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Abstract: The Arctic coast dynamics has been an urgent problem over the last years, from both a
practical and a fundamental point of view. In this research, for the first time for the Russian Arctic
coast, we assessed the damage from the loss of territories in the western part of the Russian Arctic,
where the active production and transportation of hydrocarbon material are carried out. Most of
the studied coastline is composed of frozen unlithified soils with inclusions of underground ice.
In this regard, the coastal zone is highly sensitive to climate change and its economic consequences.
According to our investigation and literature data, the erosion rates could rich up to 2-3 m/year
in some part of the coastline. Having estimated the cadastral cost of land and the area of the
possible loss of territory, as well as the cost of transport infrastructure in the risk zone, we tried to
predict the damage from changes in the total structure of the area under consideration. In particular,
the economic damages from coastal permafrost processes were estimated. The assessment was
conducted for the middle of the 21st century, taking into account the current climatic trend, erosion

rate and probable maximum warming in this region.
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1. Introduction

The problem of global climate change, including those changes caused by human
activity, is a rather relevant topic of research. This topic was the subject of numerous
studies [1-4]. Many environmental, climatic, geologic, biologic and anthropogenic factors
influence the coastal erosion rates (soils erodibility, fractures, adjacent bathymetry, cliff
lithology, waves, wind, vegetation, etc.). In the Arctic region, additional factors relate
directly to the presence of permafrost. The coasts composed of unlithified permafrost
deposits, whose state and stability depend on the temperature regime [5], are very sensitive
to the climatic change. Accordingly, this has implications for coastal infrastructure and
land use. The combination of hydrometeorological factors determines the conditions for
soil thawing and the discarding of thawed material in the sea [6]. The hydrometeorological
factors of the Arctic coastal retreat include first of all the thermal regime of the territory
(air temperature, sea water temperature, surface temperature), which determines the ther-
modenudation intensity, and the energy (wind—-wave) regime that determines the thermal
abrasion intensity and the removal of thawed material from the beach. The wind-wave
regime depends on the frequency and intensity of storms directing to the coast from the
seaside and on the duration of the ice-free period [6]. For different key coast sites of
the Kara Sea, the long-term (30-50 years) average annual retreat rates range from 0.3 to
1.7 m/year [7-9]. The morphological features of the territory and the permafrost charac-
teristics of the coast influence the coastal retreat rate only on the local scale for short time
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periods of observation [10,11]. Currently, there are many models [12,13] trying to predict
the arctic coastal dynamics. Due to the climate change, there is a tendency of increased
coastal erosion rates [6], which can lead to economic damage in the Arctic regions.

The issue of assessing and forecasting the economic consequences of natural disasters,
including those that are climate change-related, is very relevant today. Many industrial
and regional studies have been devoted to this topic. Works related to the assessment of
the economic risks from coastal abrasion occupy a special position.

For instance, in their research [14,15], authors estimated the economic efficiency of
coastal protection measures for residential real estate and predicted the damages associated
with the loss of infrastructure and undeveloped land from coastal erosion (in the case of
the UK). The loss of gross value added (GVA) from the loss of economic objects due to
coastal erosion, as well as the adaptive capacity to coastal erosion for various types of
economic activities, were estimated in another work [16]. A study [17] analyzed the eco-
nomic benefits of a Korea’s coastal erosion control project (in monetary terms). A research
article [18] proposed an empirical benefit estimation for coastal property owners and beach
visitors in the USA (including economic value estimates for the loss of beach sites and
economic value estimates for changes in site characteristics, as well as the economic costs
of erosion management).

There are much fewer works devoted to the study of the Russian Arctic coasts in this
context. We highlight a study [19] that reviewed the anthropogenic changes in the coastal
zone of the Russian Arctic seas from the 17th century to the present day. Estimates of
economic damage from hazardous coastal processes based on information on the cadastral
value of coastal areas were presented in [20]. However, the authors explored the coast of
the Sea of Azov, which was developed intensively and evenly and where the land market is
well developed; so, the problem of lack of information is not so acute. Indeed, the Russian
Arctic within the framework of this problem has a number of specific features.

