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FROM DEBRIS IN LAKE SEDIMENTS TO BACK-CALCULATION OF SNOW
AVALANCHES ON LAKE ICE OF ANESTALSVATNET, NORWAY

Denise Rither', Torgeir Opeland Rgthe! and Simon de Villiers?

1 Western Norway University of Applied Sciences, Sogndal, Norway

ABSTRACT: Situated at 439 m a.s.l. in northernmost Sogndalsdalen, Western Norway, lake
Anestglen has a known history for snow avalanches which primarily originate from the mountain to the
west, Oksli (Figure 1a). Previous work based on the analyses of ten short sediment cores, taken in a
west-east transect across lake Anestglen, gives a historical perspective to snow avalanche activity. We
can distinguish two lake sediment signatures derived from snow avalanches: (i) the first sedimentary
unit SA1 is attributed to snow avalanche debris melting out from lake ice and (ii) the second sedimentary
unit SA2 is suggested to form by snow avalanches which break through lake ice. A local farmer who
has performed regular control measurements of snow depth and density since 2011 has observed two
larger snow avalanches in the past years. Whilst occurring in the same avalanche path, the snow ava-
lanches had markedly different characteristics. The one observed in 2012 had relatively long runout on
the frozen lake surface, while the one observed in 2015 broke the lake ice, piled up at proximity to the
western lake shore and caused shore-parallel fractures all the way across the lake. We explore the
weather conditions contributing to the two known events. Further the observed maximum runout based
on the sediment cores and the 2012 avalanche have been back-calculated with the help of RAMMS::Av-
alanche and RAMMS::Extended. Notably RAMMS::Avalanche does not produce long enough runouts
to match our observations. Finally, observations and RAMMS scenarios are discussed focusing on the
performance of the models and whether lake ice with different thicknesses may break in various sce-
narios.

KEYWORDS: snow avalanches on lake ice, lacustrine record, avalanche modelling

1. INTRODUCTION et al. (2022). Despite extensive research over the
past decades, correlation of mass movement
events across core locations remained difficult.
Therefore, ten short sediment cores with undis-
turbed top were retrieved and analyzed by two
groups of students in 2017/18 (Kimerud and
Hansen, 2018; Bergaas et al., 2018). The focus of
these bachelor theses was to explore shallow
landslide induced turbidites and snow avalanche
deposits in lakes in greater detail. Building on this
work Ruther et al. (2024) have prepared a manu-
script to be submitted to the journal Sedimentol-
ogy. We found that minerogenic clasts with diam-
eters greater than 2 mm, often in combination with
organic clasts, at the lake floor more than ten-me-
ter distance from the lake shore can be seen as
evidence for snow avalanches on a frozen lake
surface. We observe eight snow-avalanche-litho-
facies, mostly diamicts, which are distinguished
based on the content and size of organic and
minerogenic clasts as well as sedimentary struc-
2. SNOW AVALANCHE SIGNATURE IN LA- tures. These eight lithofacies are further grouped

CUSTRINE SEDIMENTS into two categories (1) unit SA: for snow ava-
lanches that hit a frozen lake surface and melt out
in late spring to summer and (2) unit SAz for snow
avalanches that broke the lake ice surface so that
any soil or minerogenic grains were then depos-
ited from a turbulent mixture of water, snow and
loose material. Snow avalanche event layers be-
* Corresponding author address: longing to unit SAz are found in the three western-
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Snow avalanches occur regularly in mountainous
polar and subpolar regions impacting frozen wa-
ter bodies where avalanche tracks extend onto
lakes or fjords. Yet, this process is relatively
poorly documented and to our knowledge no pub-
lished studies have explored how to best model
these scenarios. The only account that we are
aware of occurred during a mass movement cycle
in July 2022 in New Zealand (Miller et al., 2023)
when two snow avalanches hit newly formed ice
on Hooker lake. In this study, we take observa-
tions of snow-avalanche-transported sediment
debris in lake sediments and direct observations
of historical avalanches as starting point to back-
analyze known runouts with RAMMS::Avalanche
and RAMMS::Extended and explore under which
conditions lake ice may break due to snow ava-
lanche impact.

