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ABSTRACT. Besides the runout distance of an avalanche, information on avalanche
intensity along the path are often required for hazard zoning or planning of mitigation
measures. The avalanche (front) velocity is a common measure as it can be linked to
expected impact pressures. At the same time, the velocity of an avalanche determines,
if it stays in its usual track or if the avalanche unexpectedly deviates from it and thus en-
dangers areas believed to be safe. Therefore, a reasonable prediction of the expected
velocities is most important. However, many of the prevailing avalanche models tend
to underestimate velocities in the track or they overestimate the runout distances.
In this paper, several avalanche front velocity measurements from the Ryggfonn test
site are presented. The measurements are derived from photo and/or video analyses.
The measurements can be used for future model calibrations.
Additionally, the measurements from the Ryggfonn test site are compared with velocity
measurements from other locations to obtain a wider spectrum of avalanche conditions.
By analyzing these velocities, constraints for possible rheological models of avalanche
flows are obtained.

1 INTRODUCTION

Nowadays it becomes more and more common to
use numerical models to predict runout distances and
impact pressures for hazard mapping along potential
avalanche paths. As most numerical avalanche mod-
els solve the (depth averaged) momentum or velocity
equation(s), velocity measurements along the path are
most important for validating those models. However,
those measurements are rare, because they are dif-
ficult to obtain and often involve only point measure-
ments. Figure 1 shows collection of velocity measure-
ments. The line 1.8

√
H (≈ 0.6

√
g H) was proposed by

McClung and Schaerer (2006) as an upper-limit enve-
lope for the maximum velocity, mainly based on data
from Rogers Pass.

Measurements along extended stretches of the
avalanche tracks are only available for few sites, e.g.,
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Figure 1: Avalanche velocity versus the square root
of the total drop heigth H. Data from (Perla, 1980)
along with a collection of measured maximum veloc-
ities in the middle of the track for mainly mixed-dry
snow avalanches from various sites. For comparison,
the line depicts the upper-limit envelope as proposed
by McClung and Schaerer (2006).



(Kotlyakov et al., 1977; Gubler et al., 1986; Gauer
et al., 2007b; SLF, 2006). In the following, avalanche
front velocity measurements from the Ryggfonn test-
site are presented. The measurements are derived
from photo and/or video analyses. These measure-
ments can be used for future model calibrations.

Additionally, the measurements from Ryggfonn are
compared with (partially published) velocity measure-
ments from other locations to obtain a wider spectrum
of avalanche conditions, especially varying total drop
heights.

By analyzing these velocities, constraints for rheo-
logical models for avalanche flows can be obtained.

2 OBSERVATIONS AND MEASUREMENTS

In this section some measurements from various
avalanche test-sites are presented starting with data
from Ryggfonn. The data involve measurements
based on timed photo series and/or video analyses.
For a detailed description of the different avalanche

Figure 2: Ryggfonn event 1982-04-20, Stryn, Norway.
Time lines of the avalanche front for every 2 s (time
steps at 48 s and 52 s, are missing). The red line indi-
cates the profile shown in Fig. 6.

test-sites the reader is referred to Barbolini and Issler
(2006).

Figures 2 shows an example of the analysis of a
photo series for the avalanche at the Ryggfonn test
site on 20 April 1982. The corresponding velocities
along the shown profile is presented in Figure 6. One
should remind oneself that a representation of the
front velocity along a single profile is a simplification of
the three-dimensional avalanche flow. Nonetheless, it
can provide a first impression of the avalanche flow.

For the purpose of comparison, the avalanche
tracks are scaled by the approximated maximum drop
height, Hsc , of the avalanche, i.e., by the maximum
vertical distance that the avalanche front descend.
The velocities are scaled by

√
g Hsc to obtain a nor-

malized velocity

U∗ =
U√

g Hsc
. (1)

The return period of the presented avalanches
ranges from about 1 year to around 50 years. Thus,
they are not necessarily the design events, but some
are major events relative to their path. The reference
given in headings lead the reader to more detailed in-
formation of the respective event.

Ryggfonn, 2002-03-06

On 2 March 2003 a small avalanche was released at
Ryggfonn test site. Figure 3 shows a snapshot after
approx 17 s and Figure 4 the development of the front
velocity along the main avalanche track. The veloc-
ity is derived by video analysis. The projected release
area was approximately 5 250 m2 and the release vol-
ume is estimated to 3 000–5 000 m3. The avalanche

Figure 3: Snapshot of the avalanche 2002-03-06 at
Ryggfonn, Stryn, Norway; tm ≈ 17 s (video NGI).