As known, the circumpolar regions of the Earth are the most susceptible to climate
change [21]; therefore, the transformations associated with them, including those related
to coastal processes, are also most active there. At the same time, plans for the active
economic development of these territories suggest an increase in the anthropogenic impact
and feedback and, thus, an increase in the level of vulnerability of this territory to natural
and man-caused hazards [22]. Summarizing all of the above, it should be noted that in
addition to the results of previous studies, it is important to address the issue of the physical
disappearance of a significant part of the land, which occurs in the Russian Arctic due to
coastal thermal abrasion and shows an increasing trend, taking into account the future
climate warming.

Despite the fact that on a national scale, the losses of this relatively underdeveloped ter-
ritory are insignificant, over a long period they may become very significant for individual
Arctic regions, especially municipalities. In addition, due to the fact that the highest density
of economic development in the Russian Arctic is characteristic of coastal areas (primarily
due to the lack of alternatives to sea transport for their general supply and reliance on
marine logistics for most new resource development projects [23]), coastal stability is of
particular importance.

The purpose of this study was to assess the probable economic damage from thermal
abrasion of the coastline of the Kara and Pechora Seas until 2050. Damage refers to the direct
future loss of land value, as well as to that to the infrastructure facilities located within their
boundaries. This paper proposes an estimate of the minimum amount of probable damage
derived from two causes. First, the loss of infrastructure can have economic consequences
away from the coast, such as when a gas pipeline fails. Accordingly, the multiplier effects
would be quite significant. Secondly, due to the lack of open information about the market
value of land plots in poorly developed Arctic territories, only the cadastral value can serve
as an accessible criterion for their value, which in itself is usually greatly underestimated in
Russia for various reasons.



Climate 2023, 11, 143

30f16

It is important to state in advance the limitations of this study. Since it is a pioneer
study for the Russian Arctic, it cannot claim to fully account for all possible economic con-
sequences of the processes under consideration. For instance, the study took into account
only the existing infrastructure without considering promising investment projects, since
the economic instability in modern Russia does not allow making such long-term forecasts.

2. Study Area

Our research was carried out on the Western Russian Arctic coasts from Cape Sen-
geisky in Pechora Sea to Cape Skuratov in Kara Sea (Figure 1). A specific feature of the
western sector of the Russian Arctic is the presence of numerous regional forms and com-
plexes of glacial and fluvio—glacial sediments left from several glaciations [24]. The rock
outcrops at the coastal cliffs, occupying about 20% of the coastline, and the accumulative
and thermoabrasion shores covering approximately 80% [25,26] are typical for the western
sector. The study area is composed mainly of unlithified rocks, except for the north of the
Yugra Peninsula (150 north from Amderma town).
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Figure 1. Study area: 1—weather station, 2—key sites (based on published data), 3—key sites (based
on our investigation and historical data), 4—detailed key area.

The Pechora Sea coast is located in the zone of sporadic permafrost. The Kara Sea coast
is characterized by continuous permafrost [27]. According to publish data, region coastal
dynamics was monitored at the six key sites (stars on Figure 1) [28,29]. The Ural and Yamal
coasts and the coasts near the Kharasavey gas condensate field have been research plots of
the Faculty of Geography of the Lomonosov Moscow State University since the 1980s [30].
The coastal slope is composed of frozen unlithified rocks, and the cliff height is mainly
from 1-2 to 25-30 m [31-33]. The lithological composition of the cliff sediments varies
from loamy clays to gravel sands. Saline soils are widely present in the geological sections
of the western part of the Russian Arctic. Since the cliffs are composed of saline soils
with different grain size distribution, the freezing temperature of the sediments is much
lower than 0 °C, and in the permafrost section, cooled unfrozen in interchange with frozen
ones [5,34]. The beaches (accumulative forms) are widespread at the numerous thermal
abrasive coastal areas [28]. Tabular ice is widely developed and forms one or two layers in
some sections [8,26]. The ice beds, typically, are up to few meters in thickness and spread
laterally up to few tens of meters. The composition of tabular ice includes mainly clean ice.
Ice wedges are widespread on low absolute levels, especially up to 15 m and on laidas [8].
The ice wedges are usually epigenetic, up to 2 m in width and several meters in depth.
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In this region, the coastal erosion rates are 0.3 to 4.5 m/year [8,9,29,35,36]. At some points
where massive ice beds open up on high cliffs and on low cliffs after great storm events,
the erosion rates may rich 7-14 m/year [32,37-39]. There are two meteorological stations
located in the study area (bold points on Figure 1).

