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ABSTRACT. Snow erosion and entrainment processes in avalanches are clas
sified according to their mechanisms, the flow regimes in which they OCCUl", anel 
their spatial position within the avalanche. Simple, but process-specific models are 
proposed for erosion by impacts, abrasion, plowing, anel blasting. On the basis of 
order-of-magnitude estimates, t,he first three mechanisms are clearly expected to be 
important. The fourth mechanism stipliIates t hat the compaction of the snOWCQver 
ahead of the avalanche leads to the flow of escaping air just in front of the avalanche 
that may disrupt the snowcover and support formation of a saltation layer. The ef
fects of t his hypothetical mechanism resemble those of the plowing mechanism. All 
mechanisms depend strongly on the snow properties, but with plausible parameter 
values, erosion rates at 01' above the experimentally found rates are obtained. The 
entrainment rate of an avalanche is most often limited by t he shear stress needed 
to accelerate the eroded snow to avalanche speed. 

1 INTRODUCTION 

A few centuries ago, snow avalanches were depicted 
as ever growing snow balls rolling down the mountain 
sides. One aspect of this naive concept of avalanching 
has been vindicated by recent observations and mea
surements (Issler and others , 1996; Sovilla and others, 
2001): The entrainment of snow has now been recog
nized as a major factor in the dynamics of avalanches. It 
must be concluded that perhaps the majority of medium 
to large avalanches double 01' even tri pIe their mass 
from release to runout; in t he track, the moving mass 
may be more than five times the original mass (Sovilla 
and others, 2001). Flom measurements with profiling 
radars (DlifoLll' and others, 1999), erosion rates above 
200kgm- 2 s- 1 have been inferred (Issler, 2003) during 
the very rapid removal of up to 1 m of fresh snow at 
the avalanche front , while they were found in the range 
of 10- 50 kg m- 2 S- l during episodes of more gradual en
trainment in the head of dry-snow avalanches. 

I t has been clearly recognized fm a long time that 
entrainment has two aspects: One concerns the break
ing u p of the snowcover into particles (ranging in size 
Erom snow grains to large blocks) ; this process is t he 
main fOClls of this paper and will be termed erosion. 
The erosion speed W e is the velocity (measured in the 
direction perpendicular to the grouncl) at wh ich the sur
face of the intact snowcover is lowered due to erosion. 
The other aspect is the entrainment of the eroded snow 
into the ftow through acceleration and possibly mixing. 
The entminment rate (je = Ps"7eWe (kgm-2 s- 1) is the 
snow mass per lInit time and uni t area t hat is incor
porated into the avalanche, where 11e is the fraction of 
the eroded snow that is eventually entrained . Entrain
ment distributes t he avalanche momentllm over a grow
ing mass; the velocity diminishes lInless there is suffi-
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cient net moment llm gain from the gravitational and 
resistance fOl'ces, mfc and mfR (1n is the avalanch
ing mass). To see this, the momentllm equation for an 
avalanche entraining mass from a resting snmvpack is 
m,duav/dt + U av dm/dt = mfc - rnfR, 01' rewritten as 
eqllation of motion duav/dt = Ie; - IR - IE. The ef
fect on the avalanche of the entrainecl mass is that 01' a 
pseudo force which causes a deceleration 

I 
- Uav dm _ Ps "7eW eUav 

E - ---
.. m dt Pav hav 

(1 ) 

Typical values for medium-size dry-snow avalanches on 
a30° slopeare fc = gsin30° ~ 5ms- 2 , Uav ~ 30ms~l, 

flow depth hav ~ 1 m, and ratio of avalanche den
sity to snow cover density Pav/ Ps ~ 1-2. For "7e'We 
of 0.05- 0.lOms- 1, JE ~ (0.15- 0.6)jc; is a sllbstan
tial factor in the dynamics of the avalanche. In tra
ditional avalanche models, these entrainment effects are 
subsumed in the velocity-dependent resistive forces and 
may contribute significantly to the \Vide scatter of back
ca.lculated friction coefficients throllgh the strong depen
dence of erosion and entrainment on topography, snow 
and avalanche properties. 

This paper focLlses on erosion mechanisms, but one 
ShOllld keep in mind that the entrainment rates that can 
be realized in snmv avalanches are often limited , not by 
the \Vork needed for eroding the snow, but by the large 
fraction of the available shear stress that is absorbed in 
the acceleration of the eroded snow. 

The majority of dynamical (dense-flow) avalanche 
models that include snow entrainment do not model a 
specific entrainment process but add mass to t he front of 
the avalanche at a rate specified by the user (Brillkhanov 
and others, 1967; Brugnot and Pochat, 1981; Hungr, 
1995; Sovil la and Bartelt, 2002; Sailer ancl others, 2002) . 
A heur istic velocity-dependent entrainment fUllction is 
used by Maeno and Nishimura (1979) . Eglit (1983, 
1998) assumes the entrainment rate to be proportional 
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to the veloci ty, in analogy t.o t.he ent rainment of am
bient fluid in buoyant plumes 0 1' jets. Grigori an and 
Ostroumov (l977) descri be t.he erosion and ent rai nment 
process in terms of a compressive shock front propagat
ing through the snow cover underneath the avalanche 
body, inclined at an angle 0' = arctan(wejU) t.o the 
ground . The hydrostatic and dynamic pressures of the 
avalanche at t he interface to the snowcover determine 
the compression of t he el'Odeel snow and the angle G, 

thus the entrainment rate. For poweler-snow avalanches, 
an entrainment function eleriveel from ft urne experiments 
(Parker and others, 1987) has been used by Fukllshima 
and Parker (1990) and in adapted for m by Gauer (1995) 
to dynamically detennine the mass increase of the flow. 

