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ABSTRACT. Selected observations from the full-scale avalanche test site Ryggfonn,
Norway, like front velocity, runout distance, or pressure distributions, are presented
and compared with observations from other locations. In this way, data are provided
that could be used as reference in the process of hazard zone delimitation or while
evaluating the performance of computational runout models.
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1 INTRODUCTION

Snow avalanches pose a deadly peril to human and a
danger to their belongings ever since human started
to settle in mountainous regions. Numerous histori-
cal accounts tell stories about catastrophic events that
wiped out whole families or even villages. Figure 1,
for example, shows data on building damages in Nor-
way during the period from 1600 to 2015. For this
period a total number 902 of records about damages
due to snow avalanches (disregarding slushflows) ex-
ist. In addition, a significant number of unreported
cases, even in recent years, can be expected. Fur-
thermore, the total number of destroyed or damaged
buildings is uncertain as some records subsume a se-
ries of destructions. A frequency analysis implies a
return period of around 10 years for major event cy-
cles (i.e. years with 5 and more records). According to
these data, the most destructive winter was the winter
1867/1868 with 52 records.

The remnants of historic avalanche defense struc-
tures and old rules, like the declarations of avalanche
forests, bear witness to long-term efforts of inhabi-
tants to protect themselves and their property against
avalanches. Those early protection measures were
mostly based on trial and error approaches. In
the Alps, a more scientific or engineering approach
started in the second half of the 19th century with per-
sons like J. Coaz, and later with W. Paulcke and with
institutions such as Swiss Avalanche Commission and
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Figure 1: Records of building damages in Norway dur-
ing the period from 1600 to 2015 (data based on NVEs
net-site “http://www.skrednett.no/”).

in Austria with the establishment of the Austrian Ser-
vice for Torrent and Avalanche Control. With this more
scientific approach to avalanche protection the need
to a better understanding of the avalanche flow itself
was needed and systematic measurements started.

In the aftermath of the avalanche catastrophes in
the Alps in 1952 and 1954, a large focus was put on
the establishment of permanent defense structures. A
series of avalanche catastrophes in the second half
of the 20th century turned the focus on the identifica-
tion of avalanche hazard zones and their integration in
landuse planning, which is today standard in risk man-
agement in many countries. In the process to delimit
the endangered avalanche zones, the use of computer
models like RAMMS (Christen et al., 2010); SAMOS-
AT (Sampl and Granig, 2009) or N2L (Naaim et al.,
2004) become more and more customary. Although,
those models are still far from perfect. For example,
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Figure 2: Dry-mixed avalanche 2000-02-17 (left) surpassing the catching dam in the ”runout area” of the Ryggfonn
test site and avalanche 2005-04-16 (right), which started as dry snow avalanche but run into damp snow in the
valley bottom. Both avalanches are still in motion at the time of the photograph. (photos K. Kristensen and A. Moe, NGI)

a major challenge for those models is to capture the
transition between flow regimes during an avalanche
descent (see Fig. 2). Some of present models also
show a tendency to underestimate the maximum ve-
locity along the track while reproducing the runout dis-
tance reasonably.

Snow avalanches, likewise debris flows, rockslides
and rock avalanches, or submarine slides can be clas-
sified as gravity mass flows. That is, the driving force
for their motion is gravity and motion is caused by a
density difference between the slide and the ambi-
ent medium—in the case of snow avalanches this is
air. A change in flowing density as expected during
a flow regime alternation will have a major effect on
the dynamics of the flow—vice versa— (Gauer et al.,
2008a). Although avalanches have been classified as
dense (/wet) or powder snow avalanches (UNESCO,
1981) for a long time, still little is known how exactly
ambient conditions, like snowpack properties and air
temperature, influence the avalanche dynamics. To
gain a better understanding of these interdependen-
cies, avalanche experiments are still necessary—also
full scale tests. In the end, these interdependencies
are decisive for the avalanche runout distance (Fig.
2), impact, and their return period; and therefore im-
portant for risk management.

However, as long as the physics behind avalanche
flows is not fully understood, it is important for practi-
tioners to have some idea about the order of expected
magnitudes of relevant avalanche parameters. In the
following a collection of some of those data are pre-
sented.