Lake Anestglen (Anestglsvatnet in Figure 1a) and
its surroundings are valuable archives for mass
movement activity as shown in three student the-
ses from the 1990s which are summarized in Aa
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Figure 1: Location map showing the lake Anestglen in western Norway (@), photo taken p& Ottar
Husum on April 26, 2012 (b), and three-dimensional view of an aerial photo from 2018 (c) showing
lake Anestglen at similar angle as the photo shown in b.

but the three easternmost cores (Figures la and
4). The absence of any avalanche debris in the
eastern cores supports more recent observations
which suggest that snow avalanches are more
seldom from the eastern mountain Torstadnakken
(Figure 1a) and do not tend to have runouts onto
the lake. Notably, we interpret the occurrence of
snow avalanche debris in sediment cores as max-
imum runouts from the mountain Oksli. Therefore,
we make the assumptions that avalanches from
Torstadnakken can be neglected and that lake ice
with avalanche debris does not drift significantly
before it melts.

3. METHODS

The Norwegian Water and Energy Directorate
(NVE) maintains an automated weather station
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measuring precipitation, air temperature, snow
water equivalent and snow depth at Anestglen,
447 m asl, since 2011 (Fjeldheim and Barfod,
2013; Stranden and Ree, 2014). The station en-
compasses a temperature and humidity sensor
(Campbell CS215), rain gauge (OTT-pluvio), wind
sensor (RMYoung), snow scale (Mgen 2525),
snow pillow as well as a snow depth sensor
(Campbell SR50AT). Ottar Husum conducts man-
ual control measurements for snow depth and
density to check the data quality of existing instru-
mentation at Anestglen weather station at 4-to-6-
week interval throughout the winter when the
Anestglen weather station can only be accessed
with skis.

We back-calculate the historical account of maxi-
mum runouts and the observed snow avalanches
with  the numerical simulation programs
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RAMMS::Avalanche (Christen et al., 2010) and
RAMMS::Extended (Glaus et al., 2023). Whilst we
only show five scenarios, a total of 50 simulation
runs have been performed to test sensitivity to the
input data and parameters. For the modelling, we
used a DTM from 2016 based on airborne LiDAR
data. Resolutions of the calculation grid between
1 and 10 m were tested, while all presented re-
sults have 5 m resolution. As we struggled to re-
produce long enough runouts north of the fan
where the core transect is located, we edited the
DTM to remove parts of the fan and gully to ac-
count for potential topographic changes since
early Holocene. These scenarios did not result in
markedly longer runouts or better fitting runout
patterns and are not shown here. In RAMMS::Av-
alanche, we model with standard Voellmy param-
eters (u=0.2, §&=2000) as well as with variable
Voellmy parameters for medium and large ava-
lanches with 100 or 300 year return periods re-
spectively (altitude limits adjusted to Norwegian
conditions). The resulting Voellmy parameters for
medium and large scenarios range from 0.20 to
0.37 and 0.16 to 0.30 respectively for the Cou-
lomb-type friction (i) as well as from 1100 to 2500
m s and 1200 to 3000 m s respectively for the
viscous turbulent friction coefficient (). In
RAMMS::Extended the initial frictional parame-
ters (Mo, & and No) are determined based on pre-
set values representing 10, 30 and 100 year re-
turn periods. Depending on temperature and lig-
uid water content (LWC), Coulomb-type and tur-
bulent friction are then calculated for each time
step. RAMMS::Extended is sensitive to input of
temperature and LWC (Glaus et al., 2023; Miller
et al., 2023). As we lack sufficient control on the
timing of avalanches in 2012 and 2015 and cer-
tainly for the historical sediment record, we gen-
eralize release conditions into a dry scenario
(snow temperature -5°C, snow density at release
200 kg m=2, at deposition 450 kg m=3, LWCo =0
mm m-2) and wet scenario (snow temperature
0°C, snow density at release 300 kg m=3, at dep-
osition 450 kg m=3, LWCo = 1 mm m~2). The snow
depth and temperature had an adjustment rate of
0.03 m 100 m* and 0.3°C 100 m?, respectively.
Whilst RAMMS::Extended allows for the simula-
tion of the interaction between core and powder
cloud, for simplicity we have chosen to focus on
the flowing part.

As frozen water bodies are commonly used as
motorways in the high-Arctic, bearing capacity of
ice has been a concern for engineers and we may
borrow some of the employed concepts (e.g.
Hertz, 1884; Ashton, 1986; Sodhi, 1995). In the
elastic plate theory, the characteristic length L or
radius of the deflected ice area:
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can be expressed with the elastic modulus E, ice
thickness h, Poisson’s ratio v, density of water p
and gravitational constant g.