The objective of t his paper is to infer which erosion 
mechanisms are most li kely to occur in real avalanches 
and therefore should be s tudied in more detail, both 
expel'imentally anel theoretically. "'vVe builel on concepts 
sketched in (Iss leI' and others, 2000) and draw on work 
on wear anel fatigue in solid mechanics and on river bed 
erosion in hydraulics (see Sec. 2). In Sec. 5, we compare 
our order-of-magnitude estimates of the erosion speeds 
of the proposed mechanisms with t he data from severa l 
measured avalanches. 

2 EROSION PROCESSES IN OTHER PHE
NOMENA AND SPECIFIC FEATURES OF 
EROSION IN SNOW AVALANCHES 

Rabinowicz (1995) distinguishes fo ur main types of 
wear, namely adhesive wear, abrasive wear, corrosive 
wear, and su rface fat igue wear, ancl a few special mech
anisms. Among t hem, a brasive wear and possibly sur
face fatig lle wear shotild be most relevant with regard 
to erosion in avalanches. Impact erosion is generally be
lieved to be the dominant mechanism in blowing and 
drifting snow, and has also been conjectllrecl (Issler, 
1998) to dominate in the saltation layer of powder snow 
avalanches. 

Abrasive wear occurs when harel asperities or parti
eies sliele over a softer sm·face, digging into it and plow
ing grooves. The snow partieles in an avalanche un
dergo significant compression, by whieh their strengt h 
increases greatly; t.hey a re thus capable of indenting 
the usually much softer sno\Vcover. F igllre 7 of (iVlears, 
1980) gives evidence for abrasive processes a t the base 
of t he e1ense core of avalanches. Sm-face fatigue wear 
can be observed during repeated or cont inuous sliding 
over a sm-face. The sliding ind llces surface or s llbsurface 
cracks which eventtlally restl lt in t he breakup of the sur
face. T his mechanism is often observed during spring 
time, when small avalanches break loose and start to 
erode the whole snowpack. T he photo mentioned above 
also shows a crack from the slid ing surface deep into 
the snowpack. Impact erosion occurs when partic les im
pinge on the snowcover surface and , while moving along 
t he sm· face, ahracle material or ini tiate cracking of the 
surface. In Sec. 3, we present models for the abrasion 
and impact erosion in avalanches. 

T hree main erosion mechanisms are discussed in the 
f1uvia l hydraulics lit,erature, see e. g. (Partheniades, 
1965; Mehta, 1991 ; Zreik and others, 1998): Grad ual 
erosion of single partides from the sm·face occu rs al-
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ready at shear stresses an order of magn it ude smaJIer 
than the mechanical shear strength of the bed. (In 
non-cohesive granu la r becls, surface erosion is also ob
served to set in at shear stresses a boll t one order of 
magni t ude lower t han the mechanical shear strength.) 
Uncler stresses comparable to the shear strength, en
tire cllllOks of material are ripped off t he becl following 
failure along a deeply embedded plane (mass erosion). 
Finally, waves cause cyclic loadingjunloading and shear 
stress; this may lead to flllidization of t he surface layer 
and su bseqllent entrainment and mixing (iVlehta, 1991). 

The mechanisms ohserved in fillvial systems need not 
be directly relevant to (dense) snow avalanches because 
of the low density of ai r und the overwhelming effect 
of particle interactions with t he snowcover . Neverthe
less, there is presently an inel ication that mass erosion 
mayaiso occur in snow avalanches (see Sec . 5), ancl flu
idization of the snow pack immediately in front of t he 
avalanche (due to excess pore pressure generated d llring 
snow compression) or inside a dilllte head (as a conse
quence of underpressure at the snowcover sUl·face) will 
be considerecl in Sec. 4. 

In all erosion processes, an important factor is the 
strength of the eroded material. T he snow strength 
generally grows substantially with dept h as the elensity 
increases (except for weak layers) and will lIsually 
exceecl the avalanche stress at some point. It is indeeel 
often observed that erosion proceeds only to t he 
interface between the fresh snow and the old snow pack 
(IssleI' and others, 1996; Sovilla and others, 2001). 
T he strength of snow shows a varying strain-rate 
depenclency. Abele and Gow (1975) perfonned strength 
tests u nder rapid uniaxial loo.ding in which t he strahl 
rates were elose to those expected in the case of an 
avalanche. T he stress-strahl cll rves inclicate an initial 
phase of plastic behavior when t he major principal 
stress exceeds the yield strength, Y . During t he plastic 
collapse, t he stress stays approximately constant lIntil 
the strahl reaches the crit ical plastic stra in , crn, beyond 
which rapid stra in-hardening OCCllrs. Based on these 
tests, the following relations between the yield strength 
under compression, Y (in kPa) and the snowcover 
density, Ps (in kg m- 3 ), and between €rn and Ps, are 
derivecl to character ize the snowcover properties: 

p .• -lOO 

Y 2.1 . 10 150 (2) 

Orn '" max( - 7.0 x IO-'p, +0.268, 0). (3) 

Some inferences can be drawn immediately from t hese 
propert ies: (i) The exponential dependence of snow 
strength on snow density leads to a strong variabili ty 
of erosion speeds, (i i) the yield strength Y can be used 
in first estimates of erosion rates, but will lead to over
estimates, and (iii ) strahl hardening will limit the den
sification to similar values in la rge and fast avalanches 
as in sm aller ones, despite significantly lligher stresses. 