2 FULL-SCALE AVALANCHE TEST SITES
As mentioned above, with the scientific approach to
avalanche protection and hazard mapping the need to
a better understanding of the avalanche flow arose.

Dedicated test sites were established at various loca-
tions around the world, like in the Khibins, Kola Penin-
sula, Russia; Roger Pass, Canada; or Kurobe Canyon,
Japan (for references see Gauer et al., 2010a). An
overview of European avalanche test sites can be
found in Barbolini and Issler (2006) or in more re-
cent descriptions of specific test sites (Ammann, 1999;
Gauer et al., 2010a; Maggioni et al., 2012), and (Thib-
ert et al., 2015). Those test sites have been equipped
with various kinds of sensors to measure, for example,

Figure 3: Remains of the Y-mast after the destructive
avalanche event 1990-04-01 at Ryggfonn (photo NGI).
The top part of the mast was bent off and swept down-
side of the catching dam by the avalanche. In front of
the catching dam are the remains of a girder mast that
belonged to a power line assembly.
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impact pressure or avalanche velocities. The assort-
ment of sensors including pressure cells, geophones,
video, optical velocity sensors or Doppler radar, just
to name some, gave valuable insights into avalanche
dynamics. The harsh conditions within an avalanche,
however, make full-scale tests difficult and costly and
most of the test sites experienced at least once a de-
structive event (see Figure 3).

3 SELECTED OBSERVATIONS FROM
AVALANCHE MEASUREMENTS

As some of the measurements might be site-specific,
it is important to compare these measurements to un-
cover scaling effects. In the following, a series of se-
lected observations from measurements at the Rygg-
fonn test site are presented and in part compared with
observations from other locations (not necessary only
to data from test sites). These data give an indica-
tion of the expected order of magnitude depending on,
e.g., the path geometry.

3.1 Mean retarding acceleration

A well-known empirical relation is the so-called α-β
model by Lied and Bakkehøi (1980), which relates the
runout angle, α (i.e. the so-called “Fahrböschungs-
winkel”), to the average inclination of the path, β,
based on several hundred avalanche observations of
”extreme events” (i.e. events with return periods of the
order 100 years or more). Against to what one may
expect, in its simplest form the model bases only on
one geometrical property of the avalanche path—the
β-angle. It does not bear any information on the abso-
lute avalanche size. Figure 4 depicts several proposed
model relationships for various mountain regions. Re-
ally obvious is a only deviation of the Colorado and
Nevada data from the others. Also avalanches on
short slopes (less than about 400 m) tend to have rela-
tively longer runouts (i.e. lower α-angles). In addition,
the figure shows α data from the Ryggfonn test site
that correspond to different return periods between 1
and 40 years.

Gauer et al. (2010b) used α-β data to investigate
the mean retarding acceleration,

|〈aret〉| = g
H
S

(1)

of these avalanches, where g is the acceleration due
to gravity, H the fall height, and S is the total travel
distance. The mean retarding acceleration is a mea-
sure of the energy dissipation per unit mass along the
track, which does not use any assumptions about the
underlying rheology. They found that the mean retard-
ing acceleration could be approximated by

Figure 4: Comparison of proposed α-β relations for
several mountain ranges (data adapted from McClung
and Mears, 1991; Wagner, 2016, and references
therein). The gray shaded area indicates the most rel-
evant range. In addition, α values from avalanches at
the Ryggfonn test site are shown.

〈aret〉
g
≈ afit

g
= 0.82 sinβ + 0.052 (2)

This implies that the dissipation rate increases with in-
creasing steepness of the path. Figure 5 shows this
relation and data from selected observations for which
information on the volume of deposition are available.
It should be mentioned that these observations for

Figure 5: Mean retarding acceleration, 〈aret〉/g, vs.
sinβ based on several hundred avalanche observa-
tions. The dashed lines indicate the linear trend and
the dotted lines mark the ±σ range. The points
show avalanche events for which data on the volume
of the deposit are available. Color and size of the
marker indicate the magnitude of the deposit volume,
log10(VDep/V0). Diamonds mark data from the Rygg-
fonn test site and circles show data originating from
various locations (cf. Gauer et al., 2010b).
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which the volume are available have the tendency to
lay above the trend line based on all data. That is,
these events had a shorter runout distance than one
could expect, however, one should keep in mind not
all of these events were necessarily the most extreme
event relative to the respective path.

