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ABSTRACT

The Arctic town Longyearbyen is experiencing climatic changes at a much higher pace than other places in the world. Based on experi-
ences for avalanche mitigation in Longyearbyen long-term measures and organizational measures is discussed, using criteria from the safety
science literature. We have found that long-term measures are reliable and effective for the risk picture they are designed for, but they may
not be able to cope with the changing and uncertain environmental conditions due to climate change. Organizational measures represent a
flexible, cost-effective and sustainable mitigation effort, but they are not as reliable as long-term measures. We have argued that in the age of
climate change, organizational measures should be an even more important approach, as they can provide more flexibility and adaptability

to the dynamic and complex picture of natural hazards.

INTRODUCTION

Located at 78 degrees north latitude, Longyearbyen is a small settlement at the archipelago Svalbard in the Arctic ocean. Approximately
2,400 people live in the town, where research, tourism and mining are the largest industries. The town is exposed to several natural hazards.
Due to the geography and the location of houses and infrastructure, the town has particularly been exposed to snow avalanches. In 2015, a
snow avalanche struck Longyearbyen, resulting in 2 fatalities, and destroying 11 houses. In 2017, a new avalanche destroyed several build-
ings, although without any injuries to people. After the avalanche in 2015, a daily site-specific avalanche warning was established for the
settlement initiated by the Norwegian Water Resources and Energy Directorate (NVE). This system is still active, although several long-term

measures have been established up until now.

In this article, we discuss planned and implemented efforts in Longyearbyen to mitigate snow avalanche risk influenced by dramatic cli-
matic changes. In the Arctic, climate change is accelerating at rates significantly exceeding the global average. Svalbard and Longyearbyen
have witnessed a warming trend over four times the global mean (Rantanen et al., 2022). These changes involve a rise in air temperature,
increased annual precipitation, more heavy rainfall events, permafrost destabilization, increased glacier retreat , an increased frequency for
wet snow avalanches and slushflow avalanches, a decreased probability of dry snow avalanches and an increased frequency landslides.
Consequently, Longyearbyen is poised to face heightened likelihood of snow avalanches, landslides, and erosion, jeopardizing the infra-
structure and functions of town (NCCS, 2019). The dynamics of snow avalanches in Longyearbyen are also expected to evolve, influenced
by shifting wind patterns, more intense snowfall events and a shorter snow season. Additionally, alternation of rain and snow during the
winter season will increase the expected occurrence of in slush avalanches throughout the season. These dynamics will impact the snow

avalanche mitigation measures.

AVALANCHE RISK MITIGATION

Avalanche risk management involves the processes of assessing avalanche risk and then deciding upon and implementing strategies to
mitigate this risk. Most generally, the avalanche risk mitigation strategies employed in the risk management process include preventing or
controlling avalanche release, modifying the behavior or flow direction of an avalanche, and/or avoiding areas with elevated avalanche
hazard. Wilhelm et al. (2000) has developed a conceptual framework for what they termed integral avalanche protection. This framework

differentiates mitigation strategies by the type of intervention strategy and the duration of the intervention (Figure 1).
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INTERVENTION STRATEGY
Direct Indirect

-avalanche
-artificial avalanche warning/forecasting
release -organizational
-exposure control measures

DURATION

-technical measures
-silviculture
-structural protection

-hazard mapping
-land use planning

Figure 1. Integral avalanche protection matrix (Wilhelm et al, 2000), terminology from CAA (2016)

In this work, we use the terminology for understanding avalanche mitigation measures employed by the Canadian Avalanche Association
(CAA, 2016). This language refers to intervention strategies as either direct or indirect and occurring over short- or long-term temporal scales
(Figure 1). Long-term intervention strategies are targeted towards effectiveness over several years to decades, while short-term strategies
typically are effective on time periods from several hours to a single winter season and typically require some measure of formalized ava-
lanche forecasting. Direct interventions broadly involve physical modification of the avalanche hazard by, for example, installing supporting
structures in avalanche starting zones for long-term interventions or artificially releasing avalanches in the short-term (e.g. Schweizer, 2004).
Indirect interventions adjust the exposure and vulnerability of the element at risk, typically via hazard mapping and land use planning in

the long-term and via risk control policies such as road closures or warning signs in the short-term (e.g. Schweizer, 2004).