3 EROSION BY DIRECT 
PARTICLE INTERACTION 

PARTICLE-

Nleasllrements with profiling radar (see F ig. 1) show rel
atively long episodes with gradual erosion at moderate 
rates, indicating t he importance of snow erosion dlle to 
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Figure 1: Radar distance of the snow surface from 
ground VS. time (thick line) and the corresponding ero
sion speed (thin !ine). T he associat ion to t he different 
Row regi mes is based on the radar echo intensity. Vallee 
de la Sionne test site, radar A2, event of 1999/02/25 
(derived from radar plot in (Dufour anel others, 1999)). 

particles impinging on the snow surface within the satta
tion layer of avalanches. Each impact partly leads to 
a c1ensification of the snowpack, partly to loosening of 
snow and its entrainment by t he ambient flow. T he im
pacting particle itself may rebound from the surface Of 

penetrate it and get stuck. The part icle sizes range from 
approximately 0.25 mm to a few decimeters. 

At the base of the c1ense avalanche core, the parti
eIes are in continuOLIs contact and slide over one an
other. Hard particles wil l plow grooves in the snowpack 
under their own weight and the overburden load . The 
snOWCQver is par tly compacted anel partly looseneel anel 
entrained by t he avalanche. This process is commonly 
known as abrasion. In t he following, we present a sim
ple model for impact erosion and its adaptat ion to the 
abrasion mechanism. 

3.1 Erosion due to pa rticle impact 

According to (Johnson , 2001, Chapter 11), t he impact 
of snow particles on t he snowpack d uring an avalanche 
can cover the whole range from elast ic-plastic over ful1y 
plastic to extensive plastic ftow and the onset of hy
droclynamic behavior. For a first estimate of potential 
impact erosion speeds, we aSSlllue fully plastic impacts. 
vVe treat the avalanche partid e as a rigid sphere with 
radius ,. (= d,,/2) , density Pp and mass 7np = PpVp and 
the snowpack as a pOl'OUS, rigid and perfectly plastic 
material wit h compressive yield strength Y. During im
pact the latter decelerates t he particle and deHects it 
upwards (provided the particle is not completely sub
merged in the snowcover). If the impact angle Ü' (mea
su red from the x-ax.is and thus negative) is sufficiently 
smalI , the particle wi ll not be stopped completely bu t 
will leave t he snoweover again. 

T he equations of motion for t he impinging particle 
read (neglecting aerodynamic drag): 

i = gsin q, - PI
- (sin(e;+ß) +jJCos(e; +ß)) (4) 

n~p 

i = - gcos q, + h (cos(e; + ß) - I,sin (e; + ß)) , (5) 
mp 

where tjJ is the slope angle, PL = p(/Ae is the force 
due to the plastic ftow pressure acting in the line of mo-
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Figu re 2: Rigid snow particle impacting onto t he plas
tic snowpack. Adapted from (Rickerby and Macmillan, 
1980). 

tion and J-LPL is the contribution of the Coulomb frict ion 
tangential to the motion. Ae is t he projection of the in
stantaneous contact area onto the plane defined by AB 
and t he y-axis (see Fig. 2). 

The plastic ftow pressure is approximated as Pd ~ 

Cp Y. For solids, cp ~ 3 in t he fully plastic stage. cp is 
elose to unity in pOl'OUS media in the full y plastic stage 
a nel for small indentations. vVith increasing inden ta
tion, cp increases to abo tI t 3, reflecting strain hardening. 
T htls, snow as a pOl'OUS medium might have a Cp similar 
to that of foams, for which Wilesa and others (1975) 
give 

(6) 

for the case of an indenting sphere. T he cri tical strain 
em is given in Eq. 3. Further hardening of the snow pack 
dtle to dynamic Aow eft'ects is disregarded. The total 
volume Vc of the impact crater is 

Ve = [' A (t) . U p(t)dt , (7) 

where A (t) is the penetrating cross-sectiolla l a rea per
pendicular to the /ine of motion, U p(t) is the instan
taneolls veloci ty of t he part icle, and ti is t he cluration 
of the impact. For a fLlII descript ion of the geometrie 
relations we refer t.o (Rickerby and Macmillan, 1980). 
To caleu late the total crater volume, (4) and (5) are 
solved numerically. The impact angle ctil neecled as an 
initial condition , depenels on the ratio between terminal 
velocity of the pm·tide, ltVj , anel avalanche velocity anel 
might a lso be inftuenced by the turbulence. T he llumber 
of particle impacts per unit t ime and unit area, Ni, can 
be approximated by 

N _ cW, cosq, 
; - 2V, 

p 
(8) 

here c/2 is the voilime concentration of particles in 
downwarel motion. The erosion speed d ue to particle 
impacts call now be written as 

(9) 

