THE LONGYEARBYEN MITIGATION PROJECT — MITIGATING GRAVITATIONAL
MASSFLOWS IN AN ARCTIC CLIMATE CHANGE HOT SPOT
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ABSTRACT

Spitzbergen and Longyearbyen are one of the areas in the world where climate is changing most rapidly. Houses and other infrastructure in
Longyearbyen is threatened by a number of gravitational massflows: Both avalanches and slushflows have claimed lives, and shallow land-
slides and debris flows have hit buildings in recent times. After an avalanche in 2017, a large mitigation project was started. Climate change
will likely reduce the probability of avalanches over the next decades, whereas the probability of debris flows and shallow landslides will
likely increase. A change in the timing of slushflows has already been observed. The observed and expected changes in climate had to be
considered during every step in the design of several protection measures against these gravitational massflows. The protection measures
include supporting structures against avalanches, a catching dam against avalanches, shallow landslides and debris flows, and debris flow

barriers against slushflows.

INTRODUCTION

Spitzbergen and the largest settlement Longyearbyen, located at 78° north, are one of the areas in the world where climate is changing most
rapidly, a consequence of reduction of sea ice which fuels the atmosphere with more moisture. Since the 1970s the yearly average temper-
ature has increased with 5°C and the winter seasons (DJF) with astonishing 8°C. Precipitation is also increasing, with 20 % yearly and 70 %

in the autumn season, and more frequent rain on snow events.

In 2015 a slab avalanche hit the settlement below Sukkertoppen (fig 1) with two fatalities. After the 2015-event, site specific avalanche
warning was established as risk reduction. A new avalanche in 2017 (fig 1) was a close call and only damaged buildings. Following the
2017-event, supporting structures were constructed in 2018 in that specific release area, and a more long-term plan for further mitigation
measures was started. The consulting company Skred AS and several subcontractors were appointed to carry out the planning for the cli-
ent, NVE. In this paper, we present a mitigation project to reduce risk from avalanches and slushflows, in the light of climate change, both

ongoing and predicted.

METHODS

General climatology

The natural hazard setting in Longyearbyen is an arctic environment where little precipitation, low winter temperatures and abundance
of blowing snow which typically give a shallow snowpack heavily laden with weak facetted layers. Blowing snow gather extensive snow
amounts in depressions and can lead to rapid loading on a weak snowpack. In recent years, snow amounts have increased, along with an
increase of the number of periods with temperatures above freezing during the winter. Due to increased temperatures, the thickness of the
active layer above the permafrost has increased and will likely continue to do so in the future. In the steep soil slopes above Longyearbyen,

the increase in active layer depth makes possible more frequent and larger shallow landslides and debris flows.

Figure 1: Overview of Longyearbyen and the release areas for the 2015- and 2017-avalanche events. Vannledningsdalen has frequent slush flows.
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Slushflows
Slushflows have been described as “debris flows on stereoids”. This is no understatement given that these slurries of snow, water and sedi-

ments accelerate fast and can reach velocities above 25 m/s with a density of 600 - 1000 kg/m3.

Slushflows are frequent in the area surrounding Longyearbyen. Especially well known is the Vannledningsdalen (“waterpipe-valley”) slush-
flow path (fig 1, fig 2). In 1953 a slushflow along this path destroyed several buildings including the hospital and caused three fatalities.
After this event, a deflecting dam was built, albeit far too low to deflect large slush flows. In addition, an operational system has of mitiga-
tion has taken place almost every year since the 1950s: A bulldozer has been placed on top of the valley in winter, before the typical slush
flow season, May through June. When driving down through the valley, the machine cleared a large draining channel where water could
freely drain without initiating slush flows. This procedure could only be carried out once every winter due to lack of access to the top of
the valley after dozing, but the method proved effective. In the 1950s, before the clearing started, more than 5 slush flows occurred. From
the dozing started and until 2012, only one event occurred in 1989. This single event was probably because the clearing was not done this
year. In 2012 a new event occurred, but this time in the middle of winter, due to mild weather. A similar event happened again in 2022. The
increase of slushflow-events in the middle of the winter are expected to be more frequent in the future, as periods of milder temperatures
are expected to become more frequent (Norsk Klimaservicesenter, 2018), especially combined with an increase in more intense events with

precipitation as rain also in winter.

The increased frequency and the more unpredictable timing of slushflows, demanded that mitigation needed to be based on permanent
structures rather than operational handling. The latter is anyway not allowed as a tool to achieve a satisfying safety level for new buildings,

as regulated by the Norwegian building codes.

Figure 2: Figure showing the large snow accumulation in the bottom of Vannledningsdalen, but relatively little snow on the steep parts of the terrain.

For the mitigation measures against slushflows, the client required a maximum probability 1/1000 for events with destructive power at
the buildings, after the mitigation measures were built. This corresponds to the required safety for a residential building according to the
Norwegian building codes. In addition, the client wanted to know how the planned mitigation measures would affect the hazard zone cor-
responding to an event with a nominal yearly probability of 1/5000. This is the maximum allowed probability for hotels and schools, which

are also present in the potential runout area of the slushflow from Vannledningsdalen.

