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Abstract of Thesis

The Cost of Climate Change to Arctic Communities and Infrastructure

Arctic climate is changing rapidly due to amplified warming that will continue
through the 21st century. The effects of this climate change are already observed and
further projected to destabilize permafrost, putting human infrastructure at risk and
limiting accessibility of remote communities. This work analyses the spatial patterns of
climatically driven environmental changes using a subset of three CMIP6 models under
the SSP245 and SSP585 scenarios to estimate magnitude and extent of infrastructure and
communities affected by permafrost degradation in Arctic regions of the USA, Canada,
Russia, Iceland, Sweden, Norway and Finland by decade of 2055-2064.

The infrastructure database was developed based on publicly available sources to
identify various types of infrastructure at risk including transportation infrastructure such
as roads, railways and airports as well as residential infrastructure including buildings.
The economic database was developed for Arctic states using country-specific
construction statistics and to estimate regional costs associated with damage to
infrastructure due to loss of bearing capacity and ground subsidence.

The results show that under the SSP245 scenario 29% of roads, 28% of railroads,
29% of buildings and 15% of airports will be affected, costing $338 billion USD by the
mid-century. Under the SSP585 scenario 44% of roads, 42% of railroads, 47% of
buildings, and 27% of airports will be affected with estimated cost of $537.6 billion
USD. Therefore, limiting global greenhouse gas emissions have potential to significantly

decrease the costs of projected damages in the Arctic countries.
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Chapter 1: Introduction

The Arctic captures global interest due to its geopolitical relevancy as a key
geographic center for natural resources and for the acceleration of climatically driven
environmental changes in the region. Since the mid-1960s, surface air temperatures in the
Arctic have been observed to rise at almost three times the rate of the global average,
consequently resulting in the decrease of sea ice extent, glacier mass balance, and
permafrost degradation (Ballinger et al., 2021).

Additionally, the Arctic region is home to several million people and an abundance
of natural resources such as oil and gas (AHDR, 2015). Previous studies estimate that
globally, the Arctic is responsible for approximately 10% of oil and 25% of gas production,
contributing a near 0.5% to the world economy (Streletskiy et al., 2012; Ramage et al.,
2021; AHDR, 2015).

While the Arctic population is relatively small, it contributes a significant and
disproportionate amount to the global economy. As temperatures continue rising and
efforts for oil, gas, and mineral extraction in the Arctic are sustained, climate projections
for the mid-21% century will play an important role, with recent projections for most Arctic
states into the mid-21% century predicting continued population growth as well. Therefore,
the consequences of climate change and resource development in the Arctic have global
implications. The Circumpolar North also represents countries with various political and
economic capabilities. These differences also influence the resiliency and adaptation
capacities of the Arctic States.

Climate projections are crucial in assessing the risks to communities and resource

centers, as compromised infrastructure and loss of accessibility may have detrimental



impacts on future of the Arctic people and economy under rapidly changing climatic
conditions. Arctic regions are characterized by considerably lower observational coverage
of key environmental variables, making the analysis of regional trends an arduous task.
Climate models have played a critical role in improving the understanding of climate
change in both global and regional systems, and allow researchers to explore future
scenarios based on various radiative forcing and socio-economic pathways.

The exploration of various projections under changing conditions then allows
policy makers to assess future representations of climate, supplementing ground
measurements and allowing governments to implement adaptation and mitigation
strategies against environmental risk. As scenarios are updated with the latest inputs and
climate impacts become more frequent, decision makers in government can begin
strategizing for adaption and mitigation efforts.

Climate change in the Arctic may offer some benefits. Rapid sea ice loss had led to
more optimistic outlooks that Arctic economies will benefit from longer seasonal access to

resources through shipping routes (Stephenson et al., 2011). Permafrost degradation,

however, threatens the infrastructure limiting the accessibility and transfer of resources
from their remote origins to population centers, potentially diminishing the benefits from
increased shipping through Arctic waters (AHDR, 2015; Hjort et al., 2022).

Permafrost degradation, manifested in the increase of permafrost temperature and
active layer thickness, is reported in majority of arctic regions (Streletskiy et al., 2015)
Recently permafrost degradation was confirmed as a global term, however rates of colder
Arctic permafrost warming are substantially higher than in the Subarctic (Biskaborn et al.,

2019). Warming permafrost leads to loss of soil strength and weakens the ability of soil to



support the structures on top of it, also known as bearing capacity (Shiklomanov et al.,
2013). Considering that over 60% of Russia, 50% of Canada and 85% of Alaska is occupied
by permafrost zones, monitoring the response of infrastructure in Arctic areas is critical
(Romanovsky et al., 2010).

While several studies have evaluated costs of impacts of permafrost degradation in
Russia, United States of America, and Canada individually (Streletskiy et al., 2019,
Melnikov et al., 2022; Melvin et al., 2017), the studies focused on entire circumpolar Arctic
region are few. One study found up to 15% of Arctic infrastructure to be at risk of damage
due to permafrost degradation by 2059 with a total cost of $21.6 billion USD but argued
that due to limited infrastructure inventory this may be an underestimation of costs,
especially in Russia (Suter et al., 2019). Another study estimated as much as 30% to 50%
of crucial circumpolar infrastructure to be at risk but did not provide the cost (Hjort et al.,
2022).

More research is required to assess the risks to Arctic communities and
infrastructure. Existing data available for policymakers as well as infrastructure planners
and developers are limited, often outdated, scarce, or difficult to identify requiring multi-
disciplinary approaches to research the relationships between permafrost degradation, civil
development, economics and communities (Arctic Countries, 2021). The goal is to support
local decision makers and stakeholders with guidance in the interest of increased resiliency
strategies. Some barriers to achieving this goal include insufficient knowledge of the
permafrost-soil-infrastructure regime and its thresholds (Arctic Countries, 2021).

With these barriers in mind, this study uses best publicly available climate,

economic and infrastructure data to identify infrastructure vulnerabilities due to ground



subsidence and loss of bearing capacity and then estimates its economic impacts.
Ultimately, the goal of this study is to develop uniform methodology that allows to provide
consistent estimates and compare the costs of climate change impacts on infrastructure

across Arctic communities, states and countries.



Chapter 2: Study Area

2. Defining the Arctic

While the Arctic is a distinct region, it comprises multiple nation states whose
geopolitical centers are typically located further South. Characterizing the specific parts of
the states to include as part of the Arctic can be challenging as geopolitics interfere with a
purely geographic definition. While often the Circumpolar Arctic is defined by the
longitude 60°N, in Norway and Finland this would designate Oslo and Helsinki as Arctic
cities, which do not experience the same issues faced by Arctic populations further north
in these countries, whereas the 60°N boundary is easily adopted by Canada (AHDR, 2004).

Given these challenges, the Arctic Human Development Report defines the Arctic
to include Alaska and Canada north of the 60°N boundary (including northern Quebec and
Labrador), as well as Greenland, the Faroe Islands, and Iceland, and the northernmost
counties of Norway, Sweden and Finland. By the same report, Arctic Russia encompasses
the Murmansk Oblast, the Nenets, Yamals-Nenets, and Chukotka Autonomous Okrugs
(AO), Vorkuta City in the Komi Republic, Norilsk and Igarka in Krasnoyarskiy Kray, and
those parts of the Sakha Republic whose boundaries lie closest to the Arctic Circle (AHDR,
2004). This area spans over 40 million square kilometers and accounts for approximately
8% of the Earth’s surface area (AHDR, 2004).

According to the Economy of the North report, the Arctic to consist of the state of
Alaska in the United States of America, the provinces of the Northwest Territories,
Nunavut, and Yukon in Canada, the Faroe Islands and Greenland, the regions Lapland,
Northern Ostrobothnia, and Kainuu in Finland, Iceland, and Finnmark, Nordland, and

Troms of Norway, as well as Norrbotten and Vésterbotten in Sweden, and Arkhangelsk



Oblast, Chukotka AO, Republic of Karelia, Khanty-Mansi AO, Republic of Komi,
Magadan Oblast, Murmansk Oblast, Nenets AO, Republic of Sakha, and Yamal-Nenets
AO of the Russian Federation (Glomsrgd, Duhaime, & Aslaksen, 2021). Regions which
extended too far South for which specific Arctic data could not be collected were not
included. This research utilizes the above study area with the inclusion of regions on

permafrost that extend to parts of Krasnoyarsk Kray and Irkutsk Oblast (Figure 1).
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Figure 1. Study area for the circumpolar Arctic. Sub-regions within countries of interest outlines in red.



Population of the Arctic

As of 2017, the number of inhabitants in the Arctic Circumpolar Region (ACPR)
totaled 4,942,685, which accounts for only 2% of Earth’s population (Ramage et al.,
2021). This number represents a significant rise in population compared to that of 2013,
where only 4,045,055 people were estimated to live here (AHDR 2015). This upwards

trend is expected to continue, as Arctic populations as a whole are projected to increase
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Figure 2. Population on continuous and discontinuous permafrost in the Arctic and circumpolar Arctic.



through the 2080 time period, with only Russia and Finland to experience decline
(Heleniak, 2020; Glomsred et al., 2021).

The Arctic population is extremely susceptible to change due to in and out
migration as the job market often operates seasonally (Ramage et al., 2021). Although
Arctic communities are a small percentage of the global population, and most settlements
fewer than 50,000 inhabitants (Figure 2), the region accounts for approximately 10% of

global oil and 25% of global gas (Suter et al., 2019).

Populations on permafrost

The land occupied by permafrost, including isolated patches, sporadic,
discontinuous and continuous permafrost, encompasses roughly 22-24% of the land in the
Northern Hemisphere, spanning a total area of approximately 20.8 million square
kilometers (Ramage et al., 2021; NSIDC, 2017). Of the vast area of the Arctic, its
inhabitants are few, with only an estimated 4-5 million people living directly on permafrost
occupied zones, roughly 0.15% of the global population (NSIDC, 2017; Suter et al., 2019).

The observed changes in Arctic surface air temperatures over the past decades adds
threat to the already fragile systems in permafrost zones by increasing the risk of unstable
infrastructure. Air temperature has been increasing in the Arctic at rates twice as high as
the global average, the phenomenon referred to as “Arctic Amplification” (Serreze &
Barry, 2011).

Arctic Amplification has serious consequences to the permafrost regions, as
warming temperatures promote permafrost thaw, which in turn endangers food
accessibility, residential and transportation infrastructure, as well as the industrial systems

on which many Arctic economies have become dependent on (Ramage et al., 2021). These



changes have drawn noticeable attention, with recent literature focusing more and more on
the physical, social, and economic impacts to populations living on permafrost.

Hunting in Alaska, for example, has been influenced by reduced snow cover,
forcing hunters to go inland sooner for geese. This brings whaling and goose hunting into
the same season and makes hunters choose between the two food sources (Hinzman et al.,
2005). The distribution and abundance of fish and other wildlife has also changed, leaving
hunters traveling farther and longer, and potentially leading to unsustainable fishing
practices (Hinzman et al., 2005). Other effects of climate change include subsistence
harvesting and preservation. As the cold weather seasons grow shorter, traditional methods
of meat storage such as drying have the potential to lead to spoilage and food insecurity
(Hinzman et al., 2005).

Many arctic remote communities rely on winter and ice roads and pavements to
supply communities. As climate warms, the duration and operability of winter and ice roads
decreases which in addition to permafrost related damages to regular roads decreases
overall accessibility (Streletskiy et al., 2015). Reduced snow cover also impacts a main
form of travel in Alaska: snowmobile travel (Hinzman et al., 2005). Travel has therefore
become more time consuming.

These are only some of the effects being felt in the Arctic. For a more
comprehensive perspective on impacts of climate change to infrastructure and its
consequences, this study examines the regional scale, as consequences in the Arctic vary
based on the state, their geographies and populations. Demographics including population,
growth rate and life expectancy for the Arctic states studied in this research are compared

in Table 1.



Table 1. Demographics in the Circumpolar Arctic by Country (Source: Economy of the North 2020).

Country Population | Avg. Growth | Female Youth Life Expectancy
Alaska (USA) 735,139 0.10 47.8 20.9 78.8
Canada 123,707 1.30 48.8 23.0 75.9
Russia 6,723,332 -0.40 51.8 20.0 71.1
Iceland 348,450 1.40 49.0 19.3 82.9
Norway 486,001 0.50 49.0 16.6 80.9
Sweden 520,651 0.40 49.1 16.1 81.6
Finland 663,744 -0.40 49.7 16.3 80.8

3. Canada

Physical Geography

The Canadian Arctic spans approximately 3.9 million square kilometers and is

widely recognized to consist of the Northwest Territories, Yukon and Nunavut, also

known as the northern territories. The Canadian government itself determines the Arctic

boundary to follow the 60th parallel and the banks of the Hudson Bay. According to this

boundary, the Canadian Arctic accounts for 40% of Canadian land and 25% of land in the

Arctic as a whole (Arctic Countries, 2021).