Each particle impact causes a lllomentum transfer 
m,,(Up 11I - UpOlI) fro m the avalanche to the snowpack 
even without entra inment, where UpO l! anel Up ll! are the 
rnean pa rticle velocities parallel to t he surface before 
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Figure 3: Impact erosion speed vs . snow density, with 
the avalanche velocity as parameter; Pav = 10 kg m- 3 ; 

dp = 0.25 mm; cp = 0°. 
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Figure 4: Shear stress elue to moment um loss of im
pacting particles VS. snow density, with the avalanche 
velocity as parameter; Pav = lOkgm- 3 ; dp = O.25mm; 
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and after the impact, respectively. Some of this mo
mentum is returned to the flow by the fraction 7Jei of 
ejected partieles (with mean initial velocity Up' lI ) that 
are eventually entrained by the avalanche. The differ
ence of the two contributions is the so-callecl grain-borne 
shear stress: 

Figures 3 and 4 plot the calculated impact erosion 
speeds and grain-borne shear stresses due to particle 
impact versus the snow density. The essentially expo
nential depenclence on the snow density is a result of 
Eq. 2. Another controlling factor is the impact angle. 
Tbe erosion speed grows with increasing impact angle 
and thus with particle size because targer particles have 
a lügher fall velocity vVf and thus tend to impact under a 
steeper angle. The dependence on the impact angle also 
influences the relationsbip between avalanche speed and 
erosion speed because the impact angle c1ecreases with 
increasing avalanche speed. If the impact angle is ar
tificially kept constant in the simu lations, Wie <X u~v' 

with n > 2, but if it is made to vary according to 
0:; = - arctan(WJ cos 1>/'uav ), one finds 1 < n < 2 (for 
dp = 25 mm , 17, ~ 1.5). Note that the growth of the 
erosion speed with increasing impact angle is sharply 
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limited by the maximum angle (depending on tbe im
pact velocity) beyond which tbe particle gets absorbed 
in the snow pack. 

3.2 Abrasion 

The methods developecl for impaet erosion mayaiso be 
applied to estimate the abrasion speed. Consicler a snow 
particle indenting the snow pack and sliding parallel to 
the surface (0: = 0) . The particle equations of motion 
(4) alld (5) are sllpplemented with an overburdell load 
Land the traction exerted by the avalanche: 

( L), PL, FD 9+-- sm 1> - --(smß+/Lcosß)+--, 
nlp m p m p 

- (9+ !:...) cos 1> + P[,(cos ß- /Lsin ß) . 
rnp 1np 

(11) 

(12) 

L is determined by the effective press ure transferred 
through the particle lattice within the avalanche. vVe 
assume that eacb snow block at the interface canies the 
load L = Pav9hav/Nb, with Nb the nllmber of blocks per 
unit footprint area. For simplicity, the traction is ex
pressecl as a c1rag: PD ~ ~Pav1Tr2IUav ~ Up l(uav ~ Up), 
with Up the velocity of the sliding particle. The drag 
coefficient, GD, depenels on the Row regime . 

In the present case of surface-parallel sliding, tbe left
hand siele of (12) vanishes, and the plastic-flow pressure 
times the z-component of A e balance the load due to 
the particle and its overburden . At t be same time the 
plastic-flow pressure times the x-component of A e acts 
as the retarding force in (1 1). Summing the retareling 
forces over all Nb blocks gives the frictionul stretiti , T f, 
acting at the bot tom of the avalanche. As long as the 
slope-parallel component of gravity anel the drag force 
acting on the blocks together equal or exceeel the re
tat·d ing force, the blocks piow through the snowcover 
and erode it. If the retarding force exceeds the driving 
fOl·ces, the blocks decelerate and the drag force grows 
accordingly; however, if the maximum drag force is in
sufficient to overcome the retareling force on the block, 
deposition begins. The total shear stress at the interface 
between the plowing blocks and the overriding layer of 
the avalanche also includes the drag fOl·ces on the eroded 
snow that accelerate it to the avalanche veloci ty during 
mixing. 

The material eroded by one block per unit time is 
proportional to the penetrating cross-sectional area, A, 
perpendicular to the flow direction and the mean veloc
ity of the block, U p. Hence, the erosion speed due to 
abrasion is 

(13) 

Figures 5 and 6 show the simulateel abrasion rates and 
frictional stresses, T f, as functions of the snowcover den
sity. Tbe parameters used are given in Table 1. The 
avalanche speed, U av , is not treated as a dynamical vari
able here but as an externally prescribed constant. The 
determining faetors for the abrasion speed are the snow 
density (via the exponential dependence of strength on 
density) and the effective overburden of the particles 
at the base. There is only a weak particle-size ele
pendence. The shear stress between the plowing parti
eIes and the snowcover d iminishes with increasing snow 
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Figure 6: Shear (frictional) stress due to a brasion vs. 
snow density for the parameter sets listed in Table 1. 
T he inset shows the corresponding fri ction coefficient M. 

strength because t he grooves strongly diminish in depth 
and t he slope-parallel component of the resistance force 
at the interface becomes rather small while the slope
perpendicular component remains constant. 

4 EROSION MECHANISMS 
AVALANCHE FRONT 

AT THE 

In ava lanches, aerodyna mic entrainment of the snow
cover might playa role just in front of the avalanche 
where ambient ai r is rapidly displaced by the approaeh
ing avala nche. This phase may last a bou t 1- 2 s in a 
c1eveloped powcler snow avalanche. Estimates using the 
wiclely used excess shear-stress approach for the erosion 
speed (see e.g. Anelerson anel Haff, 1991) show that the 
erosion speeds a re in the range of 0- 0.003m s- 1 under 
the most favorable assumpt ions and thus negligible. 