How the runout distance depends on the avalanche
volume is shown in Figure 6. Here the observed re-
tarding accelerations are de-trended by

∆β〈aret〉 = afit − 〈aret〉 (3)

and plotted against the magnitude of the deposit vol-
ume, log10(VDep/V0), where V0 is set to 1000 m2. The
sign is defined in that way that a positive value implies
higher retardation and consequently shorter runout
distances. The upper curve shows data from Rygg-
fonn and the lower one data from other locations. In
the case of Ryggfonn, the gradient is about -0.032 and
in the case of the lumped avalanche data, the gradient
is -0.027. This suggests, larger avalanches tend to
have on average longer runout distances. For typical
values of 〈aret〉/g between 0.3 and 0.6 an increase of
the avalanche volume by a factor 10 may cause an
elongation of the runout distance by about 5 to 10%.
However, the p-value for the lumped data signifies lit-
tle significance. If one excludes small events from the
data set with volume less than 2000 m3, which have
a high Cook distance (i.e. these values have a high
level of influence on the regression) the gradient de-
creases to -0.011. This suggests that the absolute
value of the avalanche has little influence on the re-
tardation of an avalanche, which is in accordance with

Figure 6: De-trended mean retarding acceleration,
〈aret〉/g, vs. the order of magnitude of the deposit vol-
ume, log10(VDep/V0). The dashed lines indicate the
linear trend and the dotted lines mark the ±σ range.
Magenta lines show a fit for avalanches disregarding
small events with a volume less than 2000 m3.

the empirical α-β model that does not bear informa-
tion on size. Probably more significant is the relative
size to the path at this point.

As a side remark, observations from Ryggfonn in-
dicate that a 10 degree decrease in (air) temperature
has a similar prolongation effect as a size increase of
one order of magnitude (Gauer and Kristensen, 2016).
For a discussion on temperature effects, the reader is
also referred to Steinkogler et al. (2014).

3.2 Entrainment depth

The preceding paragraph gives some impression on
how the avalanche volume may influence the runout
distance. By now it is known that entrainment along
the track contributes to a large degree to the mass
balance of an avalanche (Sovilla et al., 2006; Gauer
and Issler, 2004). Figure 7 presents estimations on
the averaged erosion depth for Ryggfonn and for com-
parison, estimates from other locations. At Ryggfonn,
avalanches entrained on average 0.25 m snow along
the track. In comparison, the mean entrainment depth
for the other observations is about 0.4 m. This higher
value might be expected as these avalanches are re-
garded more extreme events on average. The esti-

Figure 7: Averaged slope normal erosion depth, de.
RGF mark observations made at the Ryggfonn test
site and div refer to a compilation of observations from
various avalanches path in the Alps and Norway (cf.
Gauer et al., 2010b). The median is shown by the
red central mark, the 25th–75th percentile as edges
of the blue box, the whiskers extend to the most ex-
treme data points not considered outliers and out-
liers are marked with a red cross (points larger than
q3 + 1.5 (q3 − q1) or smaller than q1 − 1.5 (q3 − q1),
where q1 and q3 are the 25th and 75th percentiles).
The notched area signifies a 95% confidence interval
for the median. The width of the box indicates the rel-
ative number of measurements (noe = 28/90).
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Figure 8: Range of front velocities along the track: a) measurements at the Ryggfonn test site and b) com-
pilation of measurements from various (major) avalanches. The red dots mark the maximum of the different
measurements. The black line represents a “mean path” geometry and the gray shaded area the envelope of all
geometries. As a reference, the β-point, α and α-1 are shown (for explanation see Lied and Bakkehøi, 1980).

mates are in accordance with, for example, measure-
ments presented by (Sovilla et al., 2006).

3.3 Velocity measurements

Avalanche velocity is an important intensity factor, it
is decisive for the dimensioning of mitigation mea-
sures, like dams (cf. Jóhannesson et al., 2009) and,
first of all, it determines which way the avalanche may
take. Therefore, it is also desirable for the practi-
tioner in the field to have an idea about velocities that
can be expected in a given path. As all dynamical
avalanche models solve the (depth averaged) momen-
tum or velocity equation(s), respectively, velocity mea-
surements along the path and/or at selected locations
are also most import for validating those models.