CASE DESCRIPTION: SNOW AVALANCHE RISK MITIGATION IN LONGYEARBYEN

Avalanches are not a new phenomenon to the Longyearbyen society, history shows several avalanche events that have impacted the town
in different manners. However, prior to 2015 no dry avalanches had damaged buildings and infrastructures in modern times. In June 1953
there was a slush avalanche in Vannledningsdalen that destroyed several buildings led to fatalities. In June 1989 there was a new slush ava-
lanche in Vannledningsdalen that hit buildings and infrastructure. Both these events happened in part of the year when slush avalanches is

expected to happen. The last year there has been slush avalanches mid-winter due to warmer weather and rain on snow events.

Our case description starts in December 2015, when a slab avalanche hit several buildings in the town and caused two fatalities. This event
represents the initiation of years of implementation of risk mitigation measures, see table 1. The next winter season, in February 2017, a
new avalanche hit the town from the same mountain side, some hundred meters north of the 2015-avalanche. Today, several long-term
measures have been implemented in the avalanche slopes, new long-term measures are under construction in a side-valley and there is the
avalanche forecasting system still in place that was implemented just after the 2015 avalanche. More details about the 2015 and 2017 events,
the design of the mitigation measures and the avalanche warning systems in Longyearbyen can be found in Jénsson et al. (2019), Engeset
et al. (2020) and Qien et al. (2022).

Time Event/Mitigation measure Ref. in fig. 2

19 Dec 2015 Avalanche from Sukkertoppen hits buildings in Longyearbyen; 2 fatalities. 1

2016 — present Establishment of a local snow avalanche forecasting system, which still is in

operation

21 Feb 2017 Avalanche from Sukkertoppen hits buildings; no injuries. 2

Winter 2017/18 | Three snow monitoring stations set up for local forecasting support

2018 Three snow supporting structures (steel snow bridges) installed near the 2015 3
avalanche area, plus two snow drift fences on the ridge to prevent snow

accumulation.

2019-21 Removal of 140 housing units in risk zones; about 10% of town relocated. 4

2019 —present | Three pairs of redundant snow monitoring stations established and operationa 5

(ultrasonic sensors that measure snow depth from snow drift in the mountain

sides)
2021 Completion of a 400 meter long, 5.5 meter high dam at the mountain base. 6
2022 Completion of all snow supporting structures at Sukkertoppen (15 in total). Height 7

of the structures are 3-5 meters, the lowest one is approx. 400 meter long. In total

1.400 meters of structures.

2023 Start of implementation of slush flow nets to mitigate slush avalanches in 8

Vannledningsdalen, a side-valley to Longyeardalen. Installation will continue in

summer season 2024

Table 1: Time line of events and implemented mitigation measures from 2015 till now
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Figure 2: Overview of Longyearbyen with avalanche mitigation measures

It is thus still a combination of long-term measures and short-term measures to protect the settlement. The city center is now secured
through structural protections, while other parts of the town are still relying on avalanche forecasting systems, including Vannledningsdalen,
which will be secured by permanent nets in 2024. This implies that Longyearbyen is in a situation where we can compare the different types
of measures based on the experiences until now. More experiences will be generated in the next years, we thus strongly recommend future

follow-up studies of the measures and how they are impacted by climatic conditions.