4.1 Fluidization of the snow pack by pore air 
displaceme nt 

Excess pore-water pl'essllre ean fluidi ze river becls and 
thlls significantly affeet the erosion process (S imon and 
Collison, 2001 ). An a ir pressure gradient ean also a rise 
at the front of snow avalanches where (i) t he rapid How 
of the dilu te snow- ai r mixture causes a pressure drop 
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Table 1: Compilation of para.meters used in the simula
t ion of abrasion. d,J: pa rticle diameter; Pp: particle den
sity; Pou: avalanche clens ity; hav : avalanche How depth; 
11': apparent dry-frict ion coefficient of the particle; slope 
angle cp = 00

. 

Simulation d p Pp PO" hou IJ. 

Imml Ikgm-'I Ikg m-'I Iml H 
A53 \ 100 450 200 2 0.1 

A431 10 500 200 2 0.1 

A231 750 200 2 0.1 

AL431 10 500 200 0.1 

a bove the snowcover , 0 1' (ii) the snowcover is ra pidly 
compacted by t he avalanche a nd pore air tries to escape 
through the undisturbed snoweover . 

The first-mentioned s ituation is expectecl to occu r 
c1l1ring t be passage of a dilute avalanche front , in whieh 
the pressure drop is 6.p f"V ~ p(tJu~J' Pal and ual are the 
density and avalanche speed at the front. This pressure 
drop bas been measured in experiments with ping-pong 
ba lls (McElwaine and 1 ishimura, 2001). Due to this 
drop, apressure difference between the interiOl' of t he 
snowpaek and t he surface builds up du ring a short but 
finite t ime, tJ, of front passage, persists for a wh ile and 
vanisbes gradually. A given volume of snow becomes ftu
idized wben the force due to the ftow of escaping a ir ex
actly balances the net force due to gravity ancl st rength. 
Taking for simplici ty a hexahedral control volume with 
length l ( ....... u avt I) and width w, and assuming tensile 
strength yt and shear strength Ys , fluidization shotild 
occ m to a depth 

d _ /',p(d" t/t c ) - Y, 
e - pgcos 1>+ 2~Y, 

(14) 

T his is an implici t equation for de 1 showing that simul
taneous Huidization of as large an area as tbe pressure 
gradient permits is most advantageous. Tbe effective
ness in ftuidiz ing the top of t he snowcover moreover 
depends crucially 011 the ratio of the build-up t ime, 
tl' to the pressure relaxation time, t c ('" vd~ /(kRT), 
where k is t he int rinsie permeability of t he snowpack, 
v the kinematic viscosity of a ir , R the specific gas con
stant of air and T the temperature). The erosion speed 
wel is on t he order of de/t I. At present it is unclear 
whether Huid ization due to pressure drop can occ ur at 
the front of the saltation layer, as no firm data from 
snow avala nches is available. Estimates of the pres
sure drop required for fluidizing snowcovers with c1ensity 
from 75 to 200 kg m - 3 yield velocities in the ra nge from 
20 to 75 m s- 1 if a (powder-snow) avalanche density of 
5 kg m - 3 is assumed. However, even if com plete ft u
idization is not reached, this mechanism wi ll contribu te 
to the weakening and destruction of the snow pack and 
is a candidate mechanism for the blast-like erosion seen 
in Fig. 1. 

The second mechanism involves rapid (ad iabatic) 
com pression of the snowcover by the weight of the 
avalanche fiowing over it or plowing into it. Snow COITI

paction from a density PsO to Ps i leads to a pore-air 
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Figure 7: Schematic representat ion of air ftmv through 
the snow pack abead of the moving avalanche. 

pressure rise 

ßp = Po [(P' = p,o) 1.4 _ 1] 
Pl PsI 

(15) 

where Po is atmospheric pressure. Some of the pore air 
is pressed at high speed through the snOWCQver ahead 
of the avalanche front in a narmw zone, the length of 
whieh is comparable to the erosion depth at the front , 
i. e., at most a few meters and probably less. The pres
sure gradient is non- uniform and depends strongly on 
the geometry of the avalanche head; it should be great
est where the avalanche front intersects the snOWCQver. 

Depencling on the snow strength and the pressure dif
ference f:::..p, there is a limiting c1epth de below which the 
press ure gradient is too weak to fiuidize the snowcover. 

To ill ustrate the mechanism, we approximate 
the streamlines ahead of the (slope-perpendicli lar) 
avalanche front by concentric quarter-circles about the 
intersection of t he avalanche front and the snowcover 
(point M in Fig. 7). From the balance of the moments 
of the gravity, press ure and shear forces, the erosion 
depth is estimated as 

d
e 

= ~ ßp - 7rY, 
2 p,g( cos rjJ - sin rjJ) 

(16) 

The mean erosion sp eed according to Eq. 16 is equal 
to uav . However, this estimate implies that the pene
tration depth of the avalanche front adapts to potent ial 
erosion depth. For a more comprehensive approach see 
disClIssion in Sec. 6 and the following seetion. 

4.2 Plowing 

It has been observed that the front of dense-ftow 
avalanches plows through the snow pack and entrains 
large quantities of snow thereby, even at moderate veloc
ities. Such plowing implies that the snowpack undergoes 
strong, rapid shearing and compaction just ahead of the 
avalanche. We expect thc length of this area to be about 
1 to 3 m. Part of the snowcover is compacted and over
ftowed by the avalanche (which may ul timately abraclc 
it ). The upper part of the plowecl snowcover layer is 
pushed onto the avalanche front where it may pile up 
or get advected to the avalanche body, possibly being 
cornminuted and sllspended. 