Figure 8 a) presents the measured mean front ve-
locity along the track and the corresponding ±σ range
derived from the available measurements at the Rygg-
fonn test site. Here only those avalanche are consid-
ered that reached the main runout area at the valley
bottom. This may give an impression of the spec-
trum of velocities for this specific path. For compari-
son, figure b) presents a compilation of measurements
from “major” dry-mixed avalanches in various paths
around the world (cf. Gauer, 2014, 2013, and refer-
ences therein). Therefore, these velocities may rep-
resent the upper range (but not necessary the most
extreme) of the expected avalanche velocity along a
path. This is in agreement with the measurements
from Ryggfonn, from where the highest observed ve-
locities fit well in. The fall height in these cases ranged
from about 120 m to 1220 m. To facilitate a compari-
son, the path geometries are scaled by the fall height
HSC and the velocity U by

√
g HSC . Then the mean of

the observed velocities and their standard deviations

are calculated at each point along the track. Similarly,
an averaged path profile is calculated, which could be
regarded as a kind “standard path”. However, one
should keep in mind that the mean slope angles of the
original profiles cover a typical but limited range. As
the inset in figure b) suggests the maximum front ve-
locity (i.e. the heights observed velocity during a single
descent) seems to be proportional to the square root
of the fall height in the presented cases, that is

Umax ∼ 0.6
√

gHSC (4)

McClung and Schaerer (2006) proposed a similar re-
lation as a kind of upper limit based on observations
from Rogers Pass, Canada. Although, some reports
indicate that highly fluidized avalanches may have
reached higher maximum velocities (Gauer, 2014, and
references therein).

3.4 Impact pressure on mast like obstacles

Knowledge about (impact) forces of snow avalanches
on narrow obstacles are important for the design of
many constructions in avalanche-prone terrain, such
as masts of electrical power lines, ski lifts, and ca-
ble cars. It is also a prerequisite in the investigation
and back calculation of, e.g., forest damage. Recent
observations put back in mind that even slow mov-
ing avalanches can cause large forces on obstacles
(Gauer et al., 2008b; Sovilla et al., 2010; Thibert et al.,
2013; Ancey and Bain, 2015). The force on an obsta-
cle might be expressed by

FD ≈
(

CD +
fs

Fr2

)
A
ρU2

2
= C∗

DA
ρU2

2
(5)

where Fr is the Froude number (= U/
√

g h), U the
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Figure 9: Estimates on ρC∗
D vs. front velocity Uf .

Note the log-log-scale. Colors indicate the air temper-
ature. Lines may give a kind of upper envelope for the
wet- and dry-snow events. Inset shows similar data
adapted from (Sovilla et al., 2008, Fig. 13) as dots.

velocity, h the flow height, A the projected area, and
ρ is the avalanche density. The coefficients CD de-
scribes the effect due to the dynamic pressure and fs
the contribution by the static pressure. Both coeffi-
cients may depend on the flow properties themselves
and on the geometry of the setting. C∗

D represents in
this case a lumped drag factor. Figure 9 shows es-
timates on the combination of flow density and drag
factor C∗

D based on observed maximum values of the
impact pressure at five different pressure sensors with
a size of 1.2× 0.6 m2 and on the front velocity. These
values give only a rough estimates as maximum pres-
sures did not necessarily occur at the front and the
velocity within in the avalanche may differ from the
front velocity. Therefore, the velocity here should only
be regarded rather as an indication of the flow state.
However, the data give an impression what could be
expected. As a reference the plot shows also two ex-
ample graphs according to (5), using estimates on the
typical flow depth. The upper line may give an approx-
imation for wet snow and the lower one for dry snow
avalanches. The shown trends are similar to those
presented by Sovilla et al. (2008) in their Fig. 13.

