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ABSTRACT

The changing climate has led to increased summer temperatures in the Arctic, later sea ice formation in the
fall season and less ice during the winter. Parts of the icecap are thinning and during summer, the area cov-
ered by ice has been shrinking. This situation has led to open seas and longer wind fetch, so larger waves
build up during the late summer and fall seasons. This situation is then associated with larger waves hit-
ting the Arctic coastline. The larger waves are influencing the shores where melting of permafrost occurs
to a larger extent than previously and the consequences are large erosion and retracting of the coastline.

Furthermore, as the open sea and the shallow waters in the near coast areas over most of the Arctic
cause large storm surge effects, the associated flooding is more pronounced than before, associated with
damages far inland. Adding a general slow water level increase, the Arctic coastal shoreline is under
pressure. The situation for Alaskan as well as Russian settlements is being discussed. The consequences
of the situation are a need for local strengthening of the coastline artificially and subsequent relocation
of Arctic coastal settlements.
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1 INTRODUCTION
The Arctic Ocean is normally considered a hazardous environment and, because of lack of
historical and scientific data, the weather is difficult to predict. Certain weather phenomena
like polar low pressures generated in the zone between the ice cover and the open water are
particularly difficult to forecast due to the unstable nature of the air in these areas.

Northern areas have recently experienced considerable flooding, caused by combined
storm waves, surges and tides, as was the case in the Varandey area in northern Russia on 24
July 2010, when the oil treatment and storage terminal located kilometres inland was flooded
and the airport runway close to the coast was severely damaged.

Furthermore, the Northstar artificial oil and gas production island in the Beaufort Sea,
19 km northwest of Prudhoe Bay, Alaska, and 10 km north of the Alaskan coast at a water
depth of 10 m, was severely damaged by large waves. This happened during the first decade
of the 21st century due to longer fetch lengths and larger waves than anticipated in the
design phase.

In this article, we are concerned with changes in the Arctic climate. The Arctic region is
one of the areas that is most influenced by climatic changes. For example, the ice coverage
percentage shrank from 7.5 million km? in 1978 to about 3 million km? in 2012 (see Fig. 1,
from [1]). In places where there used to be permanent ice throughout the year, now we see
waves of up to several metres in height.

2 THE EFFECT OF LACK OF ICE-COVER
Wind blowing over a sea surface generates ocean surface waves (wind-sea and swell waves)
which are related to the distance (length of fetch) and the strength and duration of the wind.
As both wind-sea and swells depend on the open water sea fetch length (the distance over
which the wind blows), further reductions in seasonal ice cover will result in larger waves [2].
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Figure 1: The influence of climate change on the ice coverage in the Arctic from 1979 to
2012 [1].

Apart from the deep parts of the ocean, surface waves, when they come to shallow waters
close to the coast, generate currents and force circulation that can cause erosion, resulting in
sediment transportation. Waves generated by rapid storms can also be hazardous for naviga-
tion and operations at sea, either for fishing or for oil- and gas-related activities. In the Arctic
Ocean, wave conditions like those are becoming more and more significant for nature and
humans, changing the known environment.

The calculation of wave height and period as function of fetch length (in accordance with
US Army Coastal Engineering Manual [3]) is described below:

1. Calculation of the frictional wind velocity

1. =W ,J0.001(1.1+0.035W) )

Where:
W = mean velocity at 10 m height

2. Calculation of the equivalent fetch, F, , depending on the duration of the wind:

U Uy

F 1.5
e =o.00523[ﬂ] @)
Where:

g is the gravity acceleration, 9.81 m/s?
t,is the duration of the wind blowing
F, is the equivalent fetch length

3. Checking whether the wave is duration or fetch limited:

If F, > F then the wave is fetch limited and the fetch, F, of the specific direction, needs to
be used for the calculation of the characteristic height, H.
IfF, <F then the wave is duration limited and the F, . should be used for the height calculation.
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4. Calculation of the characteristic wave height

0,5
sh, =o.0413(gf] 3)
U U
0,5
)
ggs =o.0413(i§"] (4)

H_is the characteristic significant wave height

5. Calculation of the characteristic period of the wave

T F 0,33
g S=0.71345[g ] (5)

2
U Uy

T is the characteristic wave period

For a discussion of the estimated waves in an open Arctic without ice cover, see [4].

3 THE CASE OF KIVALINA: CHUKCHI SEA

The settlement of Kivalina, Figs. 2 and 3, is located at the tip of an 8-mile barrier reef located
between the Chukchi Sea and Kivalina River. According to BBC News [5], the US Army
Corps of Engineers has estimated that Kivalina will be uninhabitable in 2025. The Arctic is
warming faster than the global average, so sea ice is forming on the Kivalina coastline later
in the year and melting faster in the spring and summer. The lack of sea ice makes the island
vulnerable to erosion from storms that occur regularly in the fall. Lack of sea ice also means
warmer waters, which increase the severity of storms that hit the island.

For a further discussion of the plans to relocate the settlement, see [6, 7].