The failure or ultimate load can then be deter-
mined with a semi-empirical equation:

P, = 1.25 (1 + 1.68a) aph? @)
with of which is the flexural strength of an ice
sheet when the bottom is in tension and the max-
imum momentum a which can be calculated as
load contact radius divided by the characteristic
length:

a="/

4. RESULTS

In the following, we present the historical and
meteorological account of snow avalanches
which hit the lake ice of Anestglsvatnet in the past
decade and the back-analysis of the observed
avalanche paths and runouts with the simulation
programs RAMMS::Avalanche and RAMMS::.Ex-
tended.

®)

4.1 Historical snow avalanches on lake ice

Historical accounts of snow avalanches hitting
lake Anestglen are scarce as it can only be ac-
cessed by ski in wintertime. Ottar Husum who skis
into the valley regularly to measure snow depth
and density has observed two larger noteworthy
snow avalanches since 2011.
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Figure 2: Hourly temperature (a) and snow depth
record (b) at Anestglen from March 24™ to April
26t 2012 when the snow avalanche debris was
observed

Figure 1b shows avalanche debris on the lake ice
observed on April 26th, 2012. On his prior visit on
March 24th, 2012, the avalanche had not oc-
curred yet. Temperature and snow depth records
for the time of potential avalanche release are
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shown in Figure 2. Together with information on
the snow stability of the forecasting service, which
suggest stable conditions end of March and fre-
guent wet loose snow avalanches from mid-April,
the most likely period for slab avalanche release
is during snowfall on April 8-9th and the following
day with rising temperatures.
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Figure 3: Temperature record at Anestglen from

autumn 2011 until summer 2017

Three years later in 2015 Ottar Husum recalls ob-
serving a different avalanche-on-lake-ice end
member. Unfortunately, the exact date of occur-
rence is unknown as the photos that he took at the
time are now unavailable. Whilst it occurred in the
same avalanche track, Storeskreda (Figure 1a), it
had markedly different characteristics than the
one observed in 2012. The 2015 avalanche had a
much shorter runout as snow had piled up on the
ice at proximity to the lake shore where it had

caused the lake ice to break. The impact of the
avalanche caused numerous shore-parallel frac-
tures extending all the way to the opposite lake
shore. According to Ottar Husum these cracks re-
sembled ogives on a glacier.

The temperature record from seasons 2011/12 to
2016/17 (November-December highlighted with
light grey background in Figure 3), suggest
suboptimal conditions for lake ice formation in the
2014/15 season. Unfortunately, there were some
days with lacking temperature data in January,
but a near-by station suggests January 6-18 to
have had daily temperature close to and above 0
°C. There were no sustained temperatures below
-5 °C from October 2014 to January 2015, but
temperatures were below zero for large parts of
December when a meter of snow accumulated.

4.2 Back-analyses of observed avalanche
and runouts in RAMMS::Avalanche

Scenario 1: We delineated the starting area at
1175-1250 m asl on Oksli mountain (Figure 4a)
with 1.5 meter starting depth, resulting in an esti-
mated release volume of 33 880 ms. Variable
Voellmy parameters correspond to the large sce-
nario as described in the methods. The deposition
resulting from this model scenario is shown in Fig-
ure 4a, the maximum velocity in Figure 4b. De-
spite being a medium-sized avalanche with low
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Figure 4: Three scenarios modelled in RAMMS::Avalanche: (a) snow deposition and (b) maximum ve-
locity for scenario 1, (c) snow deposition for scenario 2 and (d) snow deposition for scenario 3
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friction values the runout on the lake does not
match the observed runout from the 2012 ava-
lanche nor the maximum reach of snow ava-
lanche debris in the sediment cores. At this size
the snow debris is almost equally distributed over
the northern and southern part of the fan.

Scenario 2: Here we model a small avalanche
starting at 1200-1225 masl on Oksli with 1 meter
starting depth, resulting in an estimated release
volume of 8427 m3. Variable Voellmy parameters
correspond to the medium scenario as described
in the methods. This small avalanche scenario re-
sults in a northern path over the fan but is far from
inferred historical runout lengths based on sedi-
ment cores (Figure 4c). This scenario certainly
does not reflect the 2012 avalanche adequately.

Scenario 3: This scenario consists of the same
starting area (1175-1250 m asl on Oksli) as in
scenario 1, in addition to two secondary starting
areas with 10 and 24 s delay, at 1050-1125 and
750-950 m asl respectively. All of these were set
to 1 meter starting depth, resulting in a total start-
ing volume of 56 281 m3 which is approaching the
large avalanche category. The runout length is
still around 50 meters short compared to the ava-
lanche debris observed in 2012, and the modelled
area of deposition is much wider (Figure 4d).

