanches as a key ecosystem service in mountainous regions (Grét-
P y 9 ' Regamey et al., 2013). The detrainment function will be im-

plemented in the next version of RAMMS and tested by prac-
titioners based on the findings gained in this study.

5 Conclusions and outlook
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Appendix A

Table Al. Avalanche data.

Snow Release Release Observed Distance Mean Cross- Terrain Forest  Crown Vertical ~ Stage of Surface
type height  volume runout  through slope slope roughness type closure structure  development cover
Ve distance forest angle curvature

# -] [cm] [md] [m] (m] [°] [-] (-] (-1 [-] [-1] (-1 [-1]
1 dry 110 692 100 100 34 flat low spruce open >two old smooth
2 wet 50 1635 100 100 38 flat high spruce open >two mixed stumps
3 dry 140 1308 500 30 35 gully high spruce open >two young knobby
4 dry 140 2296 400 200 37 flat high spruce open two young knobby
5 dry 140 1254 400 65 37 gully high spruce open one old scree
6 dry 140 3398 500 75 38 gully high larch open >two old knobby
7 dry 100 995 20 90 31 flat high spruce open one young stumps
8 dry 100 670 90 90 30 flat high spruce open > two old knobby
9  wet 30 251 120 120 38 gully low beech  dense one young smooth
10 dry 40 353 600 100 32 gully high spruce open grouped  mixed stumps
11 dry 40 122 600 80 31 gully high spruce  open one old smooth
12 wet 20 116 360 350 37 gully high spruce open >two mixed stumps
13 wet 30 35 200 200 39 gully high larch open one young knobby
14 wet 30 20 200 200 40 flat high larch open two old knobby
15  wet 30 32 200 200 40 gully high spruce open one old knobby
16  wet 100 516 700 100 36 gully high larch open >two young knobby
17 wet 40 40 100 100 38 flat low larch dense one young scree
18 wet 50 418 160 125 38 gully high beech  dense one young smooth
19  wet 15 125 120 120 38 gully low beech  dense one young smooth
20 wet 70 19 180 180 35 flat low spruce open grouped  mixed knobby
21 wet 60 167 180 180 35 flat low spruce dense grouped  mixed stumps
22 dry 45 256 60 60 29 gully low spruce dense one mixed stumps
23 dry 110 948 120 120 30 flat high spruce open >two mixed stumps
24 wet 40 111 100 100 39 gully low spruce open >two mixed scree
25 wet 40 335 130 125 38 gully low beech  dense one young smooth
26 wet 40 97 50 50 43 gully low beech  dense two mixed knobby
27  wet 40 203 100 100 41 flat low beech  dense two mixed scree
28 wet 40 285 150 130 41 gully low beech  open two mixed smooth
29  wet 40 269 120 120 41 gully high beech  scattered two young smooth
30 wet 30 202 120 120 38 gully high beech  dense one young smooth
31  wet 20 47 120 120 41 gully low beech  scattered two young smooth
32 dry 50 49 120 120 29 flat low spruce open one young stumps
33 dry 60 796 400 400 30 flat low larch open one young stumps
34 dry 50 298 400 160 30 flat low larch open two young knobby
35 dry 45 220 400 65 32 gully low spruce scattered grouped mixed shrubs
36 wet 125 39 50 50 40 flat high spruce open grouped  young knobby
37 wet 20 142 100 100 41 gully low beech  open two mixed smooth
38 wet 20 167 130 125 38 gully low beech  dense one young smooth
39 wet 50 567 276 NA 31 flat NA spruce scattered two old NA
40 wet 50 669 345 NA 31 flat NA spruce dense two old NA
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Table A2. Cross-correlations between observed parameters. Signffi@fi < p < 0.05) and highly w.o::_om?@ <0.01) Spearman rank correlation coefficients {n bold.

www.nat-hazards-earth:syst-sci.net/14/2233/2014/

Snow Release Release Observed Distance Mean Cross- Terrain Forest Crown Vertical Stage of
type height volume runout through slope slope roughness type closure structure developmery
distance forest angle curvature

Release —0.58 - - - - - - - - - - -

height (p <0.00)

Release -0.53 0.64 - - - - - - - - - -

volume (p <0.00P) (p<0.00P)

Observed -0.26 0.17 0.24 - - — - - - - - -

runout (p=0.104) (=0.304) (p=0.138)

distance

Distance 0.33 —-0.35 —-0.24 0.30 - - - - - - - -

through =008 (p=0.03®) (p=0.142) (p=0.070)

forest

Mean 0.70 —0.50 —0.42 —0.28 0.08 - - - - - - -

slope (¢ <0.00P) (p=0.00P) (p=0.007) (p=0.079) (r=0.629)

angle

Cross- 0.17 -0.47 -0.14 0.20 -0.15 0.39 - - - - - -

slope (p=0.295) (=0.00P) (p=0.388) (=0.220) (=0.357) (=0.01H

curvature M._

Terrain -0.16 0.29 0.29 0.31 —0.08 —0.05 0.05 - - - - - m

roughness £=0.333) (»=0.079) (»=0.077) (»=0.061) (»p=0.644) (p=0.784) (»=0.748) o)

Forest -0.39 0.44 0.10 0.42 0.05 —0.46 —0.40 0.28 - - - - N

type (p=0012) (p=0.008) (p=0530) (=0.008) (p=0.770) (=0.00®) (p=0.01P) (p=0.091) m

Crown —0.432 0.38 0.15 0.29 0.03 -0.19 -0.17 0.44 0.53 - - - ﬂ

closure p=0.008) (p=0.016) (p=0.347) (E=0.072) (p=0.839) (p=0253) (=0.291) (p=0.008) (p<0.00P) <

Vertical —0.06 0.38 0.11 0.10 —-0.20 —0.05 —0.22 0.10 0.21 0.34 - - —

structure £ =0.699) (p=0.017% (p=0.493) (»=0.533) (p=0.231) (p=0.753) p=0.177) (»=0.538) (»p=0.193) (»=0.03B m,

Stage of —0.03 -0.02 -0.03 —0.09 -0.17 -0.03 0.02 -0.13 —0.03 0.12 0.51 - n

development £=0.873) (p=0.890) (p=0.839) (p=0574) (p=0.319) (p=0.874) (p=0.886) (=0.436) (=0.850) (r=0.445) (p <0.00P) 7

Surface —0.38 0.35 0.13 0.03 -0.10 —0.48 —0.40 0.08 0.53 0.24 0.30 0.40 QVUJ

cover (p=0.019) (p=0.03") (p=0.424) (=0.864) (E=0531) @E=0.00P) (p=0.01%) (p=0.633) (E=0.00P) (p=0.154) (=0.064) (=0.01%) <
@
L
%)
B
©
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