Similar challenges as the problems met in Kivalina are also experienced in the most north-
erly tip of US territory, in the town of Barrow (see map Fig. 2). The residents of the town
have large problems thanks to climate changes. In March, 2016, the sea ice began to melt and
break up. After eventually refreezing, it was so unstable that the inhabitants were unable to
hunt for whales and seals, thus wrecking their hunting season. Further effects of erosion are
discussed in [8]. A particular phenomenon is that freshwater reservoirs located away from the
ocean are close to being flooded due to erosion and high seas.

4 THE CASE OF VARANDEY: PECHORA SEA
The settlement of Varandey is located in Pechora Sea, Northwest Russia; see Fig. 4. An
onshore processing terminal and an offshore offloading terminal are located in this area. The
coastlines are exposed, and the permafrost melts during the summer and is eroded during late
summer and fall prior to refreezing.

Two Norwegian/Russian expeditions [9, 10] carried out fieldwork investigating the condi-
tions and erosion of the coastal zone during 2012 and 2013. These field investigations were
combined with remote sensing analysis of coastal erosion rates in Varandey since 1961 with
satellite images analysis. Between 2005 and 2010, 28 buildings disappeared in the settlement
due to coastal retreat with erosion rates up to 7.4 m/year at some place but an average 2.7 m/
year. The average erosion of a segment of the Medynskiy peninsula (composed of a 5-15 m
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Figure 3: The village of Kivalina, Alaska [5], http://www.bbc.com/news/magazine-23346370.

high marine terrace with dense ice and marine loams and clays) was 2,8 m/year from 1990
to 1998 and 1,8 m/year between 1998 and 2010. Over a 15 km long segment the erosion
was 19.6 m during the season between 2010 and 2011, following a storm surge in the area in
summer 2010.

Russian scientists from Lomonosov Moscow State University investigated coastal dynam-
ics of several sites along the Russian Arctic coast, Fig. 4 [11]. Emphasis on the erosion of
the Varandey coast (Fig. 5) shows considerable erosion, as was also reported by [9] and [10].
Figure 6 shows a heavily eroded shoreline of the Kara Sea coast [11].
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Figure 5: Aerial photo of the Varandey settlement at 1985; coastline of 2013 (Russian
Geographic Society [11]).
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Figure 7: Location of oil and gas leases North Alaska.
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5 THE CASE OF NORTHSTAR OIL PRODUCTION ISLAND

The 5-acre Northstar artificial oil and gas Production Island (built 1999) is located 6 miles
offshore in water depths of 12 m in the Beaufort Island north of Alaska, Fig. 7. The pro-
duction island consists of 1.6 million tons of gravel. It is protected a sheet pipe wall, and
there is a gradual slope to still water level, Fig. 8. The production is flowing through a
subsea pipeline to shore [12]. During the first decade of this century, the island was heavily
damaged by waves hitting the production equipment [13]. The design condition expected
that ice would form on the sea, protecting the island from the waves during the fall storms.
The year when ice formed late, waves were forming, causing considerable damage to the
facilities.

6 THE CASE OF LONGYEARBYEN, SVALBARD

Longyearbyen, Spitsbergen, is another settlement where the changing climate is causing
challenges due to increased permutation [8]. During the latest years the winter temperatures
have for certain periods been much higher (up to 20 degrees C) than the average over the
past, and moist air has been flowing in the northern direction during winter, causing snowfall
that was uncommon in the past. The snow accumulations have caused avalanches with fatal
outcome [15]. The settlement was not prepared for such events, Fig. 9, and the local building
code did not account properly for avalanches. It is probable that a large number of houses
must be abandoned due to the potential for larger snowfalls and subsequent unstable snow
accumulations.

Figure 8: The Northstar Oil and Gas Production Island [14].
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Figure 9: Search crews with shovels worked to free people from buried houses after an
avalanche hit several houses in Longyearbyen, Norway. Photograph: STRINGER/
EPA [15].

7 CONCLUDING REMARKS

The changing climate has a large influence on low-lying coastal settlements and offshore
oil and gas facilities located on artificial islands. The lack of, or limited, ice cover causes a
challenging situation during the fall and winter seasons when winds generate large waves. A
combination of storm surges and wind waves cause erosion of shorelines when warm sum-
mers have caused melting of the permafrost layers. For some Arctic settlements, the situation
is dramatic. The settlements may be abandoned over time as the distance between the ocean
and the built infrastructure is shrinking. Furthermore, freshwater reservoirs are in danger,
also because of thawing permafrost and the possibility that these reservoirs be filled with
seawater. Plans for resettling Arctic coastal settlements are presently being developed.

Engineering solutions, such as shoreline protection by breakwaters or sheet piling or use of
geobags [7], may be successful only to a limited extent as the shoreline to be protected in many
cases are very low lying, and it will be extremely costly to protect the settlements adequately.
Furthermore, all engineering solutions will have to be founded on the melting permafrost
whereby the solutions will require heavy maintenance as the foundation support vanishes.
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