Within this boundary, Arctic Canada is subdivided further into Arctic and

Subarctic zones. Arctic Canada is characterized by permafrost, tundra and polar deserts

and Subarctic Canada by its boreal forests. Average temperatures range from -20°C to -

35 °C in the winter and 10°C to 25°C in the summer (Arctic Countries, 2021).

10




Approximately 40% of Canada’s land area is occupied by permafrost that extends across
the High Arctic, Mackenzie Valley, into Northern Quebec, and has been found as far
south as on the Gaspé Peninsula (Derksen et al., 2019).

The Canadian Arctic is rich with a plethora of resources, making it a valuable
investment for the government originating from its roots in the 19th century Gold Rush
(Arctic Countries, 2021). Today, the mining of diamonds, gold, silver, lead and zinc is a
top source of employment in the North, with tourism and governmental work accounting
for the other two main employment sources (Arctic Countries, 2021).

Despite the abundance of oil and gas in the region as well as the growing interest
in the extraction of these resources, a lack of infrastructure has complicated this process.
For example, in 2017 it was reported that The Norman Wells field in the Northwest
Territories remains the only producing oil well in Canada’s Arctic (Arctic Countries,
2021). Damage to the pipeline here suspended production in the same year and also
highlights the difficulty of maintaining infrastructure in the harsh Arctic conditions.

Northern communities are now largely reliant on these industries that have
provided employment in oil and gas extraction as well as mining, as these industries also
encouraged the development of the northern territories. These same communities,
however, unfortunately bear the burden of these industries as well, including the price of
raw materials compared to their high operational costs, as well as the environmental
impacts of living in such harsh extractive environments and unstable infrastructure.
Human Geography

The northern territories represent only 0.38% of the total population of Canada,

with recent measures estimating the population of Arctic Canada to be around 122,000-
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124,000 (Arctic Countries, 2021; Glomsrad et al., 2021). Population between the three
northern territories is relatively even, with ~45,000 in the Northwest Territories, ~41,000
in Yukon and ~38,000 in Nunavut as shown in Table 2 (Glomsrad et al., 2021).

Of this, approximately 50,000 people live in the two largest cities of Arctic
Canada: Whitehorse, with a population of ~32,000 and Yellowknife with a population
~22,000. The third largest city in the northern territories is the capital of Nunavut,

Igaluit, where population totals only ~7,740 (Arctic Countries, 2021).

Table 2. Demographics in the Circumpolar Arctic by Region, Canada (Source: Economy of the North 2020).

Region Population Avg. Growth Female Youth Life Expectancy
NWT 44,956 0.50 48.6 20.3 77.0

Nunavut 38,139 1.60 48.6 32.0 71.6
Yukon 40,612 1.90 49.1 16.8 79.0

The rest of the population reside in smaller settlements separated by vast

uninhabited land. In the Yukon there are 25 settlements encompassing 30% of the

population residing outside of Whitehorse, where the other 70% live (Arctic Council,

2021). There is a similar dynamic in the Northwest Territories, where 51% of the

population resides in 33 settlements and the other 49% in Yellowknife (Arctic Countries,

2021). In Nunavut the capital accounts for significantly less of the population percentage

than the other northern territories, and its population is dispersed throughout 25

communities (Arctic Countries, 2021).
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The population of the Arctic territories in Canada have experienced growth in
recent years (Table 2). In a report by the Economy of the North, the average growth rate
for Arctic Canada from the years 2012-2018 was 1.3% (Glomsrgd et al., 2021). The
average life expectancy in the Canadian Arctic is 75.9 years, where the total of females in
the population is 48.8%, and the youth rate is 23.0% (Table 2).

The Northwest Territories has experienced the slowest growth rate of the three
and is projected to have slow future growth as well. Since 2012, there has only been 0.5%
growth in population, and studies project only a slight increase to a population of 46,026
by the year 2035 (Table 2; Heleniak, 2021). The capital, Yellowknife, is expected to
increase its share of the population residing there, increasing from 48.4% to 52.3% living
in the city (Heleniak, 2021). Life expectancy in the Northwest territories is the second
highest out of the three, at 77 years (Table 2). The current percentage of females in the
Northwest Territories population is estimated to be 48.6% with a youth rate of 20.3%
(Table 2).

Yukon Territory has the second highest population of the Canadian Arctic and the
highest growth rate from 2012-2018 at 1.9% (Table 2). Growth in Yukon is expected to
increase at the highest rate of the northern territories into the year 2030 with a projected
population of ~45,000 (Heleniak, 2021). The share of the population living in Whitehorse
is expected to follow a similar trend as that of Yellowknife, increasing from 69.9% to
78.5% by 2030 (Heleniak, 2021). Yukon has the highest life expectancy of Arctic Canada
at 79 years and highest proportion of females in the population at 49.1% (Table 2). The

youth rate, however, is the lowest of the three territories at 16.8% (Table 2).
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Nunavut, despite having the lowest population of the Canadian Arctic, has the
second highest growth rate from 2012-2018 at 1.6% and population is expected to reach
48,042 in 2035 (Table 2; Heleniak, 2021). All 25 communities are projected to have a
population increase (Heleniak, 2021). The lowest life expectancy in Arctic Canada is
found in Nunavut at 71.6 years, a stark contrast to the other two northern territories
(Table 2). While the youth rate equals that of the Northwest Territories at 48.6%,
Nunavut does have the highest youth rate at 32.0% (Table 2).

Most of the Canadian Arctic operates on subsistence economies that Indigenous
communities have relied upon for generations (Arctic Countries, 2021). Statistics Canada
estimated that approximately $40 million dollars of traditional country food is produced
in this region per year despite growing controversy over the trade of seal products that
Arctic communities have relied on as part of their traditional activities (Arctic Countries,

2021).

4. Alaska (USA)
Physical Geography

Alaska is the only state within the United States of America to contain Arctic
territories. The land area of Alaska is 1.72 million square kilometers and is bordered by
Canada, the Arctic and Pacific Oceans, as well as the Chukchi and Beaufort Seas (Arctic
Countries, 2021). Of the state’s 29 census areas, municipalities and boroughs, the
Alaskan Arctic consists of the North Slope and Northwest Arctic Boroughs as well as the
Nome Census area, and containing major cities Prudhoe Bay, Barrow, Kotzebue, Nome,

and Galena (Arctic Countries, 2021).
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Permafrost is found underlying approximately 85% of Alaska (Alaska Division of
Geological & Geophysical Surveys, 2022; Derksen, C., 2019). In Alaska all areas apart
from the Southeast region of the state contain some permafrost, where thick continuous
permafrost occupies Northern Alaska from the Brooks Range to the Arctic Coastal Plain
(Alaska Division of Geological & Geophysical Surveys, 2022).

Climate in the Arctic region of Alaska is strongly influenced by its surrounding
oceans and mountain ranges. Southern Alaska experiences a moderate annual average
temperature of 4°C due to its proximity to the Pacific, while Northern Alaska near the
Brooks Mountain Range observes average annual temperatures from -10°C to -6°C
(Stewart et al., 2022). Coldest temperatures are recorded by the northern coastline near
the Arctic Ocean where average annual temperatures dip below -9°C (Stewart et al.,
2022). The inland of the Alaskan Arctic sees the most range in temperature where there is
less influence from the ocean and mountains. Summer maximum temperatures can reach

15°C and winter minimum temperatures -30°C (Stewart et al., 2022).

Human Geography

The state of Alaska has more than 730,000 residents with approximately 28,870
occupying its three Arctic territories. The North Slope Borough had the highest
population of ~11,000 followed by the Nome Census area with ~10,000 (US Census,
2020). The Northwest Arctic Borough had the lowest population of Arctic Alaska with
~7,800 inhabitants (US Census 2020). For the state as a whole, the growth rate from
2012-2018 was 0.1%, with females accounting for 47.8% of the population and a youth

rate of 20.9% (Glomsrad et al., 2021). The average life expectancy in Alaska is 78.8
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years (Glomsrgd et al., 2021). Alaska has a high fertility rate compared to other Arctic
countries and is a relatively young population with a median age of 34 years (Arctic
Countries, 2021).

The population of Alaska Natives has also experienced a wide range in
population. Dating as far back as 1890 in the original Gold Rush, 73.4% of Alaska’s
population was considered native (Heleniak, 2020). A sharp decline was recorded in the
2000 census where only 15.5% of Alaska’s population was native, although changes
made to the format of the census question which allowed for the selection of more than
one race allowed researchers to estimate that the Alaska Native population was closer to
19.5% in 2015 (Heleniak, 2020). More recent estimates place the Alaska Native
population at 14.3%, however, the higher fertility rate observed within this group and
younger overall age structure lead projections to see growth faster than that of the general
population, possibly reaching 20.5% in 2045 (Arctic Countries, 2021).

Like Arctic Canada and most other Arctic states, the population in this region is
susceptible to immense change due to in and out migration. In Alaska specifically,
internal migration from rural to urban areas below the Arctic Circle is incredibly
common, with over half of Alaska’s population living in Anchorage and Fairbanks
(Arctic Countries, 2021). Migration in Alaska is of course motivated by resource
extraction in the region but also the significant military presence in the United States.
Therefore, military funding has factored into Arctic migration patterns in the past
alongside resource prices (Heleniak, 2020).

Another trend associated with military presence in Alaska is a high male to

female sex ratio, which when measured in 2016 was 106.8 males to 100 females
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compared to the United States’ national average of 97 males to 100 females (Heleniak,
2020). The higher percentage of males in Arctic Alaska can also be attributed to the

industrial requirements and physical demands of resource extraction.

5. lceland
Physical Geography

Iceland is the smallest of the Arctic countries with a land mass of just 103,000
square kilometers (Arctic Countries, 2021). Except for the island of Grimsey, most of the
country is subarctic, located just a few degrees south of the Arctic Circle (Arctic
Countries, 2021). Iceland is situated in between the North Atlantic and Arctic Ocean
where the Gulf Stream has a significant influence on climate. Unlike most other Arctic
environments, Iceland experiences higher temperatures and levels of precipitation. The
average annual precipitation in Iceland ranges anywhere from 400 to 4,000 mm and
experiences average annual temperatures of 10-13°C in the summer and 0 °C in the
winter (The Icelandic Centre for Research, 2022).

Permafrost in Iceland is characterized by warmer permafrost temperatures due to the
influence on the North Atlantic (Voigt et al., 2010). Permafrost in Iceland is also often
directly correlated to elevation and mountainous regions (Voigt et al., 2010).

Iceland’s position on top of the Mid-Atlantic Ridge influences much of the
country’s geography. Geothermal and volcanic activity is prevalent, and the country itself
is a volcanic island with low elevation above sea level. This also separates Iceland apart
from other Arctic countries, as it has agriculturally productive lands due to the fertile soil

left behind by past volcanic eruptions (Arctic Countries, 2021). In contrast to other Arctic
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states, resource development and extraction is not a prime industry in Iceland. The unique
features found here, volcanic activity, position on the Mid-Atlantic ridge and glaciers

attract global attention, rendering tourism one of Iceland’s largest industries.

Human Geography

Iceland has a modest population of 348,450 people where 93% of the population
is natively Icelandic and 90% live in urban areas (Arctic Countries, 2021). 60% primarily
reside in Iceland’s capital Reykjavikfour, and 30% in the three next largest cities of
Kopavogur, Akureyri, and Hafnarfjorour (Arctic Countries, 2021). From the 2012-2018
time period, the country experienced a 1.4% growth rate and 18% since 2000 (Heleniak,
2020). Projections from a base year of 2016 to 2065 estimate a 33% increase at a medium
scenario of growth to approximately 443,000 people (Heleniak, 2020).

The rate of females in the population is 49.0% and the youth percent is relatively
low among other Arctic countries at 19.3% (Glomsrgad et al., 2021). The life expectancy
in Iceland is one of the highest among Arctic countries, Europe, and globally at 82.9
years old (Glomsrgd et al., 2021). Also different from most Arctic countries is the male to
female sex ratio. Historically, women outnumbered males until around World War 1,
where in 1949 the ratio of men to women was approximately 100 to 100. From this point
forward men slowly outnumbered females until the late 2000s, where growing industrial
sectors such as construction led to an influx of males in Iceland. As of 2018, the ratio was

104 males to 100 females (Heleniak, 2020).
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6. Norway
Physical Geography

The total land area of Norway is approximately 385,000 square kilometers, with
about 185,000 square kilometers considered Arctic territory, over one third of the
country’s territory (Arctic Countries, 2021). The Norwegian Arctic accounts for all land
above the Arctic circle, including the counties Nordland, Troms and Finnmark. Svalbard
and the Jan Mayen archipelagos are also considered part of Norway’s Arctic territory.
Additionally, Norway separates its Arctic territory into the “High North™ and “High
Arctic” as conditions in the High North are not drastically different from that of Southern
Norway, and the High Arctic is uninhabited and is characterized by more extreme
conditions (Arctic Countries, 2021).