EVALUATION OF MEASURES

To evaluate long-term measures and short-term measures in the age of climate change, we have used criteria for evaluation of barriers (i.e.
a function that prevents or intervenes a sequence of unwanted events) from the safety science literature (Kjellén and Albrechtsen, 2017;
Norwegian Petroleum Authority, 2017; Qiao et al., 2020).

e  FEffectiveness, whether a safety barrier prevents accidents, based on e.g. how the measure reduces number of events and the conse-
quences of events.

e  Functionality, the ability of the barrier to intervene into the sequence of events.

e Integrity, the ability of the barrier to be present and intact at all times — how is the soundness and reliability of the barriers over time,
especially under stress from snow weight and movement.

e Robustness, the ability to withstand both expected and unexpected situations.

e  Redundancy, having a barrier system which ensures that if one element fails another element will stop the sequence of events, i.e.
defense-in-depth.

e Cost, the economic aspects, including installation, maintenance, and potential savings in terms of reduced damage and risks.

e  Environmental sustainability, environmental impact of the barriers, including the materials used, their lifespan, and any effects on the
local ecosystems.

e Acceptance of those affected. Acceptance of different stakeholders in the local community

e Ripple effects, secondary effects the barriers might have. This includes e.g. recreational activities and aesthetic considerations.

e  Flexibility to the dynamic climate context.
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1. Effectiveness.

There is a difference between expected effectiveness of the two main types of measures as the long-term measures reduce the probability
of occurrence and reduce consequences, while the warning systems reduce the consequences of snow avalanches. After 2017, there have
been no avalanches that have caused damage in any parts of town. However, before the 2017 avalanche, there had been no decision about
evacuation of people in the danger zone, although the forecast had indicated that evacuation was necessary. In Nybyen, the upper part of
town, there have been several evacuations after 2015, but no avalanches have damaged buildings or infrastructures. An easy route would be
to say that effectiveness has been good, but there is uncertainty related to such a conclusion as it is hard to conclude whether the effective-
ness is due to the measures or due to lack of occurrence of conditions that could have released avalanches such as amount of accumulated
snow and temperature. The time horizon for the assessment is very short, it is hence uncertainty associated with our evaluation. Future

studies are required, e.g. by using the approach described by Margreth and Roman (2019).

2. Functionality.

The long-term measures have an excellent functionality for the conditions they are designed for. However, there could be uncertainties
regarding the long-term measures’ adaptability to changing environmental conditions. The dam is constructed to withstand both snow
avalanches and landslides, as a coping capacity for expected climate changes. Considering climatic changes, a question is whether large
structures are dimensioned adequately given that it expected to be more slush avalanches, wet snow avalanches and landslides and less dry
snow avalanches in the future. The functionality of organizational measures is dependent on reaction to early warnings and accompanying

reactions to intervene into the sequence of events, and thus more uncertain than long-term measures.

3. Integrity.

The established long-term measures score well within this criterion, however there are some uncertainties related to thawing permafrost and
how that could impact the anchoring of the long-term measures in the mountainside. To minimize problems with melding permafrost, the
supporting structures are anchored by drilling 7-9 meters in the permafrost to have ground conditions that were good enough to attach the
anchors. The anchors are cast in concrete. Organizational measures are dependent on continuous updated information to be present and

intact at all times and are thus evaluated lower than long-term measures on this criterion.

4. Robustness.

For the long-term measures, robustness is typically high, as they are built to withstand extreme conditions. The experience from the last
winters is that much snow is accumulated at the structures in the starting zone due to snow drift, which could imply that these stretchers
are rendered with robustness weaknesses. With climate changes we could also see future challenges regarding increased frequency of rock
falls and land slides that might affect the structures and the slush flow nets. However, the challenge lies in ensuring they can cope with
increasingly unpredictable and extreme weather patterns due to climate change. Solutions like slush flow nets can be highly effective but
need regular maintenance and inspection to retain their robustness, especially as weather patterns shift. Robustness, integrity and function-
ality of organizational measures are dependent on the effectiveness of implementation and the agility of the warning system, but they are
not as robust as long-term measures. However, they can be more flexible and adaptable to changing conditions which is a weakness of

long-term measures.

5. Redundancy.

The long-term measures in Longyearbyen are a prime example of the defense-in-depth principle. In some parts of the avalanche-prone
area, there are four long-term measures: snow fences, avalanche protection fences, a dam, and the removal of houses from the danger zone.
Should one barrier fail, the others are designed to prevent further escalation. This setup leads to the conclusion that site-specific warnings
might not be necessary for this particular mountainside, given the reduced residual risk. Nevertheless, monitoring ffecttiveness of these
measures and the ability to detect unexpected changes can be added as a fifth barrier, crucial for managing the uncertainties associated

with climate change.