The air temperature data were averaged monthly for the observation period of
1973-2017 [40]. The mean annual air temperature at the Amderma weather station was
higher than that at Marre-Sale, but the value of the air thawing index (the sum of the
positive air temperatures in one warm period of the year) was a bit lower (Figure 2).
In Amderma, the average long-term value of the air thawing index was 650 °C-day/year,
from the beginning of the 1980s and increased to 900 °C-day/year. According to the Marre-
Sale weather station, the average long-term value was 680 °C-day/year and has increased
from 600 to 820 °C-day/year since the early 1980s.
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Figure 2. Mean annual air temperature (a) and air thawing index (b) at two meteorological stations:
1—Amderma; 2—Marre-Sale [30].

In economic terms, this territory belongs to the regions that are some of the key centers
for the production of Russia’s main export raw material—hydrocarbons. The Yamalo-Nenets
and Nenets Autonomous Okrugs account for about 48% and 7% of the total indusotrial
production in the Arctic zone of the Russian Federation, respectively. The Yamal-Nenets
Autonomous Okrug produced 617.5 billion cubic meters of gas and 36.1 million tons of oil
in 2021, and the Nenets Autonomous Okrug produced about 11.5 million tons of oil in 2021
(including at the Prirazlomnoye field, the only one currently on the Arctic shelf of Russia,
where 0il has been produced since 2013).

3. Materials and Methods
3.1. Estimation of the Coastal Dynamics

Monitoring of the coast dynamics was carried out with the help of field work (geodetic
survey) and remote sensing methods. The database for Russian Arctic coast and their dy-
namics was used to estimate the coastal erosion rates for the study area [35]. This database
was supplemented by published data [6-9,36,37] which were collected, sorted and classi-
fied. In addition, we analyzed data on lithology composition, permafrost structure [41],
ice content [32], and morphological features including the presence of beaches [29,33].
For the study area, the coastal dynamics was investigated in six key sites (segments).
These areas are shown in Figure 1 (objects 2 and 3). For each key area, the retreat rates
were estimated based on the literature data and our data obtained during the research.
The distribution of the current coastal erosion was determined through the construction of
occurrence histograms of one or another value. In addition, the average, median, maximum
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and minimum values of coastal erosion were estimated for each key site. We found no
data for the retreat rates of the coasts and estimated them based on coasts” morphology,
lithological composition, and permafrost features by analogy with similar areas for which
data from observations were available. This approach made it possible to divide the coasts
into different types (accumulative, abrasion, rocky stable), and data on the retreat rates
in key areas were used to fill in the missing data on the coast dynamics of unexplored
areas to cover the entire study coastline. In addition, sections of the unexplored coast were
characterized taking into account various summarized published data about the Russian
Arctic coasts [42-44].

3.2. Coastal Dynamics Prediction

For selected key sites of the Kara Sea, the reaction of the coastal retreat rate to environ-
mental forcing changes was assessed in two respects: current trends in climate change [4,35]
and maximum possible warming CMIP6 data models with the climate change scenario
SSP5-8.5 [45,46]. It is the extreme scenario of climate change that is always considered in the
design of infrastructure facilities on the Arctic coast of Russia. Calculations of the hydrom-
eteorological factor were carried out, including wind-wave energy and thermal impact.
The calculation of the interannual variability of hydrometeorological factors, including the
assessment of wind-wave and thermal energy, was carried out according to the method
of Popov-Sovershaev based on data from weather stations, as well as according to CFSR
reanalysis [3]. To estimate the duration of the ice-free period (necessary for calculating the
wind-wave energy), modern arrays of satellite data on ice concentration (OSI SAF and
NSIDC) were used [47]. The normalized values of wind—-wave energy and the normalized
values of the thermal factor were calculated [3,4] for all key sites of the chosen territory.
The thermal and wave energy factors of coast dynamics act simultaneously. With their
equal contribution to the retreat of the coast, they can both strengthen and weaken each
other’s action. For different observation periods in each of the five key sites of the Kara Sea
coast, the correlations of the normalized values of the coastal retreat rates from wind-wave
energy and from the thermal factor, as well as the total effect of these factors considering
their equal contribution, were calculated [48,49].

To quantify the contribution of the thermal and wind-wave components to the coast
dynamics, an additional parameter £ was introduced, taking into account the weight of
each of these two factors, so that the sum of their weights was always 100% [48,50].