Similar to Iceland, Norway’s climate is significantly impacted by the gulf stream
that moderates temperature on its coast, which remains free of ice, and northern cities,
which are generally habitable when (Arctic Countries, 2021). In Tromsg, Norway’s
largest northern city, average annual temperatures reach as cold as -4°C in the winter and
as warm as 12°C in the summer (Arctic Countries, 2021). Svalbard in the High Arctic
experiences harsher conditions, with average annual winter temperatures of -13°C in the
winter and 8°C in the summer.

Recent permafrost models have concluded that permafrost underlays approximately
23,400 square kilometers in Scandinavia, with 56% of this area extending throughout
Norway (Gisnas et al., 2017). Similar to Iceland, permafrost in Norway tends to be
warmer and thinner than North American and Eurasian permafrost and associated with

elevation (AMAP, 2017; Voigt et al., 2010).
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The presence of oil and gas in Arctic Norway has encouraged development in this
region, a similar trend to what is observed in most Arctic states besides Iceland. Norway
profits from drilling in its offshore wells in the Barents Sea and relies mainly on two oil
fields: the Equinor Snghvit and ENI Goliat (Glomsrad et al., 2021). The Equinor Snghvit
field provides natural gas and the Goliat provides oil. The Barents Sea, while holding
plentiful resources, has lacked in development due to insufficient infrastructure and low

market demand (Glomsred et al., 2021).

Human Geography

While the rest of the Arctic is generally sparsely populated, Norway’s population
is relatively high in comparison. The population of Norway is 5.2 million, with over
480,000 residing in the Norwegian Arctic (Arctic Countries, 2021). The traditional Sami
community in Norway is estimated to have a population anywhere from 40,000 to 50,000
who are dispersed throughout Finnmark, Nordland and Troms.

Nordland is the most highly populated Arctic county with 243,335 thousand
residents. Bodo, the capital of Nordland, is the second largest Arctic city with 52,000

people (Table 3; Arctic Countries, 2021).

Table 3. Demographics in the Circumpolar Arctic by Region, Norway (Source: Economy of the North 2020).

Region Population | Avg. Growth Female Youth Life Expectancy
Finnmark 76,167 0.50 48.5 16.5 79.8
Nordland 243,335 0.30 49.3 16.5 81.1

Troms 166,499 0.80 49.1 16.8 81.7
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Nordland experienced the lowest rate of growth measured from 2012-2018 at
0.3% but is projected to grow by 7% by 2040 (Table 3; Heleniak, 2020). The life
expectancy in this county is 81.1, with a youth rate of 16.5% and a female percentage of
49.3%—the highest of Arctic Norway (Table 3).

Troms is the next most highly populated county of the Norwegian Arctic with
166,499 residents (Table 3). Troms, the capital of Tromsg, is the largest city in Arctic
Norway with approximately 76,000 residents (Arctic Countries, 2021). From the 2012-
2018 time period, Troms measured a 0.8% increase in population, the highest of
Norway’s Arctic region and is also projected to have the highest growth of 11% into
2040 (Table 3; Heleniak, 2020). This region also has the highest life expectancy and
youth percentage when compared to Finnmark and Nordland at 81.7 years and 16.8%,
respectively (Table 3). The female percentage of the population is slightly lower than that
of Nordland at 49.1% (Table 3).

Finnmark is the least inhabited northern county with a population of 76,167
(Table 3). Finnmark has the second highest growth rate of the three counties for the 2012-
2018 timeframe at 0.5% and has the same projected growth as Nordland of 7% by 2040
(Table 3; Heleniak, 2020). Of Arctic Norway, this county has the lowest life expectancy
of 79.8, although still higher than many Arctic nations in comparison (Table 3). The
female percentage of the population is 48.5%, also the lowest of Arctic Norway, and a

youth percentage of 16.5% (Table 3).
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7. Sweden
Physical Geography

Sweden’s Arctic, often referred to as “Norrland,” is the combination of two
Northern counties, Norrbotten and Visterbotten. Of Sweden’s land area, almost 15% is
located above the Arctic Circle, totaling approximately 261,292 square kilometers (Arctic
Countries, 2021). Annual average temperatures of the Swedish Arctic reach -10 °C in the
winter and 17 °C in the summer. The warm temperatures and prolonged sun exposure in
the summers have allowed for living conditions less harsh than is observed in many
Arctic countries, such as the ability to grow crops (Arctic Countries, 2021). Permafrost in
Sweden is largely discontinuous or linked to high elevations above sea level (Gisnas et
al., 2017). Of a modeled 23,400 square kilometers of permafrost projected to extend
across Scandinavia, 35% of this is found in Sweden (Gisnas et al., 2017).

Resources, minerals especially, are abundant in Norrland. Due to the heavy
presence of precious metals, Sweden contributes more than 90% of the European Union’s
iron ore production (Arctic Countries, 2021). Approximately 15% of the economy in the
Swedish Arctic is based on resource production and mining (Arctic Countries, 2021).
Many Arctic communities are centered around areas of production, as is the case with
Sweden’s largest Arctic city Kiruna. Kiruna is essentially located atop an iron ore mine in
danger of collapse. To preserve the town, the community is being moved three kilometers
east (Arctic Countries, 2021). Alongside Kiruna, the northernmost city of Arctic Sweden,
Umea and Lulea are two essential regional centers to Vasterbotten and Norrbotten

(Glomsrgd et al., 2021).
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Human Geography

The total population of Sweden is just over 10 million, with more than 500,000

living in Arctic territory—about 250,000 in Norrbotten and 270,000 in Vasterbotten—

accounting for ~5% of the country’s population (Glomsrgd et al., 2021). The indigenous

Sami community comprises almost 20,000 of the Arctic population (Arctic Countries,

2021).

Table 4. Demographics in the Circumpolar Arctic by Region, Sweden (Source: Economy of the North 2020).

Region Population | Avg. Growth | Female | Youth | Life Expectancy
Norrbotten 250,497 0.10 48.8 15.4 81.1
Vasterbotten 270,154 0.60 49.3 16.8 82.0

Vésterbotten has the larger population of Sweden’s two Arctic counties at

270,154 (Table 4). The growth rate from 2012-2018 was also higher than Norrbotten’s

at 0.6% (Table 4). The youth rate, female percentage of the population and life

expectancy also outnumber those of Norrbotten. The youth rate is measured at 16.8%,

female percentage at 49.3% and life expectancy at 82 years (Table 4).

In comparison, Norrbotten’s population was 250,497 with a growth of 0.1% for

the 2012-2018 time period, one of the slowest of the entire Arctic (Table 4). The

percentage of youth in the population is only 15.4%, females at 48.8%, and life

expectancy of 81.1 years (Table 4). Both counties are expected to grow according to

projections for 2040, Vasterbotten by 2.6% and Norrbotten by 4.6% (Heleniak, 2020).
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8. Finland
Physical Geography

In Finland the three provinces of North Ostrobothnia, Kainuu, and Lappi define
the country’s Arctic region, often referred to as Lapland. The total territory of Lapland is
98,983 square kilometers, about one-third of Finland and also the largest province in the
country, albeit the least populous (Arctic Countries, 2021). The climate of Arctic Finland
is similar to those of its neighboring Scandinavian countries, although being further
inland, it observes a higher range in temperatures than Norway.

Directly intersecting the Arctic Circle, Finland’s Lapland observes annual average
temperatures ranging from -13.5 °C to 14.5 °C, although record lows from -30 °C to -
51.5 °C have been documented in the winter (Arctic Countries, 2021). Over 70% of
Finland is dominated by forest and ranks as one of the most forested landscapes in
Europe, resulting in timber and wood production for resources and energy to be a main
industry in the country (Arctic Countries, 2021).

Finland has a smaller percentage of permafrost in Scandinavia, accounting for only
approximately 9% of a modelled 23,400 km? (Gisnas et al., 2017). As previously
mentioned, permafrost in Finland is not as thick as that found in Alaska, Canada or

Russia due to the influence of the North Atlantic Ocean (Voigt et al., 2010).

Human Geography
The population of Finland is about 5.5 million, with almost 180,000 living in

Lappi, 410,000 in North Ostrobothnia, and 75,000 in Kainuu (Arctic Countries, 2021). Of

Finland’s Arctic population approximately 10,000 are Sdmi, although only 5% reside in
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Lapland. Finland has the second lowest growth rate of the Arctic next to Russia with an

average observed decrease of -0.37% from 2012-2018 (Table 5).

Table 5. Demographics in the Circumpolar Arctic by Region, Finland (Source: Economy of the North 2020).

Region Population | Avg. Growth | Female | Youth | Life Expectancy
Lapland 178,522 -0.40 50.0 15.1 80.5

N. Ostrobothnia 412,161 0.30 49.5 19.6 81.6
Kainuu 73,061 -1.00 49.7 141 80.3

North Ostrobothnia contains Oulu, Finland’s largest Arctic city, and has a
population of 202,753 which comprises almost half of the region’s residents (Arctic
Countries, 2021). North Ostrobothnia is the only Arctic region of Finland to have
experienced a positive growth grate from the 2012-2018 time period at 0.30% (Table 5).
This is also the only region of Arctic Finland with positive projected growth into the
future, with an expected increase of 7% into 2040 (Heleniak, 2020). This region of
Finland has the highest youth rate compared to Lapland and Kainuu at 19.6% and has a
female rate of 50.0% (Table 5). The life expectancy of the region is 81.6 years, the
highest of Arctic Finland (Table 5).

Lapland’s capital is Rovaniemi with population 62,667 and is also home to Tornio
with population 21,912 (Arctic Countries, 2021). In Lapland from the 2012-2018 time
period, growth rates declined at a rate of -0.40%. Life expectancy for the region was
measured at 80.5 years, the female rate at 50.0%, and youth rate at 15.1% (Table 5).
Lapland is expected to observe a decrease of 3% into the mid-century time frame

(Heleniak, 2020).
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Kainuu’s capital and largest city is Kajaani with 37,039 residents (Arctic
Countries, 2021). Kainuu contains the smallest population of Arctic Finland and had the
greatest decrease in growth for the measured time period at -1.0% as well as the lowest
youth rate at 14.1%, which is also the lowest of all Arctic regions in the study area
countries (Table 5). Kainuu has a measured female rate of 49.7% and life expectancy of
80.3 years (Table 5). By 2040, the population is expected to decrease by 11% (Heleniak,

2020).

9. Russia
Physical Geography

Russia occupies approximately 17 million square kilometers, larger than any other
country, and extends across 11 time zones (Arctic Countries, 2021; Blinnikov 2011).
Climate in Arctic Russia has a high range, reaching daily average lows from -20°C to -
40°C in the winter and daily average highs from 15°C to 25°C in the summer (Arctic
Countries, 2021). Outside of Antarctica, Russia has observed the coldest recorded global
temperatures (Arctic Countries, 2021). Over half of Russia, an estimated 66%, is located
atop of permafrost (Romanovsky et al., 2010; Shiklomanov et al., 2017).

Arctic Russia is comprised of several administrative units throughout Northwest
Russia, the Urals, Siberia, and the Far East. In Northwest Russia, the Karelia and Komi
Republics as well as Murmansk and Arkhangelsk Oblasts intersect the Arctic Circle. In
the Urals region, the Khanty-Mansi, Yamal-Nenets and Nenets Autonomous Okrugs
contribute towards Russia’s Arctic as do northern part of Krasnoyarsk Krai and the

Irkutsk Oblast in Siberia. In Siberia, permafrost thickness has been measured as high as
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1500 m (Anisimov & Reneva, 2006). Lastly, in the Far East, Sakha Republic (Yakutia),
Chukotka Autonomous Okrug and Magadan Oblast are considered Arctic territories.
Chukotka and Yakutia, especially, have large amounts of land area on top of permafrost

(Streletskiy et al., 2019).

a. Northwest Russia- Karelia, Komi, Murmansk, Arkhangelsk

The Northwest region of Russia spans 1.7 million km: (Blinnikov, 2011). A
formerly glaciated terrain, Northwest Siberia is scattered with glacial lakes and is home
to the region’s largest river, the Northern Dvina which meets the White Sea in the city of
Arkhangelsk (Blinnikov, 2011). Both Murmansk and Arkhangelsk are classified as
subarctic, with Arkhangelsk temperatures reaching -50 °C (Blinnikov, 2011). Northwest
Russia produces approximately 8% of petroleum and 44% of oil shale for the country
(Blinnikov, 2011). It is also a considerable source of coal and mineral mining (Blinnikov,

2011).

b. Urals — Yamal-Nenets, Nenets, Khanty-Mansi

The Urals region occupies approximately 1.8 million square kilometers of
Russia’s territory and are defined by the mountain range partitioning Europe and Asia
(Blinnikov, 2011). The Ural Mountains are approximately 230-300 million years old,
with highest elevations in the region reaching 1,895 m in the polar Urals (Blinnikov,
2011). The mean annual temperature is recorded at 2.8 °C, with coldest recorded
temperatures of -48 °C, and warmest of 38 °C (Blinnikov, 2011). The Urals contain vast

reserves of minerals, natural gas and petroleum. Iron and copper ore are heavily mined,
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while Khanty-Mansi contains almost 70% of Russia’s petroleum and Yamal-Nenets

approximately 80% of the country’s natural gas (Blinnikov, 2011).