In order to describe the compaction and erosion pro
cess, consider a prismatic control volume bounded by 
three surfaces (see Fig. 8) . Surface b forms the shear 
surface, surface c is the boundary towards the avalanche, 
and surface a forms the boundary to the air flow above. 

Ci 

p, 

e--1-3m--l 

Figllre 8: Schematic representation of the head region of 
a dense-ftow avalanche plowing through t he snowpack. 
The triangle represents the control vollllne for which 
the jump conditions have to be solved. de indicates t he 
erosion depth and de the part of the snow pack which 
will be compacted by the avalanche. 

Across each of these surfaces, t he jump condi t ions for 
mass and momentum must be fulfiIled: 

[ p,.(u, - C,)· ll, I 
[p, u, (u, - C, ) . ll, I - [ t, . ll , I 

0 , 

0 , 

(17) 

(18) 

where r inelicates t he surfaces a, band c, respectively. 
C, is t he velocity of the (non-material) surfaces, and 
t . n is the normal stress onto the respective surface. 
The erosion depth de is strongly inRuenced by the nor
mal stresses at the shear plane b. Here, the determining 
quantities are the compressibility of the snowpack and 
the overburden load from the avalanche head. Across 
t he interface a , excess pore-air presslI re generated by 
the compaction may playa role in supporting the de
velopment of the saltation layer on the upper surface of 
the dense core. Along the surface c, dispersive pressure 
may come into play. Further study of this problem is 
needed in order to obtain approximate solutions that 
can be compared to measurements. 

Two entrainment models have been published that 
contain elements of the analysis sllggested above: Grigo-
rian anel Ostroumov (1977) consider only one jllmp sur
face llnderneath the dense core; the entire entrainment 
is into the dense flow. The model by Sailer and others 
(2002) distinguishes between entrainment into t he dense 
How and into the suspension layer) but t he jump con
ditions for the momentum are not evaillateel and hence 
neither the erosion depth nor the ratio between entrain
ment at t he bottom and at the top can be determined 
dynamically in theil" model. 

5 COMPARISON WITH EXPERIMENTS 
AND FIELD OBSERVATIONS 

Figllre 1 shows the time evolution of t he snowcover and 
Row depths as weIl as the erosion speed for the giant 
avalanche of 1999/02/25 at t he Vallee de la Sionne test 
site in Switzerland. The plot is elerived from data from 
a profiling radar located in the tipper t rack (Dufour anel 
others, 1999). The association of different areas in the 
avalanche with different Row regimes is based on the 
radar echo intensity; the suspension layer is invisible to 
the F:MCW radar. The prelilllinary analysis of simulta
neolls Doppler radar measurements indicates velocities 



on the oreler of 50 m S - l at that point. The snow den~ 
sity was in the range 170- 300 kg m- 3 . Approximately 
0.7111 of snow are eroded virtually instantaneously at 
the leading front of the saltation layer, eorresponding 
to an erosion speed of about 2.5 m S- I. In the following 
5s, erosion is more gradual, with erosion speeds decreas~ 
ing from 0.25 m S-l to near zero. During this time, an 
approximately 0.5 m thick layer of lligher echo intensity 
can be seen, indicating a lügher density and/or larger 
block size than in the upper reaches of the saltation 
layer. The second peak at 18-19 s in the erosion speed 
curve is tentatively interpreted as a snow block ripped 
out of astronger layer. After that, the average erosion 
speed is about 0.05111 S- l and no denser botto111 layer 
is found until the dense core arrives. During the first 
second of its passage, the erosion speed jumps back to 
about 0.15111S- \ but no further erosion is observed af~ 
terwards. Snow deposition takes place during the last 
10 s of the passage of the dense part. Over the entire 
avalanche passage (lasting about 45 s), the mean ero~ 
sion speed is 0.05 m S- l . 

This recording suggests that both a very rapid plow~ 
ing or ftuidization meehanism at the front and gradual, 
impact~driven erosion in a relatively dilute avalanche 
head (tentatively identifieel as the saltation Iayer, with 
an estimated density at·ound 100kgm-3 ) may oeeur in 
large dry~snow avalanches. Additional radar recordings 
from the same site lend support to this eonclusion (Du~ 

four and others, 1999), although tbe ratio of the masses 
entrained by the different mechanisms varies eonsider~ 
abIy. A mueh more detailed analysis combining data 
from different sensors and comprising all avalanches 
measured at. the test site is needed for eorrelating these 
differenees with the dynamies of the avalanches. 

For a number of small avalanches, Sovilla anel others 
(2001) carried out a systematic study of the mass bal
ance at the avalanche test site tvlonte Pizzae at Arabba 
in the Dolomites, Haly. Additional information on 
these avalanches is contained in (Sommavilla anel So~ 

villa, 1998; Sovilla and BarteIt, 2002). Perhaps the best 
described among these events is timt of 1997/12/2l. 
The most reliable data for the estimation of the erosion 
speed are given at the pole no. 1 (position A) at 2024 In 

a. s. l. Fm the event of 1999/03/05, the width of the 
track swept by the avalanche had to be estimated. Both 
events are classified as dry dense~flow avalanches. Ta~ 

ble 2 summarizes the measurements for these two events 
at pole no. 1 and gives the calcll iated mean erosion speed 
and the inferred avalanche density. The avalanehe den
sity of the 1997/12/21 event, inferred from the vollllne 
and mass estimates, eompares quite well with the re~ 
pOlted pressures if Pirnpact ::::::; Pav"lL~v is assumed for the 
10 cm diameter load cells used at Nlonte Pizzae. The 
pressure sensor at 1 m above ground was just above the 
snow surt"aee anel thllS should reftect the press ure in the 
ftowing part of the avalanche. 