Several mitigation solutions against slushflows in Vannledningsdalen have been proposed over the years. Our proposed solutions were
based on earlier work, but we used a modeling approach where newer observations and insights from recent slushflows were used to tune
a dynamical model (RAMMS). This modeling approach provided valuable support to the detailed designs of several alternative mitigation
concepts. Especially our uncertainty in predicting slushflow velocities was decreased using the dynamical modeling throughout the design
phase. Due to very high design velocities and large volumes, the design heights of deflection dams were very large. This again caused cost

estimates and the visual impact to be very high.

As a result of the negative aspects of the solutions with dams, we investigated a solution using debris flow barriers to mitigate the Vannled-
ningsdalen slush flow. This was previously suggested in 1991. Also for these designs, dynamical modeling played a large role. The barriers

are being built and are expected to be fully operational for the winter 2025/2026.
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Avalanches
The avalanche paths from Sukkertoppen threaten many buildings close to the city center, as the avalanche events in 2015 and 2017 illustrat-

ed (fig 1). On Sukkertoppen, supporting structures were designed, and have now been built (fig 3).

A design life for the supporting structures of 40 years was chosen. A major reason for this relatively low lifetime, was because avalanches are
expected to be less predominant in the future, but the frequency of hillslope debris flows will increase. Melting permafrost with increasing
thickness of the active layer is also a concern, as it will affect the anchoring of the structures. At the foot of the mountain side, a catching
dam was designed and built (fig 3). One purpose of this dam is to stop small avalanches that may release from below the lowest row of
supporting structures. This scenario is expected to occur mainly within the next decade or two. After that, the climate will most likely favor

an increase of the probability of shallow landslides and debris flows.

Shallow landslides and debris flows

Several houses below the Sukkertoppen mountain have historically been hit by shallow landslides and/or hillslope debris flows. Shallow
landslides have initiated several places in the slope, during periods of short, intense precipitation following a long period of relatively high
precipitation, all during a period with melting of the permafrost. Debris flows initiate in two shallow depressions in the slope.

In addition to stopping small avalanches, the second purpose of the catching dam is to stop shallow landslides and debris flows from
reaching the houses. To avoid water run-off from the slope reaching the dam, thereby increasing the active layer thickness there, leaving
an unstable foundation, a large

channel was designed and built between the dam and the slope (fig 3).

Figure 3: Catching dam above the houses at the foot of the mountain side. Supporting structures in the steeper part of the mountain side.

RESULTS AND DISCUSSION

The slushflow barrier design has two important functions, 1) to reduce release probability of slushflows and 2) to stop or, in a worst-case
scenario, retard slushflows that release between the barriers. Together with Geobrugg AG we developed an upper limit for velocity, which
was feasible to design a barrier for. Then we defined a slushflow scenario for an event that we expected to occur between the barriers.
An important factor in this scenario was that we only looked on the initial phase of a design slushflow, whereas most back calculation of
events are solely based on matching runout due to the lack of actual measurements of slush flow speeds. We also differentiated between
expected release mechanisms and flow rheology in different parts of the valley. These scenarios were used to iterate barrier placements
down the valley. In the final design, 13 barriers are placed in the valley and one on the top plateau to reduce release probability. Typical
distance between the barriers is 70-90 m. Furthermore, we developed load cases using methodology from debris flow loading but assumed
drag factors against the suggested net arrangement on the barriers. Dynamic loading on the barriers were in the order of 100 kN/m2 over

2 m flow height. In addition to this came the static snow forces.

Another major concern was the interaction between the net in the barrier and the water-snow slurry in the slushflow. Herberg (2021) did
laboratory experiments where a mix of water and snow was released, hitting a net-barrier (fig. 4). We further studied these observations
and used them to support the detailed design of the barriers. The tests show that there is an initial splash through the net (fig. 4), but after
only a brief time, the holes are plugged when the wet snow grains clog on the wires. After this, a shock develops upstream, and the slush

flow climbs up on the net.
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Figure 4 : Still from video in Herberg (2021) showing the initial splash through the net which occurs before the flow is plugged in the net resulting in a rapid climbing on the net.

The height of the barriers is 5-8 m, mostly because the V-shaped valley gather extreme snow amounts (fig. 2). To have enough retaining

volume in a case where a slush flow partially flows on top of the snow cover, this resulted in high structures.

CONCLUSIONS

Longyearbyen is prone to many natural hazards, among those avalanches, slushflows, debris flows and shallow landslides. Of these, in the
current climate, avalanches and slush flows have the highest damage potential. Due to rapidly warming climate, the probability of large
dry snow avalanches may decrease in the coming decades, whereas the probability of shallow landslides and debris flows is expected to
increase. Slushflows have already been observed to have changed their period of high probability: the slushflow period was previously
the spring, but now they occur also during the winter. Special arctic conditions with climate change occurring at high rates, required us to

develop new methods when designing the safety concept for Longyearbyen.
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