C. Siberia- Krasnoyarsk, Irkutsk

Siberia consists of a western lowland, the remains of an ancient seabed, and an
eastern upland (Blinnikov, 2011). The highest point of the region is Mt. Belukha at 4,506
m located in the Altay Mountains (Blinnikov, 2011). The climate in Siberia is mostly
continental subarctic and dominated by steppe and tundra, with temperatures lower than -
50 °C in the winter and peaked at 37°C in summers (Blinnikov, 2011). Siberia is rich in
minerals as such as nickel, as well as coal, oil, and natural gas, producing roughly 80% of

Russian coal (Blinnikov, 2011).

d. Far East- Chukotka, Magadan, Sakha (Yakutia)

The Northern Far East region of Russia is characterized by mountainous terrain
and is home to the third longest river in Russia, the Lena River where the city of Yakutsk
is located (Blinnikov, 2011). Climate in the Far East region on Russia is subarctic, with
temperature in the northeastern portion of the region reaching minimums of —72°C and
observing 170 mm of annual precipitation (Blinnikov, 2011). While roughly 10% of coal
in Russia is sourced from the Far East, oil and natural gas deposits are the main resource
found in the Far East. The Sakhalin shelf, for example, is estimated to contain 10 billion
barrels of oil (Blinnikov 2011). In Yakutsk, energy and diamonds are among the leading

industries (Heleniak, 2013).
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Human Geography

The population residing in Russia’s Arctic territories as defined for this study is
just over 6.5 million, although estimates for Russia’s intersecting the Arctic Circle is
closer to 2 million (Glomsrad et al., 2021; Arctic Countries, 2021). The largest cities in
Arctic Russia are Murmask with 303,754 residents, Norilsk with 164,365 residents, and
Vorkuta with 70,548 residents (Arctic Countries, 2021). On average, Russia has
experienced an overall decline in growth from 2012-2018 at a rate of -0.38% (Table
6). The population of the Russian Arctic is projected to continue declining by 2.5% into
the mid-century time period (Heleniak, 2020).

The life expectancy is the lowest of all Arctic countries at 71.1 years although it
does observe one of the higher youth percentages at an average of 20% among its
territories (Table 6). Russia also has the highest percentage of females in the population,
at 51.8% (Table 6). As Krais Krasnoyarsk and Irkutsk Oblast extend far south of the

Arctic, demographics information was not included in this analysis.

a. Northwest Russia- Karelia, Komi, Murmansk, Arkhangelsk

Arkhangelsk has the second highest population of Arctic Russia’s territories with
1,155,028 inhabitants. Murmansk contains 753,557 residents, Karelia 622,484, and Komi
840,873 (Table 6). Each of these territories observed negative growth from 2012-2018,
ranging from -0.90% to -0.50% and life expectancies from 70.6-72.1 years (Table 6). The
female rate is higher than most of Russia in the Northwest at a range of 52.0-54.5% while

the youth rates are lower than other Arctic Russian territories at 17.3-19.2% (Table 6).
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b. Urals — Yamal-Nenets AO, Kanty-Mansi AO

Khanty-Mansi has the largest population among Arctic Russian territories at
1,655,074 and has the highest growth rate and life expectancy of Arctic Russia at 1.0%
and 74.3 years, respectively (Table 6). The percentage of females in the population is
51.3% and youth 22.0% (Table 6).

Yamal-Nenets with population 538,547 has a considerably lower growth rate of 0.1%
but still remains only one of three territories in Arctic Russia with positive growth and
also has the second highest life expectancy of 74.1 years (Table 6). The percentage of
females in the population is 50.4% and youth 22.8%, also the second highest youth rate

of Arctic Russia (Table 6).

c. Far East- Chukotka, Magadan, Sakha (Yakutia)

Chukotka has the lowest population of Arctic Russia’s territories at 49,348. Magadan
contains 144,091 residents, and Sakha (Yakutia) 964,330 (Table 6). Chukotka and
Magadan observed negative growth from 2012-2018, with rates of -0.50% and -1.20%,
respectively, and life expectancies of 63.6 and 69.6 years, respectively, which are the two
lowest of Russia’s Arctic territories (Table 6). Sakha’s growth during the same time
period was 0.1% and also had a higher life expectancy at 72.7 years (Table 6). Chukotka
had the lowest female rate at 49.2%, where Magadan measured 51.6% and Sakha 51.5%
(Table 6). Chukotka had a youth percentage of 21.6%, Magadan 17.8% and Sakha 23.5%

(Table 6).
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Table 6. Demographics in the Circumpolar Arctic by Region, Russia (Source: Economy of the North 2020).

Region Population | Avg. Growth | Female | Youth | Life Expectancy
Arkhangelsk 1,155,028 -0.80 53.1 17.9 72.1
Chukotka 49,348 -0.50 49.2 21.6 63.6
Karelia 622,484 -0.50 54.5 17.3 70.6
Khanty-Mansi 1,655,074 1.00 51.3 22.0 74.3
Komi 840,873 -0.90 52.8 19.2 71.1
Magadan 144,091 -1.20 51.6 17.8 69.6
Murmansk 753,557 -0.70 52.0 17.6 71.7
Nenets AO 446540 NA 51.0 NA 65.8
Sakha 964,330 0.10 51.5 23.5 2.7
Yamal-Nenets 538,547 0.10 50.4 22.8 74.1
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Chapter 3: Background

1. Permafrost

Permafrost is defined as rock, soil or sediment reaching temperatures of 0°C or less
for at least two consecutive years (NSIDC, 2017). Permafrost is found in various
locations throughout the Northern Hemisphere in mountain ranges such as the Himalayas
or Rocky Mountains but is most commonly found in the Arctic (NSIDC, 2017).
Permafrost extent is significantly affected by proximity to ocean, which consequently
results in the smaller permafrost extent found in marine climates in Iceland and
Scandinavia, and greater extent in areas dominated by continental climates like Russia,
Canada and Alaska (NSIDC, 2017).

Permafrost can be classified according to thickness, temperature, presence of ice
content and more characteristics, however at regional and global scales, permafrost is
commonly classified by its continuity, or extent, to continuous, discontinuous, sporadic
and isolated (Zhang 2005; NSIDC, 2017). The continuous zone implying that permafrost
is virtually present everywhere with 90-100% of area is underlain by permafrost and only
large rivers and water bodies have no permafrost (Brown et al, 2002; Anisimov et al.,
1997). As this percentage decreases to 50-90%, permafrost classified as discontinuous,
where areas with particularly low percentage of 10-50% are sporadic and 0-10% are
isolated (Anisimov & Reneva, 2006; Brown et al., 2002)

In North America, permafrost is found underlying approximately 85% of Alaska and
40% of Canada (Alaska Division of Geological & Geophysical Surveys, 2022; Derksen,
C., 2019). In Alaska all areas apart from the Southeast region of the state contains some

permafrost, where thick continuous permafrost occupies Northern Alaska from the
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Brooks Range to the Arctic Coastal Plain (Alaska Division of Geological & Geophysical
Surveys, 2022). In Canada, permafrost extends across the High Arctic, Mackenzie
Valley, into Northern Quebec, and has been found as far south as on the Gaspé Peninsula
(Derksen et al., 2019).

Over half of Russia, an estimated 66%, is located in permafrost regions
(Romanovsky, 2010; Shiklomanov et al., 2017). In Siberia, permafrost thickness has been
measured as high as 1500 m (Anisimov & Reneva, 2006). Additionally, recent models
have concluded that permafrost underlays approximately 23,400 square kilometers in
Scandinavia, with 56% of this area extending throughout Norway, 35% throughout
Sweden, and 9% of which is in Finland (Gisnas et al., 2017).

Scandinavian permafrost is heavily influenced by proximity to the Northern Atlantic
Ocean. As a result, permafrost in Iceland, Sweden, Finland and Norway, is generally
thinner and warmer than permafrost found in other countries at the same latitude (AMAP,
2017; Voigt et al., 2010). In addition to warmer permafrost temperatures, permafrost is
generally discontinuous in both northern Scandinavia and Iceland, often corresponding to
elevation and mountainous regions (Voigt et al., 2010).

On top of the permafrost, there is a layer that is subject to annual freezing and
thawing, known as the active layer. The active layer is most dynamic part of the
permafrost system and affects many ecosystem processes in the Arctic. It is also an
important variable in engineering design. Progressive increase of active layer thickness
(ALT), especially in areas of ice-rich permafrost, may lead to ground subsidence and
negative consequences for infrastructure. Several studies found that both permafrost

temperature and ALT is progressively increasing and is therefore a point of concern for
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developing new and maintaining existing infrastructure (Biskaborn et al., 2019; Smith et

al., 2022; Nyland, 2022).

2. Construction on Permafrost

Permafrost’s stability depends on many characteristics, such as soil composition,
presence of organic matter and ice content. Importantly, permafrost mechanical strength
is temperature dependent. When stable, it offers solid structural support for surface
infrastructure. While frozen ground such as bedrock remains relatively unaffected by
warming temperatures, ground composed of fine-grain sediments loses its mechanical
strength even under small temperature changes, with higher silt content soils also
becoming increasingly thaw-unstable (Alaska Division of Geological & Geophysical
Surveys, 2022). Permafrost with higher contents of ice, also known as “ice-rich”
permafrost, is especially threatened by increasing permafrost temperatures as the melting
of ground ice can lead to ground subsidence (Alaska Division of Geological &
Geophysical Surveys, 2022).

Two main threats arise from warming climatic conditions. As permafrost temperature
warms, its capacity to support the structural loads decreases, a process known as bearing
capacity loss (Streletskiy et al., 2012). As ice-rich sediments thaw under the progressive
increase in ALT, soil consolidate in an uneven manner which creates a deformed, uneven
surface, a process known as ground subsidence (Streletskiy et al., 2012). Additionally,
thicker ALT leads to deeper penetration of freeze and thaw cycles, further challenging

human infrastructure on permafrost (Grechishchev et al., 2003).
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Loss of bearing capacity under warming climatic conditions and ground subsidence in
areas of ice-rich permafrost have significant impacts on infrastructure and result in
damage to residential buildings and commercial structures, uneven roads, railroads,
bridges and airport runways, which already have been documented to occur throughout
Canada, Alaska, Europe and Asia (Wagner et al., 2018; Hjort et al., 2022).

In road building, the deformation caused by ground subsidence can be further
exacerbated by the lack of suitable soil for construction and fluvial erosion, forming
cracks in and around the roads as can be observed in North and West Siberia
(Grechishchev et al., 2003). Large longitudinal cracks measuring 50 m or more with
openings on the surface up to 15 cm were found on service roads and roads currently
under construction (Grechishchev et al., 2003). The spring thaw causes meltwater to fill
the rills, which then refreezes in the colder month resulting in lateral and vertical
expansion of these cracks.

Roads and airport runways also possess flood risks resulting from permafrost thaw
(Alaska Division of Geological & Geophysical Surveys, 2022; Melvin et al., 2017).
Several strategies to prevent this risk are fortified drainage systems, larger culverts,
modifications to the base layer, thermosyphon and sealants (Melvin et al., 2017).

Railroads are also not exempt from the harsh effects of permafrost thaw. Base-layer
modifications and thermosyphon installation can be implemented to mitigate further
damage (Melvin et al., 2017). Railroads have been identified as particular hazards due to
climate change, with one study finding five Russian railroads to have some form of

deformation due to permafrost thaw, while in Alaska, the cost of railroad operations have

35



increased annually due to more frequent and severe ground movement (Shiklomanov et al.,
2017).

Similar to the linear infrastructure mentioned above, buildings in the Arctic are also
at risk from permafrost thaw, with a major threat resulting from cracking, subsidence and
reductions in the stability of buildings as bearing capacity is lost (Melvin et al., 2017;
Shiklomanov et al., 2017). Buildings that are placed directly on the ground radiate heat,
leading to localized thaw in the areas surrounding the structure. As ice thaws in the pores
of the soil as a result of this heat, bearing capacity is lost (Larsen et al., 2008). Therefore,
the majority of buildings are built on piles or stilts to decouple heat from the structure from
permafrost.

Historically, many engineering designs allowed to prevent heat from structures to
promote warming of frozen ground, however rapidly changing climatic conditions may
require additional solutions as permafrost under well-designed structures continue to
degrade. For these reasons, the understanding of current and future permafrost conditions
is crucial for response and planning in the implementation of the adaptation strategies in

the Arctic regions.

3. Impact on Arctic Communities

These threats to infrastructure have direct effects on Arctic communities, many of
which are located in areas rich in resources like oil, gas and minerals but experience a
lack of construction materials such as rock or gravel, which must be transported into

towns and cities (Alaska’s Aviation Lifeline, 2013).

36



The adverse effects of climate change are limiting the capacity for this transportation
to take place as freeze-thaw cycles are becoming more unpredictable and road durability
is threatened by ground subsidence. The overall impact affecting food security, cost of
living and overall well-being of Arctic Communities (Standing Committee on Foreign
Affairs and International Development, 2019).