Y =FEpe xWE+E xT 1)

where WE is the normalized value of wind-wave energy, T is the normalized value of accu-
mulated temperatures, Eye, E; indicate the contribution of each factor (i.e., Eye + Ef = 1).
For five key sites of the Kara Sea, the correlation coefficient between the total parameter
2 and the coastal erosion rate was calculated depending on the values of Ey, and E¢, with a
step of 0.01 (1%). These weights were selected in such a way that the correlation coefficient
was maximum, that is, the value of E, or E; corresponding to the maximum of this correla-
tion function determined the ratio of the thermal and energy factors of the coast dynamics
in the selected key site. Having determined the relationship between the coast retreat
rate and variations in the determining hydrometeorological factors (accumulated positive
air temperatures T and wind-wave energy WE), it was possible to quantify the response
of the retreat rate to climate change, manifested through changes in air temperature and
wind-wave energy. The correlation coefficient connects the increment of the total thermo-
energy effect caused by the change in temperature or wave energy with the increment of
the retreat rate. In turn, the increment of the total thermal energy effect normalized to the
standard deviation is determined by the normalized increment of the changed factor, taken
with its weight. Thus, the normalized increment of the coast retreat rate was represented
as a weighted product of the correlation coefficient and the normalized increment of the
determining factor. If we assume that the increment of the determining factor occurs by a
value equal to its standard deviation, then the increment of the coast retreat is determined
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by the weighted coefficient of its correlation with the specified factor and the variance of the
retreat rate. A quantitative assessment of the thermal and wave components that contribute
to the permafrost coastal dynamics of the Kara Sea was performed. A retrospective analysis
was carried out based on the obtained results, which allowed predicting the reaction of the
coastal retreat rates to climate changes [51]. For simplicity and clarity, 2 types of climate
scenarios were considered: the current trends in climate change [3,4,35] and maximum
possible warming CMIP6 data models with the climate change scenario SSP5-8.5 [45,46].

3.3. The Technogenic Impacts at the Kharasavey Coast

A survey of technogenic disturbances of the natural environment was carried out
during fieldwork (route and aerial) on the Kara Sea coast from Cape Kharasavey to Cape
Burunny. The aerial surveys were made using a quadcopter Phantom 4pro (developed by
Chinese technology company DJI, Shenzhen, Guangdong, China), which was subsequently
deciphered during office processing. Violations were photographed and documented
during the route survey. The technogenic disturbances of the surface were also recorded
using a Garmin GPSmap 64st (developed by American multinational technology company
Garmin Ltd., Schafthausen, Switzerland). The interpretation of aerial photographs from
quadcopter was supplemented by mapping using modern high-resolution satellite images
from Google Earth (developed by American multinational technology company Google
LLC, Mountain View, CA, USA).

3.4. Assessment of the Damaged Cost

To assess the direct economic damage, data from the Public Cadastral Map of the
Federal Service for State Registration of Cadastre and Cartography of Russia (Rosreestr) [52]
were used. The public cadastral map is an online service that reproduces in graphical
and textual forms the information contained in the state real estate cadaster. It provides
information on cadastral numbers, cadastral value of land plots and real estate, their area,
land category, types of permitted use and other important parameters.

Methodological guidelines on the state cadastral valuation (Order of Rosreestr dated
04.08.2021 N P/0336 “On approval of the Guidelines on the state cadastral valuation”
https:/ /www.consultant.ru/document/cons_doc_LAW_403900/ (accessed on 1 May 2023))
regulate the pricing factors that affect the cadastral value of land. For the assessment,
a regression model was used that displays the relationship between the dependent variable
(cadastral value) and the values of the independent variables (pricing factors). Signif-
icant limitations on the use of the cadastral value in forecasting the economic damage
from natural hazards were described in detail in previous authors” works [22]. According
to the Russian law (Federal Law No. 237-FZ of 3 July 2016 “On State Cadastral Valua-
tion” http:/ /www.consultant.ru/document/cons_doc_LAW_200504/390404c1ffde9e26bf2
d7a526£557434a85e04ca/ (accessed on 1 May 2023)), the powers to determine the cadastral
value of objects belong to the regions. In this regard, it is not advisable to make quantitative
estimates using the method of the ratio of the cadastral and market values for different
regions and municipalities, taking into account the existing inter-regional differences in the
approach to assessing the cadastral value of buildings and structures. Another important
limitation is that the cadastral values are calculated once every few years, which makes it
difficult to link them to the current price levels for different territories.