Figure 4: Velocity profile of the avalanche 2002-03-06
at Ryggfonn, Stryn, Norway. Measurements by video
analysis

stopped in the cirque at a mean slope angle of about
25–30◦. Its total drop height, Hsc , was approximately
334 m. The avalanche reached a maximum velocity of
approximately 41 m s-1 corresponding to 0.72

√
g Hsc .

Ryggfonn, 1982-04-20 (Lied, 1984)

Figure 5 shows a snapshot of the avalanche 1982-
04-20 after approx 12 s. The time lines of this event
are shown in Figure 2 and the corresponding veloc-
ity profile is given in Figure 4. The velocity is derived
from a series of timed photographs. The powder cloud
hides the underlying fluidized and dense part of the
avalanche, which is narrower than the time lines in Fig-
ure 2 suggest.

At the time, the snow conditions in the path dif-
fered from dry wind packed snow in the release area
to wet snow in the runout zone below approximately
800 m asl. A snow profile at the nearby Fonnbu re-

Figure 5: Snapshot of the avalanche 1982-04-20 at
Ryggfonn, Stryn, Norway; tm ≈ 12 s (photo NGI).

Figure 6: Velocity profile of the avalanche 1982-04-20
at Ryggfonn, Stryn, Norway. Measurements by timed
photos series. The cyan * indicates the approximated
end of the deposition of the fluidized or dense part.

search station (950 m asl) showed 0.7 m dry new-snow
from the preceding week on top of humid old snow.
The air temperatures at Fonnbu increased from -9 ◦C
to 6 ◦C at the day of release. The projected initial re-
lease area was approximately 9 100 m2; the release
volume is estimated to 11 000–15 000 m3. A main part
of the avalanche stopped just in front of the newly build
catching dam. The accompanying powder cloud over-
topped the dam. The total drop height was approxi-
mately 890 m. The volume of the deposits amounted
to around 50 000 m3. The maximum velocity was
about 57 m s-1 or 0.61

√
g Hsc .

Ryggfonn, 2000-02-17 (Kristensen, 2001)

The avalanche on 17 February 2000 was artificially.
There had been a significant increase in snow since
the previous event on 11 January 2000 (≈ 1 m). The
top layer of the snowpack in the avalanche track con-
sisted of about 0.3 m loose dry snow. The projected
release area was about 15 000 m2 and the estimated
release volume about 45 000 m3. The obvious depo-
sition of the fluidized or dense flow amounted to ap-
proximately 80 000 m3. The avalanche destroyed the
instrumentation tower LC45 and damaged the con-
crete wedge LC123 (cf. Gauer et al., 2007a). Fig-
ure 7 shows the avalanche shortly before it hit the
instrumentation tower LC45. The measured maxi-
mum velocity was around 46 m s-1 corresponding to
0.5
√

g Hsc . The estimated velocities are shown in Fig-
ure 8.



Figure 7: Snapshot of the avalanche 2000-02-17 at
Ryggfonn, Stryn, Norway shortly before it arrives at
the instrumentation tower LC45 (photo NGI).

Figure 8: Velocity profile of the avalanche 2000-02-17
at Ryggfonn, Stryn, Norway. Measurements by video
analysis. The cyan * indicates the approximated end
of the deposition of the fluidized or dense part.

Monte Pizzac, 1994-01-08 (Nettuno, 2004)

On 8 January 1994 a first significant avalanche was
released at the Italian test-site Monte Pizzac. The
released volume involved approx 2 000 m3 dry snow

Figure 9: Velocity profile of the avalanche 1994-01-08
at Mount Pizzac, Italy. Measurements through time
delays between sensor impacts (Nettuno, 2004). The
cyan * indicates the approximated end of the runout
zone.

with a fracture height of approx 0.5 m and a density of
210 kg m-3. Figure 9 shows the estimated front velocity
derived from arrival time at various sensor locations.
The avalanche was characterized as dry-loose snow
avalanche. Its maximum velocity was probably around
30 m s-1 or 0.5

√
g Hsc .