Besides risk to roads and railroads, airports also play a key role in connecting Arctic
communities. In Canada, the Arctic territory of Nunavut is disconnected from the
Highway system, making them reliant on air and sea transportation (Standing Committee
on Foreign Affairs and International Development, 2019). This is not the case for all
Arctic communities, although it does highlight one of the difficulties in assessing risk,
which is that Arctic cities vary greatly in size and development, and challenges in one

settlement are not necessarily reflective of those found in other Arctic regions.
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Chapter 4: Hypothesis and Objectives

This study has three hypotheses regarding infrastructure in permafrost regions:

1. Climate change into the mid-century will result in a decrease in the
stability of frozen soils, such as decreases in bearing capacity and
increases in ground subsidence that will place human infrastructure at risk;

2. The damage due to this decrease in stability will vary based on climate
input, with trajectories favoring mitigation and moderate warming
reflecting lower cost to governments with Arctic communities than that of
a business-as-usual with higher warming trajectory;

3. The extent and cost due to climatically driven infrastructure damage will
vary across the study area based on differences in economies, size and
variability of the climate projections.

The main objective to evaluate these hypotheses is to assess infrastructure in risk
zones based on climate input and determine the communities affected by at-risk
infrastructure. This will be achieved by:

1. Overlaying infrastructure using inputs from permafrost model forced by
moderate warming scenario with mitigation, and higher warming,
business-as-usual scenario;

2. Classifying at-risk infrastructure based on determined thresholds for
bearing capacity loss and ground subsidence and calculating the resulting
cost;

3. Identifying the states and communities affected by projected infrastructure

damages.
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Chapter 5: Data and Methods

This study analyzes spatial patterns of climatically driven environmental changes
using a subset of CMIP6 models under the SSP245 and SSP585 scenarios and estimates
the magnitude and extent of affected infrastructure as well as identifies especially
vulnerable communities for Arctic regions of the USA, Canada, Russia, Iceland, Sweden,
Norway, and Finland (Eyring et al., 2016).

Economic and infrastructure databases are used to evaluate costs at the regional
scale as well as identify communities that are most vulnerable to permafrost related hazards
such as ground subsidence and bearing capacity change. The infrastructure database was
developed using Open Street Map (OSM) to identify various types of infrastructure at risk
including transportation infrastructure such as roads, railways and airports as well as
residential infrastructure including buildings (Open Streep Map Foundation).

This research utilizes newly available CMIP6 climate projections (Eyring et al.,
2016). To evaluate future scenario decade of 2055-2064 was selected as corresponding to
lifespan of infrastructure. Changes were evaluated relative to reference decade of 2015-
2024. Out of all available CMIP6 models, three were selected as having relatively high
resolution and representing a high, moderate, and low temperature change to analyze and
compare the extent of affected infrastructure based on the specific model.

Infrastructure data for this study was sourced and compiled using OSM, then
associated with country-specific construction cost. The cost of infrastructure construction
was collected for each country based on government proposals, contractor reports, and

local news sources.
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1. Climate Input

CMIP6 contains 33 participating model groups, of which three were specifically
selected for this study Alfred Wegener Institute - Climate Model - Medium Resolution
(AWI-CM-MR-1-1), Norwegian Earth System Model - Medium Resolution Model
(NorESM2-MM), and Max Planck Institute Earth Systems Model - High Resolution (MPI-
ESM1-2-HR).

The models were selected as having highest (AWI1), lowest (NorESM) and medium
values of air surface temperature increase (MPI). For each model, daily surface
temperatures and precipitation were extracted for representative concentration pathways
4.5 and 8.5 (RCP) and shared socioeconomic pathways (SSP) 2 and 5. Statistics for the

models under the SSP245 scenario are shown below in Table 7.

Table 7. Statistics for mean annual air temperature difference of future conditions (2055-2064) and current conditions
(2015-2024) for a subset of CMIP6 models under the SSP245 climate scenario. Units reported in °C.

Model Mean Minimum Maximum Std. Dev.
Alfred Wegner
Institute (AWI) 1.41 0.08 3.78 0.58
Norwegian Earth
System Model 2 1.28 -0.65 3.45 0.50
(NorESM2)

Max Plank Institute

(MPI) 1.04 0.50 2.72 0.41

Statistics for the models under the SSP585 scenario are shown in Table 8.
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Table 8. Statistics for mean annual air temperature difference of future conditions (2055-2064) and current conditions
(2015-2024) for a subset of CMIP6 models under the SSP585 climate scenario. Units reported in °C.

Model Mean Minimum Maximum Std. Dev.
Alfred Wegner Institute
2.32 -0.65 6.00 0.96

(AWI)

Norwegian Earth

System Model 2 1.95 -0.74 4.50 0.61

(NorESM2)
Max Plank Institute

(MPI) 1.91 -1.10 4.61 0.69

Alfred Wegener Institute (AWI)

The Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research in
Germany is a first-time contributor to CMIP. The Alfred Wegener Institute - Climate
Model - Medium Resolution (AWI-CM-MR-1-1) was used in this study and was proven to
perform well compared to both CMIP5 and CMIP6 models (Semmler, 2020). Related to
other model projections, the temperature change observed by AWI-CM sees a similar
average warming as predicted by other CMIP models (Semmler, 2020). Under the strongest
emission scenario of AWI, SSP585, the temperature increase is as high as 11°C in the
Arctic by the 2100 compared to the historical reference time period. While temperature
increases of this model agree with the multi-model mean generated by CMIP5, they are
stronger than the CMIP6 updated version of MPI (Semmler, 2020). The main
characteristics of this model include robust temperature changes under the SSP585
emission scenario, especially in the Arctic and less pronounced biases than CMIP5 models

according to objective performance indices (Semmler, 2020).
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Norwegian Earth System Model v2 (NorESM2)

The Norwegian Earth System Model version 2 was developed by the Norwegian
Climate Center and is the update to NorESM1 which was used in CMIP5 (Seland et al.,
2020). The Norwegian Earth System Model - Medium Resolution Model (NorESM2-MM)
was selected for use in this study and provides medium horizontal resolution of 1° for
atmosphere and land variables (Seland et al., 2020). Compared to its previous version,
NorESM2 is a warmer model, although it is generally considered “colder” (Seland et al.,
2020) The historical temperature reconstructions of NorESM2-MM were found to be
within 0.2°C of observed temperatures when measured in 2015 and also represented
enhanced climate forcing towards the end of the period (Seland et al., 2020). The main
characteristics of this model include updated parameters from the CMIP5 version that see
new input files for aerosols, including the greenhouse gas concentrations of carbon dioxide
(CO2), methane (CHa4), nitrous oxide (N20), as well as sulfur dioxide (SOz) as well as
reduced surface and tropospheric temperature biases in NorESM2 when compared to

NorESM1 (Seland et al., 2020).

Max Planck Institute (MPI)

The Max Planck Institute Earth System Model is the third model selected for
analysis in this study and contributes to improved modelling of the climate mean state of
the atmosphere (Gutjahr et al, 2019). The Max Planck Institute Earth Systems Model -
High Resolution (MPI-ESM1-2-HR) builds on the resolution of its preceding version and
raises its horizontal resolution from 0.93° for atmospheric variables, by which temperature

distribution at the 2 m scale was strongly affected (Gutjahr et al, 2019). The MPI model
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does observe a cold bias in the North Atlantic and Nordic Seas with lower temperatures

resulting in Europe (Gutjahr et al, 2019).

Permafrost-geotechnical model

Values for daily mean temperature and precipitation from three selected CMIP6
models were used as inputs to a permafrost geotechnical model, looking at the difference
between current (2015-2024) and future (2055-2064) conditions following the
methodology outlined in Streletskiy (2012). The model produces permafrost temperature
(PT) and active layer thickness (ALT) using the modified Kudryavtsev solution
(Streletskiy et al., 2012). The model then uses using a series of empirical equations that
relate normal and shear stresses to mean annual ground temperature, ALT, salinity, peat
presence and ground ice content for various types of soil, resulting in a value of
permafrost bearing capacity. For ground subsidence, the methodology outlined by Suter
(2018) using the settlement index model from Nelson et al. (2001). Studies using this
permafrost geotechnical model validated its use at a variety of scales and with large
climatic datasets (Streletskiy et al., 2012; Suter, 2018; Swales, 2012).

Using the outputs of this permafrost geotechnical model, the changes to two main
threats to human infrastructure in permafrost regions were estimated and mapped: ground
subsidence and bearing capacity loss for each of the three climate models under both the
SSP245 and SSP585 scenario.

Based on the observed change in these maps, risk zones were delineated established
by hazard potential thresholds to human infrastructure of interest (roads, railroads, airports,
and buildings). The delineated risk zones were employed to calculate the length and area

of affected infrastructure to be associated with their respective per unit cost in order to
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determine the monetary consequences of permafrost degradation on human infrastructure

critical to accessibility in the Arctic.

2. Infrastructure

The infrastructure data used in this research project was compiled using OSM
(Open Streep Map Foundation). OSM data was downloaded in 2021 for each Arctic
country from the official data repository of Open Street Map. Then, specific infrastructure
layers were extracted with Osmosis, a command-line tool in Linux. Next, QGIS was used
to select attributes and geometry from the OSM files and saved the result as shapefiles.
Lastly, an ArcGIS geodatabase was created and loaded with the resulting OSM shapefiles.
The infrastructure types collected using this process included roads, railroads, airports, and

buildings.

3. Economics

Data Collection

Publicly available sources on construction costs of major types of infrastructure
were used to estimate the costs of infrastructure replacement and maintenance. The
construction cost sources that are examined by this study were largely collected from
government sources, such as government contracts or contractor budgets. In some cases,
costs were recorded based on local news articles tracking construction projects. Some
countries such as Canada had very detailed data on various costs of infrastructure while
other countries, particularly Russia, had very few sources available. In some instances
where no country-specific cost of replacement for specific infrastructure types was

available, the closest neighboring state’s information was used.
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Governmental sources include but are not limited to: Alaska Department of
Transportation, Alaska State Rail Plan, British Columbia Ministry of Transportation and
Infrastructure, Government of Northwest Territories Infrastructure, Iceland Parliamentary
Resolution on Transport Plan, Norwegian Ministry of Transport, Swedish Transport
Administration, and the Finnish Transport Infrastructure Agency. Government sources of
construction costs for roads, railroads and airports were prioritized and supplemented
with public repositories such as the Wilson Center’s Arctic Infrastructure Database,
public records published by third party private contractors, or with official reports made
by local news organizations.

Private contractors used to collect construction sources include: Arctic Slope
Regional Corporation (ASRC) Construction Holding Company, Hatch Ltd., Altus Group,
GAMMA Capital Management Ltd., Skanska Group, and the Nordic Office of
Architecture. Local news organizations used as sources include: Barents Observer,
Forbes, The B1M, Alaska Public Media, and Alaska Business. Lastly, where the above
sources could not be accessed to collect construction information, academic sources of
peer-reviewed literature were consulted to estimate infrastructure cost. Two papers were
mainly used to estimate Russian infrastructure costs (Porfiriev et al., 2019; Porfiriev et
al., 2021).

Information for all Arctic states was gathered to its fullest extent, including the
regional and country-wide scale before being refined to local construction budgets for
infrastructure built specifically in permafrost regions. Roads where tunnels or bridges were
main features in construction were excluded, however construction projects either

proposed or currently under construction were included. Correcting for construction in
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permafrost regions narrowed the database but proved a necessary step in accurately
gauging the cost of Arctic infrastructure and in turn the accuracy of cost predictions.

Due to currency differences the costs varied between countries, requiring the use
of OECD’s 2020 purchasing power parity (PPP) data to standardize costs across Arctic
countries. The 2020 PPP exchange values were assumed to be constant for the future

period. The resulting costs used to calculate the results for this study are outlined in Table

9.

Table 9. Average per unit cost of construction for roads, railroads, buildings, and airports. Cost in USD.

Country Infrastructure Type Avg. Per Unit Cost ($)
Roads (km) 1,646,986
Railroads (km) 5,386,368
Alaska
Buildings (m?) 1,736
Airport(s) 20,600,000
Roads (km) 1,654,780
Railroads (km) 6,614,786
Canada
Buildings (m?) 1,442
Airport(s) 24,110,964
Roads (km) 776,631
Railroads (km) 13,265,306
Iceland
Buildings (m?) 1,524
Airport(s) 8,016,835
Norway Roads (km) 4,799,548
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Railroads (km) 9,228,610
Buildings (m?) 3,034
Airport(s) 198,000,000
Roads (km) 4,960,317
Railroads (km) 12,277,939
Sweden
Buildings (m?) 4,377
Airport(s) 1,486,053,955
Roads (km) 4,799,548
Railroads (km) 5,701,582
Finland
Buildings (m?) 3,994
Airport(s) 83,431,953
Roads (km) 584,855
Russia Railroads (km) 2,143,470
Buildings (m?) 2,042
Airport(s) 39,214,148

4. Data processing and mapping

ArcGIS was the main software used for data processing. Within GIS, the netcdf (.nc)

outputs for bearing capacity, ground subsidence, and mean annual temperature difference

were read in as raster layers. The mean annual temperature difference raster layers were

evaluated for their minimum, maximum, standard deviation and mean values.