The flow becomes channelized through the steep-
est passage between 1100 and 650 m asl. It

seems that the speed acquired at 750-700 m asl
just before reaching the fan apex is crucial for how
the snow is distributed further over the fan.
Smaller avalanches or avalanches with lower re-
lease areas may have their focus of deposition
beyond the northern fan, while larger, faster ava-
lanches seem to shoot out of the channel at 750-
700 m asl resulting in deposition beyond the
southern reaches of the fan.

4.3 Back-analyses of observed avalanche
and runouts in RAMMS::Extended

Scenario 4: This is a dry scenario with starting
area at 1175-1250 m asl (same as scenario 1)
and 0.7 meter starting depth, giving an estimated
release volume of 16 156 m3. The initial friction
parameters are chosen for an avalanche with 10-
year return period (uo = 0.55, & = 1800 m s72, No
= 200 Pa). This scenario matches the observed
runout for the 2012 avalanche well (Figure 5a).

Scenario 5: This is a wet scenario for a medium-
sized (1m starting depth, 26 585 m? release vol-
ume) slab avalanche starting in the gully from
750-950 m asl. Return period is set to 100 years
(uo = 0.42, & = 1900 m s72, No = 100 Pa). Even
though the avalanche starts in warm snow, it does
not produce meltwater and no lubrication occurs
resulting in piles of snow by the lake shore (Figure
5b).
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Figure 5: Four scenarios modelled in RAMMS::Extended showing snow deposition for (a) scenario 4,

(b) scenario 5, (c) scenario 6 and (d) scenario 7
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Scenario 6: Starting area at 1175-1250 m asl
(same as scenario 1 and 4) and 1 meter starting
depth, give an estimated release volume of
23 080 m?3 in this dry scenario. The initial friction
parameters correspond to a 100-year avalanche
(o = 0.42, & = 1900 m s72, No = 100 Pa). This
simulation run suggests that snow debris from a
medium-sized avalanche can reach all the way
across the lake and climb onto the eastern shore
at the southern reaches of the fan (Figure 5c).

Scenario 7: Small starting area at 1000-1050 m
asl with 1 meter starting depth (13 023 m?2 release
volume) and 100-year return period (uo = 0.42, &
= 1900 m s72, No = 100 Pa) creates this extensive
deposition in a dry slab avalanche scenario (Fig-
ure 5d). This is considered amongst the simula-
tion runs with better fit regarding observed maxi-
mum runout at the northern reaches of the fan
based on the sediment core transect.

Despite exclusively modelling small- to medium-
sized release scenarios, the runouts are markedly
longer than those modelled with RAMMS::Ava-
lanche, even reaching the opposite lake shore in
scenarios 6 and 7 (Figures 5c and 5d).

5. DISCUSSION

Whilst direct observations of snow avalanches on
Lake Anestglen by Ottar Husum are valuable,
time control is relatively poor, in particular for the
2015 avalanche. Unfortunately, Sentinel 1 and 2
missions were not operational at the time and
available satellite data does not allow for recogni-
tion of avalanche debris on the lake ice in this nar-
row valley. Nevertheless, the analysis of weather
conditions prior to the two largest snow ava-
lanches in recent years give some useful insights.
Within the month of potential occurrence of the
2012 avalanche, April 8-10% stand out as most
likely period of release, but only 10 cm of snow
accumulated at the Anestglen weather station
and wind speeds were below 3 m st these days.
In the time window of question weakening of a
deeper weak layer due to warming could have
been just as likely as loading by precipitation
and/or wind. So unfortunately, the trigger remains
unresolved.

The season 2014/15 clearly stands out with an
autumn which promoted the formation of weak
lake ice. Temperatures were unusually mild in Oc-
tober and November but between 0 °C and -5 °C
in December. In this period, a meter of snow ac-
cumulated. Snow falling on thin lake ice acts as in
insulator and hinders the formation of thick and
strong columnar ice, also in colder periods later in
winter (Leppéranta, 2015). Therefore, it is not sur-
prising that the avalanche which punched through
the lake ice was observed in 2015. The presented
semi-empirical formula for failure load can only be
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applied for ice of good quality, 30 cm of rotten ice
may have lost all its bearing capacity (Fransson,
2009).