Vallée de la Sionne, 1999-01-30 (SLF, 2006)

The event of 30 January 1999 was the first of three
big avalanches (Fig. 10), which could be measured,
at the Vallée de la Sionne during several consecu-
tive avalanche cycles all over Europe in Winter 1999
(cf. Gruber and Margreth, 2001). After a snow-
fall with 1.5 m new snow this dry-mixed avalanche
was artificially released. The initial release area
was approximately 52 600 m2 and the fracture depth
about 1.3 m amounting in a release volume of es-
timated 71 500 m3. The release density was mea-
sured to 200 kg m-3. The reported deposition volume is
39 500 m3 with an averaged density of 350 kg m-3 sug-
gesting little or no entrainment (Sovilla, 2004). Fig-
ure 11 depicts a plot the normalized velocity for this
events. The maximum velocity in the middle of the
track was approximately 61 m s-1 or 0.58

√
g Hsc .

3 DISCUSSION AND CONCLUSIONS

In the preceding sections avalanche (front) velocity of
avalanches with drop heights ranging from approxi-
mately 120 to 1200 m have been presented. Despite
of the heterogeneous data origin, the presented front
velocity show obvious similarities. In most cases the



Figure 10: Avalanche 1999-01-30 (# 102) at Vallée de
la Sionne, Valais, Switzerland (photo M. Förster).

Figure 11: Velocity profile of the avalanche 1999-01-
30 (# 102) at Vallée de la Sionne, Valais, Switzerland.
Measurements by video analysis (SLF, 2006). The
solid black line shows the avalanche track along the
Sionne river and the dashed line indicates the track on
the reveres slope above the shelter. The red o indi-
cates the mean approximated mean front velocity be-
tween the mast and the shelter and the cyan * mark
the approximated end of the deposition of the fluidized
or dense part.

avalanche started to decelerate at slope angles be-
tween 15–30◦. More importantly, the measurements

presented in the previous section as well as in Fig-
ure 1 imply that the maximum velocity of dry-mixed
avalanches scale with total drop height of the path, i.e.
Umax ∝

√
g H, as already suggested by McClung and

Schaerer (2006). For the presented events, the max-
imum velocities in the middle of the track ranged be-
tween (0.5− 0.72)

√
g Hsc .

This has implications for the choice of values for
the empirical parameters in commonly used avalanche
models, keeping in mind, we are interested in ex-
traordinary events. Numerical avalanche models and
the chosen empirical parameter should principally al-
low for this observed velocities. Assuming Umax ≈
0.6
√

g H as proposed by McClung and Schaerer
(2006), one obtains for the normalized maximum ve-
locity in the case of a PCM-type model (Perla et al.,
1980) the following relation as a first approximation:

U∗
max =

√
1

a2 Hsc

√
(sinφUmax − µ cosφUmax ) . (2)

This means that the choice of a2 and µ depends
on the total drop height, Hsc , and the parameters a2

and µ should not be chosen independently. That is
maybe surprising and is contrary to common praxis,
where it is often assumed that µ depends on the
avalanche size and that a2 reflects the roughness the
slope and/or the effect of entrainment. Here, a2 is the
inverse of the so-called mass-to-drag ratio, M/D, µ the
Coulomb friction factor, and φUmax is the slope angle at
the point where the maximum velocity is reached. The
friction factor is limited by µ > tanφr , where φr is the
slope angle in the runout zone of the avalanche.

Figure 12: a2 Hsc versus the slope angle at the point
of the maximum velocity is reached for varying values
of µ and the normalized maximum velocity U∗

max = 0.6.



Figure 12 plots how a2 Hsc and µ are interre-
lated. On should recall, small a2 values imply a
more Coulomb-friction dominated flow behavior. In the
case of the 2002-03-06 avalanche at Ryggfonn, which
stopped at slope angle > 25◦, this might be a reason-
able assumption, despite its noticeable powder cloud.
However, that Umax ∝

√
g H holds more generally sug-

gests that the effective friction in dry-mixed avalanches
is less velocity depended as commonly believed.

Unfortunately, the relation in Equation (2) provides
no unambiguous choice and needs to be supple-
mented by further constrains, like the expected runout
distance. Though, that leads often to contradicting
choices for the empirical parameter.

Similar constraints can be derived for the choice of
empirical parameter values in other commonly used
avalanche models (e.g. Christen et al., 2010; Sampl
and Granig, 2009). However, those involve in addition
the flow height, which has rarely been measured.

Velocity measurements like the presented ones
combined with runout observations like (Lied and
Bakkehøi, 1980; Bakkehøi et al., 1983; McClung et al.,
1989; Gauer et al., 2010) constitute also constraints
for the development and validation of more physically-
based numerical models for dry-mixed avalanches.
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