Afterwards, the ground subsidence and bearing capacity raster files selected from the
above models were reclassified based on thresholds for low, moderate and high risk. Recent
studies were cited to determine the levels of low, moderate and high-risk categories for

bearing capacity (Melnikov et. al, 2021) and ground subsidence (Streletskiy et al., 2019).

After being reclassified to single band rasters, the layers for both ground subsidence
and bearing capacity were converted to polygons to allow for geoprocessing. The OSM
shapefiles for buildings, roads, and railroads were reprojected using North Pole Lambert

Azimuthal Equal Area. Airports were counted individually per country.

Next, infrastructure was overlayed with the risk zones for each model and saved in
a geodatabase. Finally, only infrastructure in moderate or high-risk categories was selected
sorted out. Finals lengths were reported using the statistics for infrastructure in risk zone

for the given location.

Outside of GIS, economic data was processed using Excel. Infrastructure costs from
the aforementioned study area countries were averaged in Excel to present final economic
forecasts for the Arctic as a whole. To average infrastructure, the per unit costs (ex:
construction price per kilometer) were collected from each individual country, totaled and
divided by the sum of entries. To generate the final estimation for the infrastructure costs,
this number derived from the previous step was multiplied by the sum of length or area

determined by GIS to be in at-risk zones for ground subsidence or bearing capacity loss.
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Chapter 6: Results

The two threats to infrastructure stemming from permafrost degradation as
defined in the scope of this study include ground subsidence and bearing capacity loss.
For ground subsidence, roads, railroads and airports in zones with less than 10 cm of
subsidence were classified as low risk, areas with 10-20 cm of subsidence as moderate
risk, and areas with greater than 20 cm of subsidence as high-risk following the
methodology by Streletskiy et al., 2019. Bearing capacity loss was categorized based on
Melnikov et al. 2020, where buildings in zones with less than 15% bearing capacity were
considered low risk, zones of 15-30% moderate risk, and buildings in areas with greater
than 30% bearing capacity loss as high risk.

Larger countries like Russia and Canada have considerably greater networks of
infrastructure on permafrost, while smaller countries in Scandinavia have very few.
Therefore, the relative value of infrastructure affected by permafrost degradation to the
total value of infrastructure on permafrost was used when reporting results. The total
values for infrastructure extracted by OSM in permafrost affected regions are listed in

Table 10.
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Table 10. Total amount (length, area) of infrastructure footprint extracted by OSM using permafrost extent for each

study area country.

Country Road (km) Railroad (km) | Airports (#) Buildings (m?)
Alaska (USA) 23,327,994 1,127,618 9 27,605,278
Canada 42,815,828 2,989,399 7 10,539,958
Russia 173,088,836 19,581,983 18 142,834,729
Iceland 15,119,537 - 7 21,342,212
Sweden 34,423,117 1,802,028 3 25,202,930
Finland 23,511,231 479,950 7 15,574,976
Norway 36,341,817 1,335,198 6 26,572,863
Total 348,628,360 27,316,176 57 269,672,946

Roads at Risk of Ground Subsidence

Across the entire study area, 348,629 km of roads extracted from OSM were

found to be in permafrost regions (Table 10). On average, 99,919 km or 28.7% of roads

on permafrost were identified to be located in zones of moderate to high risk of ground

subsidence under the SSP245 scenario with a maximum of 31.9% and minimum of

26.0% (Table 11). The countries with the highest percentage of roads at risk by mid-

century were Russia (38.2%), Canada (33.6%), Norway (25.9%) and Alaska (19.1%)

(Table 11). Countries with the least percentage of permafrost roads in risk were Sweden

(13.1%), Finland (3.7%) and Iceland (1.4%) (Table 11).
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Figure 3. Maps displaying roads in permafrost regions at risk of low (<10 cm), moderate (10-20 cm) and high (>20
cm) ground subsidence across the study area based on difference of modelled future conditions (2055-2064) and
current conditions (2015-2024). Maps on the left (a-c) represent an SSP245 climate scenario while maps on the right

(e-g) represent an SSP585 scenario. Study are countries outlined in blue.
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Table 11. Projected average, minimum and maximum percentages of roads in permafrost regions at risk of ground
subsidence under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min. Max.
Alaska (USA) 19.1% 6.8% 29.4%
Canada 33.6% 24.2% 50.7%
Russia 38.2% 35.3% 41.0%
Iceland 1.4% 0.8% 2.0%
Sweden 13.1% 6.5% 16.8%
Finland 3.7% 0.0% 7.9%
Norway 25.9% 13.2% 47.2%
Total 28.7% 26.0% 31.9%

This does not mean that actual roads are built on permafrost, which is only valid
in the continuous permafrost zone. Even in discontinuous permafrost zone, the actual
length of roads built directly on permafrost is likely to be half of the actual road length
within the zone. This leads to higher length of roads on permafrost regions extracted from
OSM in areas where permafrost is not continuous, especially in countries with a sub-
Arctic climate, such as Norway, Finland and Sweden. Nevertheless, the roads not built
directly on permafrost but in similar climate conditions also experienced deep freeze-
thaw cycles and may have similar problems such as heave and subsidence and loss of
bearing capacity. In the absence of high-resolution data, this research assumes that roads

subjected to risk of ground subsidence and loss of bearing capacity will be equally
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affected regardless of if they are built directly on permafrost or just within permafrost
region. This is also assumed across other infrastructure types.

Countries with the greatest cost associated with roads at risk of ground subsidence
on average of the three models were Norway ($45.2 billion), Russia ($38.6 billion),
Canada ($23.8 billion) and Sweden ($22.3 billion) (Table 12). Countries with the least
cost resulting from roads in risk were Alaska ($7.4 billion), Finland ($4.2 billion) and
Iceland ($0.17 billion) (Table 12). Subsequently, the total Arctic is projected to
experience $141.6 billion in damage due to roads located in areas with moderate to high
risk of ground subsidence with low estimate of $106.6 billion and high estimate of 174.2

billion (Table 12).

Table 12. Projected average, minimum and maximum cost of roads in permafrost regions at risk of ground subsidence
under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model projections
and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $7,356.4 $2,609.6 $11,302.4
Canada $23,786.5 $17,154.2 $35,904.0
Russia $38,643.9 $35,783.8 $41,501.0
Iceland $169.3 $89.4 $231.1
Sweden $22,309.9 $11,064.9 $28,674.4
Finland $4,178.6 $.0 $8,931.5
Norway $45,198.1 $22,969.2 $82,318.0
Total $141,642.6 $106,566.7 $174,218.6




The regions most affected were Sakha-Yakutia, Khanty-Mansi AO, Yamal-
Nenets AO in Russia, Northwest Territories and Yukon in Canada, Finnmark and
Nordland in Norway, and Norbotten in Sweden. In Finland, Lappi was the only region
where roads were projected to be at risk of moderate to high ground subsidence.
According to the SSP585 scenario, countries with the highest relative value of roads at
risk were Canada, Russia, Norway and Alaska (Table 13). Countries with the least
percentage of roads at risk were Sweden, Finland and Iceland (Table 13).

For the total study area, roads in risk zones of ground subsidence increased by
54,214.91 km for a total of 154,133.67 km or 44.2% of all roads in permafrost regions
(Table 13). Comparing climate scenarios shows on average 17.8% increase of roads at

risk due to ground subsidence under SSP585 relative to SSP245 (Table 13).

Table 13. Projected average, minimum and maximum percentage of roads in permafrost regions at risk of ground
subsidence under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min. Max.
Alaska (USA) 37.8% 28.3% 42.6%
Canada 63.9% 48.2% 73.5%
Russia 56.6% 48.9% 63.0%
Iceland 1.4% 0.0% 2.6%
Sweden 12.3% 0.0% 18.5%
Finland 7.1% 0.4% 10.5%
Norway 38.3% 14.7% 50.2%
Total 44.2% 38.1% 51.0%

Under the highest estimate, the percentage of roads at risk increased from 19.1%

to 51.0%, while under lowest estimate 12.1% for a total of 38.1% of roads in the Arctic
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that would be at risk (Table 13). Countries with the greatest cost associated with
permafrost roads at risk of ground subsidence on average of the three models were
Norway ($66.9 billion), Russia ($57.3 billion), Canada ($45.2 billion) and Sweden ($21.0
billion) (Table 14). Countries with the least cost resulting from permafrost roads in risk
were Alaska ($14.5 billion), Finland ($8.0 billion) and Iceland ($162.6 million) (Table
14). In terms of cost, the results show $213.2 billion in loss from roads in ground
subsidence risk zones under SSP585 with a range from $129.5 to $263.5 billion (Table
14). The cost increase from the SSP245 to SSP585 scenario therefore amounts to $71.5
billion on average. At its highest cost was predicted at $263.5 billion versus $129.5

billion as a minimum amount.

Table 14. Projected average, minimum and maximum cost of roads in permafrost regions at risk of ground subsidence
under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model projections
and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $14,507.6 $10,887.5 $16,380.0
Canada $45,244.7 $34,116.3 $52,082.0
Russia $57,268.7 $49,474.3 $63,785.0
Iceland $162.6 $.0 $304.7
Sweden $21,032.4 $.0 $31,558.7
Finland $8,062.6 $431.6 $11,882.9
Norway $66,878.9 $25,556.7 $87,548.6
Total $213,157.5 $129,539.0 $263,532.4
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In Russia, most affected regions remained the same as under the SSP245 scenario,
including Sakha-Yakutia, Khanty-Mansi, Yamal-Nenets and Irkutsk Oblast. In Canada
the most affected region was foremost the Yukon followed by the Northwest Territories.
Finnmark was the most affected of the Norwegian as well as Norrbotten in Sweden.

Again, in Finland, Lappi was the only region containing at-risk permafrost roads.

Railroads at Risk of Ground Subsidence

Across the entire study area, 27,316.18 km of railroads extracted from OSM were
found to be in permafrost affected regions (Table 10). Estimated proportion of railroads
at risk of ground subsidence by mid-century was from 18.6% to 29.0% (Table 15). On
average, 7,628.55 km or 27.9% of railroad in permafrost regions were identified to be
located in zones of moderate to high ground subsidence under the SSP245 scenario.

Countries with the highest proportion of railroads at risk were Russia (29.7%),
Canada (28.0%), Norway (27.7%) and Sweden (24.2%) (Table 15). Countries with the
least percentage of permafrost rail in risk were Alaska (15.3%), Finland (0.0%) and

Iceland (0.0%) (Table 15).

56



0l 2000 AWI a) 0o 2000 AWI e)

Ground Subsidence (cm)

<10
M 1020
20

Ground Subsidence (cm)
<10

1020
-2

Figure 4. Maps displaying railroads in permafrost regions at risk of low (<10 cm), moderate (10-20 cm) and high (>20
cm) ground subsidence across the study area based on difference of modelled future conditions (2055-2064) and current
conditions (2015-2024). Maps on the left (a-c) represent an SSP245 climate scenario while maps on the right (e-g)
represent an SSP585 scenario. Study are countries outlined in blue.
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Table 15. Projected average, minimum and maximum percentage of railroads in permafrost regions at risk of ground
subsidence under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min Max
Alaska (USA) 15.3% 0.0% 29.5%
Canada 28.0% 17.4% 46.5%
Russia 29.7% 19.8% 40.8%
Iceland 0.0% 0.0% 0.0%
Sweden 24.2% 12.8% 31.7%
Finland 0.0% 0.0% 0.0%
Norway 27.7% 10.1% 53.7%
Total 27.9% 18.6% 36.1%

Under SSP245 scenario countries within the study area combined can expect
almost $27.7 billion in railroad damage due to ground subsidence (Table 16). Countries
with the greatest cost associated with this damage on average of the three models were
Russia ($12.5 billion), Canada ($5.5 billion), Sweden ($5.3 billion) and Norway ($3.4
billion) (Table 16). Countries with the least cost incurred from risk to permafrost
railroads were Alaska ($931.8 million), while Finland and Iceland had no associated cost

(Table 16).
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Table 16. Projected average, minimum and maximum cost of railroads in permafrost regions at risk of ground
subsidence under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections and country specific construction costs. Cost in millions USD.

Country Avg. Min Max
Alaska (USA) $931.8 $.0 $1,794.2
Canada $5,532.6 $3,450.6 $9,201.8
Russia $12,461.9 $8,330.6 $17,117.6

Iceland $.0 $.0 $.0
Sweden $5,345.6 $2,841.2 $7,009.1

Finland $.0 $.0 $.0
Norway $3,413.4 $1,240.7 $6,617.1
Total $27,685.4 $18,005.9 $34,689.4

In Russia, Yamal-Nenets was the most affected region followed by the Irkutsk
Oblast, Komi Republic, then Sakha-Yakutia and Khanty-Mansi. Canada’s most affected
regions were outside of its Arctic territories (Northwest Territories, Yukon and Nunavut).
Nordland, Norway and Norrbotten, Sweden experienced greatest railroad extents in risk.
In Finland and Iceland, there were no substantial lengths of railroad predicted to be in
hazard areas.