It was found that, on average, for the Russian Arctic, the market values of buildings
and structures exceeded their cadastral values by 1.9 times, which is generally consis-
tent with the results of other similar studies for Russia (for example, [53,54]). Therefore,
the damage values obtained in this work can be at least doubled. At the same time, in the
case of land plots, the situation in the Arctic territories under consideration is even more
complicated, since the land market is practically not developed there; so, it is impossible to
make direct analogies. However, due to the lack of alternative sources, the authors used,
in this study, the only available information, i.e., data on the cadastral value.
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The first step involved analyzing maps for coastal dynamics with different typical
retreat rates. According to these data, each segment of the study area was described (see
Section 3.1). The length of each segment was determined by the ArcGIS software package
(ArcMap 10.4.1). Since the purpose of the article was to assess the damage from coastal
dynamics due to climate change, the area of the lost territory was estimated for two types of
climate scenarios (see Section 3.2). For simplicity, the area of the lost territory was calculated
by multiplying the segment length by the speed and by the number of years. During the
maximum possible warming [46], the trend of an increase in the air-thawing index and,
as a result, the coastal erosion increase, were considered linear.

In the next stage, using the ESRI ArcGIS tools, the layer with the boundaries of land
plots from the Public Cadastral Map was digitized and superimposed on the main GIS.
Data on the size and cadastral value, land category and type of permitted use of each of
the considered plots were taken manually from the online map and entered into the GIS.
The average cost of one square meter was calculated. It is important to note that surveying
for a significant part of the plots on the territory under consideration was not carried
out. Therefore, in this case, the average values for the district were taken, considering
the differentiation of the costs for various types of economic objects and inter-settlement
territories. These data were integrated with indicators characterizing the dynamics of the
coastline, and a database was created (a fragment of the database is presented in Table 1).

Table 1. Database of indicators characterizing the coastline of the Pechora and Kara Seas.

Average Coast \CZ:& aes:)rfa 1
Midpoint Retreat Rate Section 1 sq. m within Presence of
No. Coordinates  within the Lenoth. m theq' Land Category Permitted Use Man-Made
of the Plot Boundaries of gth, Boundaries of Objects
the Plot, m/year the Plot
1 Reled 18 29,000 103.6 Agricultural land Subsoil use -
T
commmctiony i Peementfcopal
2 68.8362; 32 8000 25,600 broadcasting, television, ¢ G ooe of -
58.1405 informatics, land for ials under th
space activities, defense, materials; under the
security and other Vtarandey airfield site,
special-purpose lands ete
Lands of industry, energy,
transport,
communications, radio
68.8530; broadcasting, television, L.
3 66.8986 0.9 1800 1.8 informatics, land for Pipeline transport +
space activities, defense,
security and other
special-purpose lands
4 69.3138; 035 35,067 0.002 Agricultural land For reind i
64.7869 . , . gricultural lan or reindeer breeding -

Source: compiled by the authors.

Furthermore, an approach was developed for the regulatory assessment of the proba-
ble direct damage to transport infrastructure facilities (roads and pipelines) that falls into
the zone of influence of hazardous coastal processes. This approach consists in assessing the
replacement cost, that is, the cost of building a new similar facility, instead of one deformed
and subsequently decommissioned due to the impact of hazardous coastal processes.

To determine the cost of replacement construction, the current federal unit prices for
construction work (FUP) (Source: https://minstroyrf.gov.ru/trades/view.fer-2020.php
(accessed on 1 May 2023)) established by the Ministry of Construction of Russia were used:
FUP 81-02-25-2001 “Main and field pipelines” and FUP 81-02-27-2001 “Motor roads”. These
resources provide detailed information on the cost in each stage of the construction work for
objects with given characteristics. However, the normative indicators for the construction
of large gas pipelines are significantly underestimated in relation to the actual costs; so,
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they need to be adjusted based on empirical data (data on the cost of implementing specific
investment projects in that area).