6. Cost.

Long-term measures are costly and take several years to get in place. For Longyearbyen, this has been a near 9-year effort, costing approx-
imately €25 million, encompassed hazard zone mapping (initiated in 2016) and culminates with the completion of all long-term measures
by autumn 2024. Public support and finances for large investment in protection of infrastructure and society often arise after a disaster has
occurred. Due to its remote location, the financial support from the Government has been high in Longyearbyen as the capacity of the local
hospital would not deal with several severely injured persons. The geo-political situation is also a part of the investments to demonstrate the
functionality of the Norwegian settlement at Svalbard. Meanwhile, organizational measures have served as a temporary, more cost-effective
solution. The integration of new technology and low-cost sensors has been pivotal, enhancing real-time data acquisition. These sensors,

strategically placed at optimal locations, measure relevant parameters and deliver data within an operational timeframe. This advancement
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has significantly improved the reliability and accuracy of forecasting and monitoring. However, instrumentation and monitoring will have
costs every year it is in operation. The dam on the other hand will probably have zero costs of maintained in the future. Future research

should be performed to evaluate costs.

1. Ripple effects.

There are some ripple effects both now and expected in the future for the long-term measures, which mainly are related to melting snow
and rain. There are drainage systems for some of the structural barriers as well as the dam, but these are not connected to the drainage sys-
tem of town, which is likely to be a problem in periods of warm weather and thus melting of accumulated snow in the supporting structures
in addition to rain in the winter season. An interesting positive ripple effect is the popularity of the footpath established on top of the dam.
There are no particular ripple effects of organizational measures, but there are some benefits, such as increased public awareness, improved
communication, and enhanced local knowledge. A hypothesis could also be that due to the increased attention to the snow avalanche risks

in town, avalanche risk awareness when using snowmobiles or skis outside town has increased.

8. Sustainability.
The long-term measures represent a significant intervention into the nature and the town. Impacts on wildlife and nature are uncertain but

have been assessed. Visibility in town could also be an issue. No sustainability issues are related to the organizational measures.

9. Acceptance of those affected.

Evacuation is of course dependent on those being evacuated and needs support from them. There has been a question raised among own-
ers of buildings in Nybyen why that part of town has not been secured by long-term measures, while the city center is fully protected. In
the political hearing for a suggested dam in Vannledningsdalen, there were public protests against what was labeled “a Chinees wall that

would divide the town in two”. There are also indications that organizational measures lead to a public risk awareness among inhabitants.

10.Flexibility to the dynamic climate context.

Long-term measures may require significant modification or upgrading to adapt to changing climate conditions, like increased precipitation,
varying snowpack stability, and shifting frequency and intensity of snow events. Some of the measures may be inadequate to deal with haz-
ards after climate change. The dam is robust enough to deal with new characteristics of hazards and new types of hazards. The supporting
structures and the snow drift fences are neither flexible to deal with new types of hazards nor if the behavior of snow avalanche hazards
changes, e.g new wind directions that accumulate snow in other places or higher temperatures and rain that make the snow pack wetter
and heavier. Assessing their long-term viability in the face of climate change is crucial. This includes considering factors like increased main-
tenance costs or the need for more extensive structures. Organizational measures, on the other hand, can be quickly adapted to immediate
climatic changes, such as sudden weather shifts or unexpected snowfall patterns. Organisational measures are dependent on a continuous

cycle of monitoring, reviewing, and updating policies and practices in response to new climate data and emerging risks.

CONCLUSION

For both long-term measures as well as organizational measures, decision-makers face a lot of uncertainty on a regular basis. Historical data
is often used to assess and mitigate avalanche risk. However, climate change introduces more ambiguity and complexity to patterns that are
hard to identify. It is important for decision-makers to recognize that we do not know how climate change will affect avalanche occurrence
and that they should keep in mind that temporary avalanche mitigation will provide the most flexibility in adapting to new conditions
(Sinickas et al., 2016).