Under the highest projected warming, the percentage of rail infrastructure in risk
increased by 15.2% to 44.2% moving from the SSP245 to SSP585 climate, and by 20%

to 38.6% under lowest projection (Table 17). Under the SSP585 scenario for the total
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Aurctic, railroads on permafrost with risk of ground subsidence increased by 3,745.77 km
for a total of 11,374.32 km or 41.6%, which is +13.7% increase relative to SSP245.
Within the SSP585 scenario, countries with the greatest percentages of railroads
in risk were Canada (51.7%), Russia (43.8%) and Norway (40.7%) (Table 17). Countries
with the least percentage of railroads at risk were Alaska (29.1%) and Sweden (21.3%)
(Table 17). Finland and Iceland both had no measurable length of railroad in zones of

moderate to high ground subsidence (0.0%) (Table 17).

Table 17. Projected average, minimum and maximum percentage of railroads in permafrost regions at risk of ground
subsidence under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min. Max.
Alaska (USA) 29.1% 16.4% 38.7%
Canada 51.7% 32.2% 61.7%
Russia 43.8% 39.9% 47.1%
Iceland 0.0% 0.0% 0.0%
Sweden 21.3% 0.0% 32.0%
Finland 0.0% 0.0% 0.0%
Norway 40.7% 13.7% 54.2%
Total 41.6% 38.6% 44.7%

Countries with the greatest cost associated with railroads at risk of ground
subsidence on average of the three models were Russia ($18.4 billion), Canada ($10.2

billion), Norway ($5.0 billion) and Sweden ($4.7 billion) (Table 18). Countries with the

60




least cost were Alaska ($1.8 billion), Finland ($0.0) and Iceland ($0.0) (Table 18). In
total for entire study area, this equated to $40.1 billion, a $12.4 billion increase from the
SSP245 climate scenario (Table 18). Highest cost predictions were an expenditure of

$46.5 billion, and lowest of $28.8 billion (Table 18).

Table 18. Projected average, minimum and maximum cost of railroads in permafrost regions at risk of ground
subsidence under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $1,766.3 $997.0 $2,350.0
Canada $10,220.1 $6,365.9 $12,196.3
Russia $18,377.7 $16,733.6 $19,762.8

Iceland $.0 $.0 $.0
Sweden $4,717.7 $.0 $7,076.5

Finland $.0 $.0 $.0
Norway $5,013.9 $1,690.6 $6,675.7
Total $40,095.7 $28,816.4 $46,537.2

In Russia, Yamal-Nenets was the most affected region followed by, Komi
Republic, then Sakha-Yakutia and Khanty-Mansi. Irkutsk Oblast was also affected also
permafrost is likely to disappear. Under SSP585, north of Krasnoyarsk Kray was also
projected to observe railroad damage due to permafrost degradation. In Canada,
permafrost damage to railroad was observed outside of the Northwest Territories, Yukon

and Nunavut. In Norway and Sweden, affected regions remained Nordland and
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Norrbotten. In Finland and Iceland, there were no substantial lengths of railroad predicted

to be in hazard areas.

Airports at Risk of Ground Subsidence

Fifty-seven airports on permafrost within the study area according to data from
OSM (Table 10). 15.2% of airports on permafrost were identified to be located in zones
of moderate to high ground subsidence under the SSP245 scenario with a range from
8.8% to 19.3% depending on climate model (Table 19).

The countries with the highest percentage of airports in risk due to projected
ground subsidence were Canada (33.3%) and Russia (22.2%) (Table 19). Countries with
the least percentage of permafrost roads in risk were Alaska (14.8%) and Finland (14.3%)
(Table 19). Iceland, Norway and Sweden had no airports projected to affected by

permafrost degradation and ground subsidence (Table 19).

Table 19. Projected average, minimum and maximum percentage of airports in permafrost regions at risk of ground
subsidence under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min Max
Alaska (USA) 14.8% 0.0% 22.2%
Canada 33.3% 14.3% 42.9%
Russia 22.2% 11.1% 27.8%
Iceland 0.0% 0.0% 0.0%
Sweden 0.0% 0.0% 0.0%
Finland 14.3% 0.0% 28.6%
Norway 0.0% 0.0% 0.0%
Total 15.2% 8.8% 19.3%
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Figure 5. Maps displaying airports in permafrost regions at risk of low (<10 cm), moderate (10-20 cm) and high (>20
cm) ground subsidence across the study area based on difference of modelled future conditions (2055-2064) and current
conditions (2015-2024). Maps on the left (a-c) represent an SSP245 climate scenario while maps on the right (e-g)

represent an SSP585 scenario. Study are countries outlined in blue.
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Countries with the greatest cost associated with at-risk airports on average of the three
models were Russia ($156.9 million), Finland ($83.4 million) and Canada ($56.3 million)
and Alaska ($27.5 million) (Table 20). Iceland, Norway and Sweden had no associated
cost. Overall, the entire study area is projected to experience $324.0 million in damage
due to airports located in areas with moderate to high risk of ground subsidence, $435.3

million at max and $143.7 million at minimum (Table 20).

Table 20. Projected average, minimum and maximum cost of airports in permafrost regions at risk of ground
subsidence under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $27.5 $.0 $41.2
Canada $56.3 $24.1 $72.3
Russia $156.9 $78.4 $196.1
Iceland $.0 $.0 $.0
Sweden $.0 $.0 $.0
Finland $83.4 $.0 $166.9
Norway $.0 $.0 $.0
Total $324.0 $143.7 $435.3

In Russia, Sakha-Yakutia, Yamal-Nenets, Irkutsk, and Komi Republic each had
affected airports. Canada’s only region with an airport in risk of ground subsidence was

the Yukon. In Finland, Lappi was the only region containing an airport in risk.
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The countries with the highest percentage of airports in risk due to projected

ground subsidence were Russia (44.4%), Canada (38.1%) and Alaska (37.0%) (Table 21).

Countries with the smallest proportion of airports in hazard zones were Finland (19.0%),

Iceland (0%), Norway (0%) and Sweden (0%) (Table 21).

Table 21. Projected average, minimum and maximum percentage of airports in permafrost regions at risk of ground
subsidence under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model

projections.

Country Avg. Min. Max.
Alaska (USA) 37.0% 22.2% 44.4%
Canada 38.1% 28.6% 42.9%
Russia 44.4% 33.3% 55.6%
Iceland 0.0% 0.0% 0.0%
Sweden 0.0% 0.0% 0.0%
Finland 19.0% 0.0% 28.6%
Norway 0.0% 0.0% 0.0%
Total 26.9% 21.1% 33.3%

In the SSP585 scenario, estimated risk of ground subsidence to airports in

permafrost regions by the mid-century time period increased to 33.3% under maximum
modeled extent and 21.1% as the minimum (Table 21). On average, 26.9% of airports on

permafrost were identified to be located in zones of moderate to high ground subsidence

under the SSP585 scenario (Table 21).
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Countries with the greatest cost associated with airports at risk of ground

subsidence on average of the three models were Russia ($313.7 million), Finland ($111.2

million), Alaska ($68.7 million) and Canada ($64.3 million) (Table 22). Iceland, Norway

and Sweden had no associated cost. Overall, the entire study area is projected to have a

resulting cost of $557.9 million due to airports in risk when averaged, $713.7 million at

highest and $403.1 million at lowest (Table 22).

Table 22. Projected average, minimum and maximum cost of airports in permafrost regions at risk of ground
subsidence under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $68.7 $41.2 $82.4
Canada $64.3 $48.2 $72.3
Russia $313.7 $235.3 $392.1
Iceland $.0 $.0 $.0
Sweden $.0 $.0 $.0
Finland $111.2 $.0 $166.9
Norway $.0 $.0 $.0
Total $557.9 $403.1 $713.7

Affected regions remained the same as under the SSP245 scenario, including

Sakha-Yakutia, Yamal-Nenets, Irkutsk, and Komi Republic in Russia, the Yukon in

Canada and Lapland in Finland.
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Buildings at Risk of Bearing Capacity Loss

Across the entire study area, 269,672,945.58 square meters of building footprint
extracted from OSM were found to be in permafrost regions (Table 10). Estimated
percent of buildings at risk due to bearing capacity loss by mid-century was 29.4% at
highest and 28.7% at lowest (Table 23). On average, 78,105,573.49 m? or 29.0% of
buildings on permafrost were identified to be located in zones of moderate (15-30%) to
high (>30%) zones of bearing capacity loss under the SSP245 scenario (Table 23). The
countries with the greatest extent of buildings at risk on average of the three models were
Canada (46.5%), Russia (42.5%) (Table 23). Countries with a moderate proportion of

affected buildings included Norway (19.0%) and Alaska (14.1%) (Table 23).

Table 23. Projected average, minimum and maximum percentage of buildings in permafrost regions at risk of bearing
capacity loss under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min. Max.
Alaska (USA) 14.1% 11.0% 17.1%
Canada 46.5% 44.4% 49.1%
Russia 42.5% 37.8% 47.2%
Iceland 0.4% 0.0% 1.1%
Sweden 9.3% 6.5% 13.5%
Finland 7.6% 1.0% 11.1%
Norway 19.0% 1.4% 42.8%
Total 29.0% 28.7% 29.4%
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Figure 6. Maps displaying buildings in permafrost regions at risk of low (<15%), moderate (15-30%cm) and high
(>30%) bearing capacity loss across the study area based on difference of modelled future conditions (2055-2064) and
current conditions (2015-2024). Maps on the left (a-c) represent an SSP245 climate scenario while maps on the right (e-
g) represent an SSP585 scenario. Study are countries outlined in blue.
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Countries with the least percentage of buildings located in zones of bearing

capacity loss deemed hazardous were Sweden (9.3%), Finland (7.6%) and Iceland (0.4%)

(Table 23).

According to these results, the total Arctic can predict a cost of $168.1 billion

from damage to buildings from bearing capacity loss (Table 24). Russia was the country

with the highest cost when averaged between the three models ($123.9 billion). Norway

($15.3 billion) and Sweden ($10.2 billion) were in the intermediate grouping of cost

projections (Table 24). Countries with the lowest costs were predicted to be Canada ($7.1

billion), Alaska ($6.8 billion), Finland ($4.7 billion). Iceland had the lowest associated

price at $125.8 million (Table 24).

Table 24. Projected average, minimum and maximum cost of buildings in permafrost regions at risk of bearing
capacity loss under the SSP245 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $6,774.7 $5,260.6 $8,200.4
Canada $7,061.5 $6,740.5 $7,459.3
Russia $123,855.5 $110,173.6 $137,741.6
Iceland $125.8 $.0 $366.8
Sweden $10,219.9 $7,197.4 $14,891.8
Finland $4,723.2 $623.7 $6,910.2
Norway $15,293.9 $1,133.8 $34,473.8
Total $168,054.4 $163,021.0 $172,328.4
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In Russia, Sakha-Yakutia was the most affected region followed by Yamal-
Nenets, Khanty-Mansi, Komi Republic and Irkustk. Canada’s most affected region was
resolutely the Northwest Territories. In Norway, Finnmark showed the greatest
proportion of affected buildings, as well as Lappi in Finland and Norrbotten in Sweden.

According to the SSP585 scenario for the total Arctic, buildings affected by
permafrost degradation increased to 126,300,632.62 square meters or 46.8%, a 17.8%
rise in extent. The highest affected proportion of buildings at risk of bearing capacity loss
was 54.3%, while the lowest proportion of buildings were projected to be in hazard zones

was 38.6% (Table 25).

Table 25. Projected average, minimum and maximum percentage of buildings in permafrost regions at risk of bearing
capacity loss under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections.

Country Avg. Min. Max.
Alaska (USA) 28.8% 26.4% 30.8%
Canada 47.0% 43.1% 50.2%
Russia 66.9% 58.3% 74.3%
Iceland 1.5% 1.0% 2.1%
Sweden 19.0% 14.7% 21.7%
Finland 51.8% 6.0% 76.3%
Norway 17.4% 3.6% 37.5%
Total 46.8% 38.6% 54.3%
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Countries with the greatest proportion of affected buildings on average of the

three models were Russia (66.9%), Finland (51.8%), Canada (47.0%) and Alaska

(28.8%) (Table 25). Countries with the least percentage of buildings in risk were Sweden

(19.0%), Norway (17.4%) and Iceland (1.5%) (Table 25). Russia’s expense comprised

the greatest share of this prediction at $195.2 billion (Table 26). In the middle were

Finland ($32.2 billion), Sweden ($20.9 billion), Norway ($14.0 billion) and Alaska

($13.8 hillion) (Table 26).

Table 26. Projected average, minimum and maximum cost of buildings in permafrost regions at risk of bearing
capacity loss under the SSP585 scenario for study area countries. Values derived from AWI, NorESM2 and MPI model
projections and country specific construction costs. Cost in millions USD.