The average cost of building a 1 km of main onshore gas pipeline with the same
technical characteristics in Russia differs significantly depending on the natural and climatic
conditions in which they are located. It should be noted that the financial indicators of
Gasporom’s projects are not always disclosed with sufficient detail. According to some
expert estimates, the cost of the construction of 1 km of the Kharasavey-Bovanenkovo gas
pipeline was about 4 million USD (Source: https://www.rbc.ru/newspaper/2019/05/30
/5ce5laea%9a79470cab282344 (accessed on 1 May 2023)) (at the weighted average rate for
the 1st quarter of 2023). However, this figure can be considered somewhat underestimated,
since for the Bovanenkovo—Ukhta gas pipeline (main pipe diameter—1420 mm, operating
pressure—11.8 MPa), into which this branch should be integrated, the figure was 18 million
USD (in 2008 prices, at the start of the construction). Nevertheless, this figure is given taking
into account the cost of the associated infrastructure—nine compressor stations. In general,
in Arctic conditions in other countries, such projects have comparable investment costs.
For instance, the cost of building 1 km of the Alaska LNG Project (gas pipeline) was about
12.4 million dollars per 1 km (including compressor stations) [55].

To estimate the costs for the replacement construction of the 1655 m motorway in
Kharasavey, which may be affected by natural hazards, the available data on the estimated
cost of its construction, posted on Rostender (“RosTender” is an open information resource
containing documentation on purchases and tenders carried out on the territory of the
Russian Federation), were used. They were compared with the federal unit prices for
construction, the average cost of consumables, and the estimated cost of transporting
materials. An analysis of the documentation showed that the cost of building 1 km of this
road would be about 2 million USD. Based on an analysis of similar projects related to the
repair and reconstruction of roads in the Yamalo-Nenets Autonomous Okrug, it was found
that the average cost of a major overhaul of 1 km of roads was about 0.66 million US dollars
(in 2022 prices).

The above land and infrastructure cost estimates were then integrated into the coastline
retreat forecast. Thus, by multiplying the area of land potentially lost until 2050 by the
value of this land and the infrastructure located on it, the amount of probable damage
was obtained.

4. Results and Discussion
4.1. Coastal Erosion on Key Sites

The coastal retreat in key areas varies widely (Figure 3). A historical study in the
Varandey key area [36,56,57] showed an average coastal erosion of 2.2 m/year, but the
median values are slightly lower. Due to the fact that part of the coast is located on a
low surface, one strong storm led to a retreat rate of 19.6 m/year [58]. The Spindler
coast retreats [29,32] slightly more slowly, with an average erosion rate of 1.9 m/year,
which is comparable to the rate of retreat of the Ural coast of Baidaratskaya Bay. The
maximum retreat rates on the Spindler coast are associated with massive ice [29]. The
Yamal coast of the Baidaratskaya Bay of the Kara Sea is the most stable, with average
retreat rates of 1.1 m/year. The maximum retreat rates are associated with low surfaces
affected by wave action, as on the Ural coast. The coastal retreat rates near the Marre-Sale
weather station [9,37,59,60] are slightly higher than those for other key sites and average
1.8-2.6 m/year. The Kharasavey cliff retreats at a rate of 1-1.3 m/year.
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Figure 3. The distribution of the coastal retreat rates for chosen key sites: Varandey; Shpindler; Ural;
Yamal; Marre-Sale; Kharasavey.

Correlations (Table 2) of the normalized values of the coastal erosion from wind-wave
energy and the thermal factor, as well as the total effect of these factors considering their
equal contribution, were calculated for different observation periods for each key site [48,51].
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The correlation between the coast retreat rate and the sum of positive air temperatures
prevailed over the correlation between the coast retreat rate and the wind—wave energy,
except for Varandey and the Yamal coast.

Table 2. Coefficients of the correlation between retreat rate and climate factors.

Coefficient of Correlation between Retreat Rate and Various Factors
Study Are

Thermal Wind-Wave Total Effect
Varandey 1 N/D 0.8 0.6
Shpindler 2 0.941 —0.346 0.866
Ural coast 2 0.870 0.644 0.890
Yamal coast 2 0.419 0.448 0.440
Marre-Sale 2 0.751 0.217 0.603
Kharasavey 2 0.983 0.973 0.980

! Data [48], 2 Data [51].