3.5 Forces on transmission line cables

In the early years of the Ryggfonn test site a trans-
mission line assembly was mounted in the lower part
of the track (Figure 10). The assembly was destroyed
by an avalanche in 1990 (see Figure 3). Nonetheless,
a limited set of data was obtained during that period.
These data are of interest in respect to construction of
power lines or cable ways, which could be hit by the
powder cloud of an avalanche. They also give some

Figure 10: Transmission line assembly (photo NGI).

indication about the structure of the powder cloud. Fig-
ure 11 plots the normalized maximum tension-force
vs. height above ground, where F1 is the tension force
at 8 m, F2 at 12 m and F3 at 16 m above ground. The
graphs show an obvious decrease in the tension force
with increasing height about ground, which suggests
a similar decrease in the factor ρCD (cf. equation (5)).
An exponential decrease might be a reasonable first
guess, that is

F (h)
F (h0)

≈ e−(ec∆h) ; (6)

where h0 is a reference height and ec is the rate fac-
tor, which depends on the velocity. Generally, the de-
crease with height is less pronounced with increasing
velocity—the forces become more uniform across the
flow height. Only two wet snow avalanches in which
cases the powder cloud was rather diluted (i.e. F1 was
rather low) fall out of this velocity trend and showed
more uniform behavior but low forces.

Figure 11: Normalized maximum tension-force vs.
height above ground. The dashed lines show expo-
nential fits and the color indicate the front velocity Uf .
Note the log-scale.

Proceedings, International Snow Science Workshop, Breckenridge, Colorado, 2016

1345



3.6 Avalanche probability and release height

In avalanche hazard assessment, the probability of an
avalanche release in a given path is an important pa-
rameter. It is widely accepted that the 3-day new snow
depth is an important indictor parameter. However, the
conditional probability, P(A|HNW3d ) (i.e. the probabil-
ity of an avalanche for a given HNW3d ), may vary from
path to path and differs considering a whole region.
It probably also varies for different climatological re-
gions. Figure 12 a) shows examples of P(A|HNW3d )
for a selection of paths from different regions.

Furthermore, avalanche models require information
on the expected fracture depth. A common procedure
is to use the 3-day new snow depth for a given retour

Figure 12: a) Cumulative probability distribution of the
conditional probabilities P(HNW3d |A) for different re-
gions and paths: data adapted from Chamonix and
Bessans, France (Meunier et al., 2005); Zouz, Switzer-
land (Stoffel et al., 1998); Gothic (RBML), Colorado,
(courtesy of Billy Barr); Grasdalen region and Rygg-
fonn path, Norway. b) Comparison between observed
and simulated P(HNW3d |A) for the Ryggfonn path.
Lines show the corresponding fits. The inset shows
the probability distribution of the expected fracture
depth.

period and correct for the slope angle (c.f. Salm et al.,
1990; Gruber et al., 2002). However, observations,
amongst otters from Ryggfonn, suggests using only
3-day new snow sum may underestimate the actual
fracture depth. Figure 12 b) shows an approach of us-
ing a simple probabilistic model for avalanche release
based on Mohr-Coulomb fracture criteria that uses the
total snow depth and 3-day new snow depth distribu-
tion as input parameter. The inset depicts the corre-
sponding probability distribution of the fracture depth.

4 CONCLUDING REMARKS

Avalanche risk management requires knowledge of
runout distances and the corresponding return periods
as well as intensity measures. It becomes more and
more popular to use numerical models to obtain those
required information also in respect to probability dis-
tributions, e.g. Eckert et al. (2010). Despite of Perla’s
rule of thumb “The only rule of thumb in avalanche
work is that there is no rule of thumb” (McClung and
Schaerer, 2006), it is important to have reference data
and/or empirical relations that help to evaluate the per-
formance of those computational runout models, es-
pecially in cases where field data are insufficient. A
popular empirical relation is certainly the so-called α-
β model by Lied and Bakkehøi (1980), which relates
the runout angle, α, to the average inclination of the
path, β. In this paper now, selected observations from
the full-scale avalanche test site Ryggfonn, Norway,
are presented and in part compared with observa-
tions from other locations to provide further reference
data. Some trends can be observed. These trends
can provide benchmarks for the evaluation of recently
presented approaches of multivariate parameter opti-
mization for avalanche models (Fischer et al., 2015;
Eckert et al., 2010).

These empirical data are also helpful for practition-
ers while delimitating hazard zones.

Although costly and difficult to perform, full-scale
avalanche tests are still necessary to obtain in-depth
insight in the flow behavior of avalanches and its de-
pendency of the ambient conditions. These experi-
ments provide also reference data for numerical mod-
els as well as references for small-scale test to un-
cover scaling behavior. But also well documented ob-
servation from (natural) avalanches in regular paths
are desirable to obtain a wider variety of topographic
settings.
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