Field observations on a small to medium avalanche 
in Seewis, Grisons (Issler and others , 1996) , where the 
powder~snow part separated from the dense How at a 
sharp turn of the gully, a110w to es ti mate the erosion 
speed within the saltati on layer , provided several reason~ 
able but not directly verifiable assumptions are made. 
The new snow layer had a depth of 0.7- 1 m and a den~ 
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Table 2: Compilation of measurements at pole no. 1 
in the Monte Pizzae pat,h , after (Sommavilla and So-
villa, 1998; Sovilla anel others, 2001; Sovilla and BlU"telt, 
2002) , and calculated erosion speeds and avalanche den
sities at the same point. 

Event 

NI easurements 

Velocity 

Time or passage 

Mean ftow depth 

Tota.l mass 

1997/12/27 

24ms- 1 

9.25s 

1m 

365 t 

150kgm- 2 

80/50kPa 

1999/03/05 

19ms- 1 

12.75 

1m 

200 t 

Entrained mass / area 

Pressure at 1.0 / 1.8 m 

Snowcover density 140- 290 kg m - 3 160-320 kg m - 3 

lnferred avalanche parameters 

Length 220 m 

Width 13.5m 

Erosion rate (mean) 

Erosion speed (mean) 

Avalanche densiLy 

17.1 kgm - 2 S -1 

O.075ms- 1 

120kgm- 3 

220m 

'" 10 m 

8.2kgm - 2 s- 1 

0.034 ms - 1 

90kgm-3 

sity of approximately 120kgm- 3 . Tracers (mostly fir 
needles and twigs) in two snow pits excavated at differ~ 
ent locations showed tImt the new snow layer was com~ 

pletely eroded at one loeation and redueed to 10-20 CIn 

at the other; it remains an open question whether old 
snow was eroded at the location of the first snow pit. 

Tn t,hp- first pit loeation , the deposit depth measured 
30-50 cm and the largest particles had diameters up to 
40 em; in the seeond, the deposit depth varied between 
5 and 10 cm and the laI'gest snow particles had the size 
of an egg. Depending on the assumed deposit density 
(measurements are not available), mass deposition from 
the tail of the powder~snow avalanche ,"vas comparable to 
the erosion in the head at snow pit no. 1, but elearly less 
at loeation no. 2 despite the less violent erosion there. 
This ean be explained by the loeation of the snow pits: 
Pit no. 2 is close to the side of the path, but in fairly 
steep terrain, so the velocities were generally lower than 
in the center of the track, but even the dilute tail is 
expected not to decelerate. Pit no. I, in eontrast, is 
in the center of the powder~snow avalanche path, but 
further downstream in less steep terrain shortly after 
the cloud bad to climb about 20 m along the steep side 
wall of the gully t urn. 

From numerical simulations, the front velo city and 
the length of the poweler snow avalanche are estimated 
as 35ms- 1 and 300m, respectively. If we further a.s~ 
sume that erosion occurred only in the front half and 
deposit ion only in the tail half, the mean erosion speed 
was around 0.2ms- 1 at pit no. 1 and O. lm s- 1 at pit 
no. 2. Similar erosion speeds are inferred in the run-up 
area of the large 1999/02/10 avalanche at Vallee cle la 
Sionne where almost the entire snow pack of 2 m depth 
was erodecl near the shelter (Dufour and others, 1999) 
and the deposit depth varied from 0.2 to 2111 over dis~ 
tanees of 10- 20 m. 

Ta.ble 3 summarizes tbe predict.ed contributions to 
the erosion speeds from fluidization , impact erosion and 



Table 3: Simulated erosion speeds in m S- l for the 
foul' events described in tlw text. The assurnptions 
fm t he density of the Vallee de la Sionne avalanche 
(VclIS) of 1999/02/25 are: leacling part of the saltation 
layer (SL) , 90 kg m - 3 ; dense part (DF), 200 kg 111 - 3 . For 
the 1995/01/11 avalanche near Seewis, a density of 5-
10 kg m- 3 was assumed for t he powder snmv part. Val
ues in parentheses indicate the contribution of the re
spective mechanism to the total erosion depth. 

Mechanism Vdl8 

99/02/25 

Fluidization 13.0 

(1.34 m) 

Impact 0.23 (8L) 

Plowing ? 

Abrasion 0.16 (DF) 

~I[onte Pizzac Seewis 

97/12/27 99/03/05 95/01/11 

0.08 0.02 

? ? 

0.06 0.02 

9.1 

(1.0 m) 
0.03- 0.06 

abrasion in the foul' avalanches discussed in Sec. 5. 'VVe 
have not developed a dynamical model for the plowing 
mechanism yet, so no predictions can be made; it is very 
likely, however, that the powder-snow part of the Seewis 
avalanche did not erode by plowing. Considering the un
certainty and incompleteness of the measurements, the 
agreement between the measured (01' inferred) entrain
ment speeds and the model predictions is encouraging. 
For the two events at NIonte Pizzac, simulated abrasion 
and impact erosion speeds are similar; it is quite conceiv
able that the front of those avalanches was more dilute 
than the main body and that impact erosion dominated 
in t he front, abrasion in the body. For t he 1999/02/25 
event at Vallee de la Sionne, the maximum impact ero
sion speed is approximately 1.3 m S-l for reasonable as
sumptions. This is about half the erosion speed inferred 
from the radar measurement, thus the observed erosion 
during the front passage cannot be explained by impact 
erosion alone. The field observations from Seewis also 
indicate that either our estimates are too lmv, 01' an ad
ditional mechanism is operating; ftuidization is an obvi
ous candidate but more work is needed to make testable 
predictions. 