Maximum pressures calculated in the RAMMS
scenarios presented above vary from 5 to 420
kPa at the lake shore. Peak pressures calculated
with RAMMS::Avalanche are 5 kPa (scenario 2),
85 kPa (scenario 1) and 110 kPa (scenario 3).
Pressures for the RAMMS::Extended scenarios
are generally higher and range from 60 kPa (sce-
nario 5) over 240 kPa (scenario 4), 320 kPa (sce-
nario 7) to 420 kPa (scenario 6). In the following,
we consider whether such pressures are suffi-
cient to break through lake ice.

When loaded on a short time scale (1-2 min and
less) ice shows elastic behavior, on very short
time scales (seconds) it behaves in an elastic-brit-
tle fashion whilst the long-term response is vis-
cous-plastic (Leppéaranta, 2015). Uniaxial com-
pressive brittle strength of lake ice ranges within
1-10 MPa with highest values for cold, fine-
grained ice (Michel, 1978). Shear strength de-
pends primarily on the strain rate and not much
on temperature with values in the range of 0.5-1.5
MPa (Leppéaranta, 2015). Based on comparison
of these values with maximum pressures calcu-
late in RAMMS, brittle failure on a very short time-
scale of seconds becomes unlikely. When consid-
ering whether the break-through load can be
reached elastically, the limiting factor is that it is
difficult to determine the correct impact radius and
that avalanches are not static but dynamic loads.
Assuming the load to be static, we use the semi-
empiric elastic plate theory equation (Hertz, 1884)
for some quick calculations. With fixed input val-
ues for the elastic modulus E = 9 GPa, Poisson’s
ratio v = 0.33, density of water p, = 1000 kg m?3
and gravitational constant g = 9.81 m s?, we var-
ied the flexural strength of lake ice of = 0.5-1.5
MPa, lake ice thickness h = 0.05-0.30 m and im-
pact radius r =1-5 m. The results suggest that sce-
nario 2 will not break the ice whilst all other sce-
narios have the potential to break the ice depend-
ing on the chosen ice thickness and flexural
strength.

RAMMS::Extended produced markedly longer
runouts and different depositional patterns for
comparable scenarios. We have only modelled
the flowing part of the avalanche, so powder-core-
interactions can be ruled out as explanation (e.g.
Bartelt et al., 2015). Snow entrainment or snow
erodibility incorporated in RAMMS::Extended is
treated as a fully plastic collision and is an im-
portant source of random kinetic energy (or gran-
ular temperature) thus dissipating this heat and
raising the temperature in the core (Bartelt et al.,
2018). Mean avalanche temperature is introduced
in RAMMS::Extended and plays a crucial role for
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the representation of avalanche dynamics; it gov-
erns the meltwater generation and dry-wet-transi-
tions are in turn accounted for with a water-de-
pendent Voellmy-type friction law (Glaus et al.,
2023). Therefore, the frictional parameters evolve
through the simulation and are temperature-de-
pendent: the closer to 0 °C the release tempera-
ture, the less fluidized the avalanche and the
shorter the runout. If, however, generated temper-
atures are warm enough to create meltwater
through frictional heating, lubrication may lead to
longer avalanche runout. This is the case in sce-
narios 4 and 6 (Figures 5a and 5c) where meltwa-
ter is produced on the southern part of the fan just
before entering the lake ice. This accounts for
much longer runouts over the ice than for compa-
rable scenarios in RAMMS::Avalanche. When
show entrainment is mimicked by the inclusion of
secondary starting areas in RAMMS::Avalanche
as in scenario 3, the maximum runout occurs be-
yond the southern reaches of the fan and maxi-
mum runouts observed from the core transect
cannot be reproduced (Figure 4d).

No meltwater is produced in scenario 7 (Figure
5d), so lubrication cannot explain the observed
runouts all the way across the lake. In
RAMMS::Extended the modelled avalanches sus-
tain their high velocities over the fan, whereas
they slow down shortly after the fan apex in
RAMMS::Avalanche. We await discussions at the
conference for clarifications on why this might be
the case.

6. CONCLUSIONS

We present indirect and direct observations of two
end members of snow avalanches lake ice inter-
action: (i) snow avalanches hitting lake ice and
melting out in spring and (ii) snow avalanches
breaking through lake ice upon impact. Attempts
to back-analyze observed and inferred runouts in
conventional RAMMS::Avalanche are not suc-
cessful, while RAMMS::Extended is able to repro-
duce different observations satisfactory. Snow
entrainment and meltwater production can ex-
plain large differences in the modelled runout and
depositional pattern. In RAMMS::Avalanche the
momentum on the fan apex is crucial for the path
the avalanche takes over the fan.
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