Based on the obtained correlation coefficients and the factor weight (Table 3) of the
thermal effect and wind-wave energy in the case of an increase sum of positive air tem-
peratures of 187.5 °C-day/year, the retreat rate of the Spindler coast would change by
0.9-1.3 m/year. In the case of a thawing index increase of 176.9 °C-day/year, the coastal
erosion rate on the Ural coast will change from 0.7 to 1.3 m/year. The erosion rate of
the Marre-Sale coast will increase from 1.1 to 1.4 m/year when the sum of positive air
temperatures rises by 151.5 °C-day/year. The coastal dynamic at the Kharasavey site will
change by 1.3-1.5 m/year with an increase in the thermal factor of 141 °C-day/year. With
an increase in wind-wave energy by 358.7 thousand tons, the erosion rates on the Yamal
coast will vary from 0.6 to 2.3 m/year [51].

Table 3. Climate factors weight.

Factor Weight, %

Study Area Thermal Wind-Wave
Varandey N/D N/D
Shpindler 1 64 36
Ural coast 1 56 44
Yamal coast ! 21 7
Marre-Sale ! 82 18
Kharasavey 1 77 2
! Data [51].

4.2. Prediction of Coastal Erosion under Climate Changes

The average trend for the increasing thawing index is of 9.55 °C-day/year based on
data on climate change from 1979 to 2017 for the study area [4]. If this trend continues,
by 2050 the sum of degree days will increase by 257.9 °C-day/year. Under the warmest
possible climate scenario, the increased sum of positive air temperatures by 2050 will be
335.3 °C-day/year according to [46]. This prediction was made for both scenarios of climate
change based on data [4,46] and the obtained correlations for key sites. The coastal retreat
rates will increase 1.5-3 times as the climate changes from the current trends to more intense
warming. The obtained results were extended to the entire study region (Figure 4). It was
noted that the retreat of the coast in key areas near any infrastructure was greater than in
undeveloped areas. This may be due both to the economic activity itself and to natural
reasons due to the fact that natural territories can be more difficult to study because of their
inaccessibility. After all, fieldwork was carried out in key sites, and more detailed data
were obtained than by studying processes using remote data.
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Figure 4. Predictive coastal erosion rates in the study area.

4.3. Technogenic Disturbances in the Kharasavey Coast

The key site is located between Cape Kharasavey and Cape Burunny. The territory of
the village is located on a stable coast; to the north of the village, the coast is accumulative,
and to the south, it is characterized by thermal abrasion. The average coastal retreat rate
during 1978-2001 was 1.4 m/year, with a maximum of 3 m/year [61,62]. From 1964 to 2016,
coastal erosion was 1.1 m/year, and the maximum value was recorded in 1977-1988 and
reached 6.5 m/year [63].

Although the village is located on a stable part of the coast, human activity still has
an impact. The communications leak together with climate change contributes to the
development of ravines. The lack of building materials and the remote location of the
village make coastal protection very expensive. Therefore, construction waste is widely
used to stop erosion (Figure 5).

Figure 5. Construction waste used to stop gully development. Photos by D. Bogatova.

Significant violations of natural reliefs and landscapes, soil and vegetation cover were
detected in the key site area. Laying a sand base over natural landscapes is the most
common practice. In recent decades, the territory was actively developed, and a port was
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built south of this area. A road consisting of concrete blocks was laid from the village to
the port. The construction of the road was disrupted by the meltwater flow, as a result of
which thermokarst actively developed along the road in several sections (the total length of
disturbed road was 1 km). A scheme of the technogenic disturbances at the Kharasavey
field is shown in Figure 6.

Scheme of technogenic impacts at the Kharasavey industrial site

Burunniy Legend:
Cape

7 /> Sand mounds
" @  Scrap metal dumps

Technogenic thermokarst
3 ‘ Ravines covered by garbage

Concrete road surface

------- Pipeline
&, Residential plots

g ~  Sunken ships, etc.

Kharasavey
Cape

&  Technogenic disturbed surface

Overgrown ruts for the passage of equipment
*  Oilspills

Berths and piers

Ruins of temporary structures

.
il

Ruins of buildings

0

L

_ Undercut slopes of the marrine terrace
( Earth dams

T Torch
] +  Derrick
> Careers
Bridge
7 Helipad

[ ] Beach (without vegetation)

E Laida

[ ] Marrine surface (6-10 m)
I:] Marrine surface (more 10 m)

Figure 6. Technogenic disturbances at the Kharasavey field.