In this paper, we have evaluated long-term measures and organizational measures based on experiences for avalanche mitigation in Long-
yearbyen, using criteria from the safety science literature. We have found that long-term measures are reliable and effective for the risk
picture they are designed for, but they may not be able to cope with the changing and uncertain environmental conditions due to climate
change. Organizational measures represent a flexible, cost-effective and sustainable mitigation effort, but they are not as reliable as long-
term measures. We have argued that in the age of climate change, organizational measures should be an even more important approach,
as they can provide more flexibility and adaptability to the dynamic and complex picture of natural hazards. More research is required in
the future to assess the experiences with the different types of measures when more experiences are accumulated, more knowledge about
climate change is generated and all types of costs over time can be considered.

New technology, such as low-cost and low-power systems that use real-time data, can make organizational measures more robust and
reliable. A further development of technological monitoring can be to function as monitoring for both established long-term measures and
areas that are currently not exposed. This would create a more robust system that can capture changes in both the hazard picture and the
residual risk where long-term measures are in place. A combination of long-term measures and organizational measures is needed to ensure

the safety of Longyearbyen from avalanches, and more research and monitoring is needed to assess the impact of climate change on the
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avalanche risk and the performance of the measures.

ACKNOWLEDGMENTS
The paper is written as a part of the ARCT-RISK project (number 315260) funded by the Norwegian Research Council.

REFERENCES
CAA (2016). Techincal Aspects of Snow Avalanche Risk Mangement - Resources and Guidelines for Avalanche Practitioners in Canada. Canadian Avalanche Associa-
tion, Revelstoke, BC, Canada.

Engeset, R.V,, Landra, M., Indreiten, M, Miiller, K., Mikkelsen, O.A. and Hoseth K.I. (2020) Avalanche warning in Svalbard. NVE Rapport nr. 35/2020

Jonsson, A., Kronholm, K., Eid Nielsen, L. And Birgisson, E.P (2019). Longyearbyen Svalbard — Mitigation Measures for Sukkertoppen and Vannledningsdalen. Paper
presented at the International Symposium on Mitigative Measures against Snow Avalanches and Other Rapid Gravity Mass Flows Siglufirdur, Iceland, April 3-5, 2019

Kjellén, U and Albrechtsen, E. (2017). Prevention of Accidents and Unwanted Occurrences, CARC Press

Margreth, S. and Romang, H. (2010). Effectiveness of mitigation measures against natural hazards, Cold Regions Science and Technology, 64:199-207
NCCS (2019). Climate in Svalbard 2100 — a knowledge base for climate adaptation. NCCS report no.1/2019, The Norwegian Centre for Climate Services
Norwegian Petroleum Authority [NPA] (2017). Barriere notat [Barrier report]

Qiao W, Huang E, Guo H, Liu Y, Ma X. (2022) Barriers Involved in the Safety Management Systems: A Systematic Review of Literature. International Journal of Environ-
mental Research and Public Health. 19(15):9512.

Rantanen, M., Karpechko, A.Y.,, Lipponen, A. (2022) The Arctic has warmed nearly four times faster than the globe since 1979. Commun Earth Environ 3, 168
Schweizer, J. (2004). Snow Avalanches. Water Resources IMPACT, 6(1): 12-18.

Sinickas, A., Jamieson, B. and Maes, M.A. (2016). Snow avalanches in western Canada: investigating change in occurrence rates and implications for risk assessment
and mitigation. Structure and Infrastructure Engineering, 12(4): 490-498.

Wilhelm, C., Wiesinger, T, Briindl, M. and Ammann, W. (2000). The avalanche winter 1999 in Switzerland-an overview, Proceedings International Snow Science Work-
shap, Big Sky, MT, USA.

Bien,K, ‘Hancock, H, Indreiten, M og Albrechtsen, E. (2022) “Evaluation of a Local Avalanche Forecasting System in Svalbard” | Proceedings of the 32nd European
Safety and Reliability Conference (ESREL 2022)

CONFERENCE PROCEEDINGS | INTERPRAEVENT 2024 941