6 DI8CUSSION AND CONCLUSIONS 

In this exploratory study, five potential mechanisms for 
erosion in snow avalanches have been identified. Surface 
fatigue wear may occasionally occur a." localized mobi
lization of a deeper layer in the snowpack, but may be 
neglected at present. Impact erosion and abrasion have 
many common aspects, but the conditions for their oc
currence are quite different, especia11y with rega.rd to 
the avala.nche density. Neither mechanism has been 
observed directly, but grooves and impact holes have 
been seen in several cases. Under the mechanical condi
tions in t he saltati on layer (relatively low density, large 
blocks, high velocities), impact erosion appears qllite 
unavoidable. It is conceivable that t he saltation layer 
often erodes the snowcover down to a harel layer of old 
snow on which the snow blocks in the bottom layer of 
the clense core are quickly comminuteel anel abrasion be
comes negligible. 
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The plowing and fluidization mechanisms may be 
more intimately connecteel than our crude and incom
plete trea.tment in Sec. 4 suggests; perhaps they should 
be regarcled as two aspects of a single phenomenon. Af
ter a11, plowing represents the most efficient mechanism 
for generating a strong press ure gradient in the snow
cover immediately in front of the avalanche. Both pro
cesses are sllbjected to feedback mechanisms that re
qu ire further study anel need to be formulated mathe
matically. 

'VVe wish to emphasize two points: First, abrasion , im
pact erosion, plowing and ftuiclization a11 have the poten
tial to contribute strongly to entrainment under certain 
condi tions, and t hey do so in different locations of tbe 
avalanche. Thus they all neeel to be st uelieel further and 
eventually incorporated into a comprehensive entrain
ment/deposition model for avalanche simulation codes. 
Second , when soft fresh snow is abundant- i. e., un
der the conditions that favor large, catastrophic mixed 
avalanches- acceleration of the eroded snow and mixing 
with the avalanche is the limiting factor. The resistance 
of the snowcover against erosion becomes important if 
the snowcover is oId a nd/or relatively warm and humid. 

Fur ther progress in the modeling of erosion and en
trainment requires not only dedicated t heoretical stud
ies of the candidate mechanisms, but also aseries of ex
periments that shed light on the unresolved questions. 
So me of the experiments are best carried out in the lab
oratory (01' on an outdoor chute) , others reqllire a well
equipped full-size test site. In the authors' opinion, the 
most promising approaches are: 

• High-resolution close-up videos 01 avalanches in 
(natnral) eIndes, taken from the siele, wil l help elis
tinguish between different erosion mechanisms. 

• Pore pressnre measnrements. Such measu rements 
have been carried out at the bottom of debris ftows 
(Iverson, 1997) and should also be feasible in snolV 
avalanches, preferably at severallevels on an instru
ment support structure. 

• Particle-impact experiments with snow balls of vari
ous sizes and hardness, different velocities, and im
pact angles onto a snow surface of known proper
ties. 

• Direct rneasurements 01 the erosion rate. In real 
avalanches, the erosion rate is usually limited by the 
large force needed to accelerate the eroded snow. It 
might be possible to design laboratory experiments 
in wh ich the "avalanche" body is pu lIed across the 
snowcover at constant speed, irrespective of the en
trainment rate and the force needed. 

• Tracer experiments to determine the degree of mix
ing of eroded snow into the avalanche. In chutes 
01' sm all avalanche tracks, various kinds of tracers 
could be deployed in different locations along the 
track and at var iolls depths in the snowcover be
fore the avalanche release. 

• Measnrement of velocity prvfiles and density. 

NIore t han one erosion mechanism has to be included 
in a satisfactOl'y avalanche model: The measurements 
available so far indicate clearly that entrainment takes 
place both at the front ancl along the bot tom of the 



ava lanehe body. The ftow regime deterrnines which 
mechanism is domi nant ; plowing and abrasion require 
a dense, solid-like ava lanche body, perhaps a plug ftow , 
whereas impact erosion 8eems to be linlited to more 
di llite Rows (probably identifiable with the saltation 
layer). Vve antieipate a delieate interplay between ero
sion by fluidization and the avalanehe density: The pres
sure gradient neeessary für fluid ization is prod ueed only 
if the avalanehing snow is sufficiently hard , <lense a nd 
impermeable, but the ftuidization process itself has the 
tendeney to dilu te the avalanche front . 

The erosion models presented here were not designed 
for dil'ect use in any nUl11erical code. Onee the mecha
nisms are bettel' understood , they have to be formulatecl 
in terms of the dynamical variables and parameters of 
the respective model. In view of t he ftow-regime depen
dence disc llssed above, advanced avalanche models ex
plicitly recognizing d ifferent ftow regimes-e. g.) multi
layer models or models with dispersive pressure regulat
ing the local density- are to be preferred over simple 
two-parameter models as platforms for realistic entrain
ment modules. 
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