Country Avg. Min. Max.
Alaska (USA) $13,816.2 $12,663.6 $14,738.1
Canada $7,141.1 $6,553.5 $7,621.9
Russia $195,191.2 $170,132.1 $216,618.6
Iceland $483.0 $323.0 $668.2
Sweden $20,950.2 $16,267.0 $23,888.8
Finland $32,219.2 $3,714.0 $47,441.9
Norway $13,999.2 $2,862.5 $30,258.0
Total $283,800.2 $220,604.7 $338,020.1

Lowest rates are expected for Canada at $7.1 billion and Iceland at $483.0 million

(Table 26). From the SSP245 scenario cost increased from $168.1 to $283.8 billion




(+$115.7) when compared to the average (Table 26). The maximum cost prediction was
$338.0 billion while the minimum cost prediction was $220.6 billion (Table 26).

On the regional scale in Russia, Sakha-Yakutia and Yamal-Nenets remained the
most impacted. Krasnoyarsk observed an increase from the SSP245 scenario as the third
highest region with building risk extent in Russia, followed by Khanty-Mansi and
Magadan which also had not been substantially impacted in the SSP245 climate
projection. The Komi Republic and Irkutsk remained significantly affected as well. In
Canada, the Northwest Territories persisted as the region with the highest proportion of
buildings in bearing capacity loss risk zones. In Norway, Finnmark showed the greatest
proportion of affected buildings, as well as Lappi in Finland and Norrbotten in Sweden

similar to the observations in the SSP245 projection.
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Chapter 7: Discussion

North America

In North America, approximately 85% of land area in Alaska and 40% of land
area in Canada is occupied by permafrost (Alaska Division of Geological & Geophysical
Surveys, 2022; Derksen, C., 2019). The highest costs due to climatically driven damage
to infrastructure existing on permafrost for the mid-century time period resulted from risk
to road networks, followed by buildings. Airports in Alaska and Canada were also
affected but did not contribute heavily to overall expense.

In Canada, the regions most affected by roads at risk of ground subsidence were
the Yukon near Whitehorse, the Robert Campbell Highway that extends through Watson
Lake and Ross River communities, as well as in the Northwest Territories near
Yellowknife and throughout the Mackenzie Valley. In Alaska, cities like Utgiagvik
(Barrow), Deadhorse, Fairbanks, Nome and Galena all had roads that were located in
areas of projected moderate to high ground subsidence.

The highest proportion of building damage due to bearing capacity loss was
determined to be in the Northwest Territories with affected communities including
Yellowknife, Wekweeti, Norman Wells, and Inuvik, although the Yukon also observed
impacts near Faro and Mayo. In Alaska, Fairbanks, Buckland, Bethel and Tok were some
of the impacted cities and towns.

The Yukon was the only Canadian Arctic territory to have an airport in a risk
zone of ground subsidence. Cities near airports in risk included Fairbanks, Chandalar and
King Salmon in Alaska as well as Mayo and Dawson in Yukon Territory. While other

airports in Canada were determined to be in risk, they were located outside of the Arctic
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regions defined by the study area. This was also the case for railroads in Canada while
Fairbanks, Alaska, experienced ground subsidence risk that posed risk to railroad length
in the area.

Whitehorse and Yellowknife are especially noteworthy for monitoring
infrastructure risk as the two largest cities in Arctic Canada (Arctic Countries, 2021).
Whitehorse in the Yukon has a population of approximately 32,000 and Yellowknife in
the Northwest Territories contains about 22,000 residents (Arctic Countries, 2021). In the
Alaskan Arctic, Fairbanks, Galena, Nome and Utgiagvik (Barrow) are major cities with
projections for infrastructure looking into mid-century.

For all infrastructure types, the extent and cost of infrastructure in risk increased
when moving from the moderate warming scenario with baseline mitigation (SSP245) to
the higher warming scenario following a business-as-usual trajectory (SSP585). Under
the SSP245 scenario for all infrastructure types in North America, cost was an estimated
$51.5 billion on average of the three climate inputs, $74.0 billion at highest and $35.2
billion at lowest. These calculations all increased moving into the SSP585 scenario for an
average of $92.8 billion (+$41.3), maximum of $105.5 billion (+$31.5) and minimum of
$71.7 (+$36.5).

Other studies estimated cost for replacing existing public infrastructure in Alaska
to be $32 billion into 2030 and $56 billion into 2080, with roads and airports contributing
the largest amounts to these totals (Melvin et al., 2017). In comparison, the results of this
study estimated costs for Alaska to reach approximately $15 to 30 billion by mid-century

depending on climate scenario, although damage to pipelines was not included.
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Scandinavia

Scandinavia is reported to contain about 23,400 square kilometers of permafrost,
56% distributed in Norway, 35% in Sweden, and 9% in Finland (Gisnas et al., 2017).
Most of this permafrost is related to elevation and is not continuous (AMAP, 2017; Voigt
et al., 2010). While the highest costs due to climatically driven damage to infrastructure
existing on permafrost for the mid-century time period resulted from risk to roads and
buildings, the nature of permafrost in Scandinavia indicates that the roads extracted from
OSM lead to higher length of roads in permafrost regions in areas where permafrost is
not continuous, especially in countries with Sub-Arctic climate, such as Norway, Finland
and Sweden.

Nevertheless, the roads build not directly on permafrost but in similar climate
conditions, also experienced deep freeze/thaw cycles and may have similar problems
such as heave and subsidence and loss of bearing capacity. In the absence of hi-resolution
data, this research assumes that roads subjected to risk of ground subsidence and loss of
bearing capacity will be equally affected.

In Norway, the regions most affected by roads at risk of ground subsidence
included the areas near Tromsg and Bodg, as well as Lakselv and Hammerfest. Sweden
observed impacts to roads near Kiruna, Lainio and Malmberget. Communities with roads
in ground subsidence hazard zones in Finland included lvalo, Inari and Enontekio. For
railroads, a length between Malmberget and Kiruna in Sweden connecting to Narvik in
Norway was identified as at risk, as well as a stretch of railroad in Norway extending
from Kjelmo to Ankermoen. In Iceland, roads in the Eastern and Northwest Regions were

affected but did not pass directly through any specific community.

75



The highest proportion of building damage due to bearing capacity loss in Sweden
was determined to be in Norrbotten, where impacted communities included Kiruna.
Bearing capacity loss in Finland primarily impacted Lapland, with Inari observing
buildings in risk. In Norway, Finnmark was most affected, with the town Karasjok at risk.
Lapland in Finland was the only region in Arctic Scandinavia to have an airport in a risk
zone of ground subsidence. Cities near airports in risk included Ivalo and Enontekio.

For all infrastructure types, the extent and cost of infrastructure in risk increased
when moving from the moderate warming scenario with baseline mitigation (SSP245) to
the higher warming scenario following a business-as-usual trajectory (SSP585). Under
the SSP245 scenario for all infrastructure types in Scandinavia, cost was an estimated
$111.1 billion on average of the three climate inputs, $190.6 billion at highest and $47.2
billion at lowest. These calculations all increased moving into the SSP585 scenario for an
average of $173.6 billion (+$62.5), maximum of $247.5 billion (+$56.9) and minimum of
$50.8 billion (+$3.6).

Other studies have also found less infrastructure damage in Scandinavia due to
variables including a lower frequency of ice-rich soils, higher investment into Arctic
infrastructure, and higher levels of maintenance of Arctic infrastructure (Hjort et al.,

2022).

Russia
In Russia, over 60% of land area is occupied by permafrost (Romanovsky,

2010; Shiklomanov et al., 2017). The highest costs due to climatically driven damage to
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infrastructure existing on permafrost for the mid-century time period resulted from risk to
buildings, then roads.

Cities and regions in Arctic Russia most affected by roads at risk of ground
subsidence were Yakutsk in Sakha (Yakutia); Salekhard, Nadym, and Noyabrsk in
Yamal-Nenets; Igrim and Beryozovo in Khanty-Mansi. Railroads was mostly at risk in
Yamal-Nenets, where one stretch of railroad crossing through Noybrsk, Tarko-Sale and
Nadym was projected to be in risk and another near Salekhard.

The highest proportion of building damage due to bearing capacity loss was
determined to be in Sakha, especially in Yaktusk and Mirniy, and also Aykhal and
Udachniy. Two airports at were located in hazard zones in the Sakha Republic near
Yakutsk, one in Ust-Maya and the other in Kobyay. A third at-risk airport in Yakutia was
located in Mirniy. Other airports at risk in Russia affected the communities
Kazachinskoe, Norilsk, Snezhnogorsk, Nadym, Vorkuta, Tarko-Sale and
Novozapolyarniy.

For all infrastructure types, the extent and cost of infrastructure in risk increased
when moving from the moderate warming scenario with baseline mitigation (SSP245) to
the higher warming scenario following a business-as-usual trajectory (SSP585). Under
the SSP245 scenario for all infrastructure types in Russia, cost was an estimated $175.0
billion on average of the three climate inputs, $196.4 billion at highest and $154.3 billion
at lowest. These calculations all increased moving into the SSP585 scenario for an
average of $272.5 billion (+$97.5), maximum of $297.5 (+$101.1), and minimum of

$238.2 billion (+$83.9). This is substantially higher than 40 billion USD estimated by
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Suter et al., (2019), and twice higher than by Streletskiy et al. (2019) also methodologies

and time periods are not directly comparable.

Review

For the total study area, the average expected damage from climatic causes to
roads, railroads, airports and buildings was calculated to cost $333.7 billion under the
moderate warming scenario, which increased to $537.6 billion under a business-as-usual
trajectory. Under the moderate warming scenario based on climate input variation, the
expenditure ranged to $287.7 billion at lowest or $381.7 billion at highest. For the
business-as-usual outlook, the minimum predicted amount was $379.4 billion, which

extended to a maximum of $648.8 billion.
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Chapter 8: Conclusion

By using two climate scenarios, this study has found that mean annual
temperature in the study area will increase by a range of 1.04-1.41 °C under a moderate
warming, middle of the road climate trajectory (SS245) for the 2055-2064 time period
relative to 2014-2025. In a trajectory where fossil fuel development is favored with
higher warming (SSP585), mean annual temperature is projected to increase by 1.91-2.32
°C.

After measuring the extent and merging the resulting economic impact of this
climate change, this study has demonstrated that under the SSP245 scenario, 29% of
roads, 28% of railroads, 29% of buildings and 15% of airports in permafrost regions or in
climates experiencing deep freeze-thaw cycles in the Circumpolar Arctic study area will
be affected by climatically driven permafrost degradation. The resulting expense from
this is an estimated $337.7 billion USD.

Under the SSP585 scenario, 44% of roads, 42% of railroads, 47% of buildings,
and 27% of airports were impacted by climate change. As a result, cost was estimated at
$537.6 billion USD, indicating that throughout the Circumpolar Arctic, approximately
$200 billion can be potentially saved under a climate scenario where mitigation is
prioritized with moderate warming versus a fossil fuel development with high warming in
the region.

Based on areas where climatically driven permafrost degradation was highest, this
study identified various regions and communities that will be potentially impacted by
damage to infrastructure. In Scandinavia, towns and cities in Lapland (Finland),

Norbotten (Sweden) as well as Finnmark and Nordland (Norway) should be monitored.
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In Alaska, Fairbanks was particularly affected among risk to almost all infrastructure
types. In Canada, the Northwest Territories and Yukon were particularly affected as well,
with the two regions’ largest cities appearing in risk zones due to permafrost degradation
as well. Lastly, in Russia, permafrost degradation was widely observed in Yakutia,
Khanty-Mansi and Yamal-Nenets, affecting cities such as Yakutsk, Mirniy, Vorkuta and
Norilsk.

Moving forward, variables such as the continuity of permafrost should be
considered to assess infrastructure built directly on permafrost relative to infrastructure
located in permafrost regions, also this may not always be possible. Other limitations
such as error resulting from infrastructure inventory to the high variability of country-
specific construction costs within the study area could be improved as well. Additionally,
promoting interdisciplinary forms of knowledge and connecting to communities within
study area sites would improve understanding of the impacts there as well as grant greater
access to data. However, the general framework for identifying and analyzing risk to
infrastructure as presented by this study can be used to aid governments and developers
in adapting to the various effects of climate change.

A major challenge that climate change poses is the lack of predictability as
ecosystems face unprecedented changes and stressors to their environments. Current
observations demonstrate that the Arctic is warming at a rate almost double the global
average, and climate models play a critical role in aiding our understanding of these
changes looking into the future, as it is uncertain how increasing temperatures will be felt

by ecosystems and communities.
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The Arctic is a unique environment and a key center for the production of
geopolitically relevant resources such as oil and gas, which have global impacts when the
development or supply is hindered. It is especially important to monitor and analyze the
effects of climate change that threatens the capacity of infrastructure to allow for access
and development to these resources, as well as the communities residing in the region as

population is expected to increase throughout the remainder of the 21% century.
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