According to earlier studies [8] in the port area, the level of the sea terrace was 6-12 m,
but our analyses showed absolute marks of 6-8 m. This may indicate a significant change
in the natural landscape during construction. In addition, we detected the location of
the 400 m pipeline close to the shore, where the coastal retreat rates reached 3-4 m/year,
but now the coastal slope begins to be covered with vegetation, which indicates the attenu-
ation of the erosion process.
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4.4. Potential Economic Damage

The damage from the loss of natural territory (undeveloped) due to coastal retreat is
much lower than that caused by infrastructure. The difference may vary by several times
(Table 4). As the current trend of climate change continues in the world, the potential
economic damage incurred by territories with infrastructure is expected to rise significantly
due to coastal dynamics. In the study area, the damage in these territories is projected
to increase from USD 7,744,406 to USD 15,609,810 under the SSP5-8.5 scenario, which
represents a high greenhouse gas emission pathway. The Zapolyarny District in NAO is
expected to incur the highest costs under both scenarios, followed by the Priuralsky District
in YaNAOQ and the Yamalsky District in YaNAO. These findings highlight the urgent need
for mitigation measures and adaptation strategies to reduce the impacts of climate change
on infrastructure and mitigate its associated economic damage.

Table 4. Potential economic damage.

Climate Change Territory Fro nl:l atural TerrltoryTo Tel::(l)tlzry with Infrastru;(t)ure

All study area $598,535 $1,453,618 $2,650,655 $7,744,406

Current trend [4] Zapolyarny District NAO $572,713 $1,387,989 $2,893,896 $7,517,564
Priuralsky District YaANAO $9530 $34,851 $96,596 $191,568

Yamalsky District YaNAO $13,191 $30,778 $16,504 $35,274

All study area $2,378,515 $4,826,750 $9,863,941 $15,609,810

SSP5-8.5 [43] Zapolyarny District NAO $2,280,162 $4,663,939 $9,646,498 $15,233,096
’ Priuralsky District YaNAO $35,512 $52,888 $148,697 $261,845
Yamalsky District YaNAO $52,763 $109,922 $57,622 $116,880

At a first glance, it seems that the losses of underdeveloped territory in terms of money
are insignificant on the scale of the region, and even more on the scale of the country as
a whole. However, in accordance with the Russian legislation, the land tax is a local tax,
that is, it is collected at the level of municipalities and is often a key source of local budget
revenues. For instance, the own budget revenues of the Zapolyarny district of the Nenets
Autonomous Okrug in 2022 amounted to about USD 15 million, that is, a figure quite
comparable to the costs of the predicted damage.

The cost of undeveloped territory in the Russian Arctic is quite cheap. Potential
economic damage was assessed for Kharasavey key site. The part of the coast most
vulnerable to coastal retreat is located between the port and the village. Due to the lack
of any infrastructure there, the loss of land will cost from USD 950 to USD 2450 under the
current climate change trends, and with maximum warming, from USD 2750 to USD 3110.
The cost will be much higher, i.e., USD 1,600,000 if a close-to-the-cliff pipeline collapses.
A failure of a 1 km long road will also be expensive and cost USD 1,909,233.

5. Conclusions

The consideration of the dynamics of the western part of the Arctic coasts of Russia
showed a wide range of coastal retreat values. Significant rates of coastal retreat are typical
for a short time period on a local scale. The climate, which includes air temperature, the
duration of the ice-free periods and wind direction and speed on the long term, determines
the coastal dynamics. The coast retreat rates were predicted for two scenarios of climate
change, the first one including the current trends, and the second one considering the
maximum possible warming.

Even in one single climate scenario, the erosion rate can change several times, affecting
the area of the lost territory and, as a result, the range of potential economic risks.

In this article, the topical scientific and fundamental problem of damage assessment
from climate change was considered in the context of the coastal dynamics in the Western
sector of the Russian Arctic. It is important to note that this is a pioneer study for Russia
and allowed us to identify only the main significant patterns.
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Due to the lack of a land market, underdeveloped land plots subject to coastal abra-
sion within the territory under consideration have a rather low cost. The study clearly
demonstrated how significantly the increase in damage is when economic objects fall into
the risk zone of coastal abrasion. Therefore, taking into account further plans for the
economic development of this territory, which, for instance, in the near future involve
the construction of port infrastructure in order to develop the Northern Sea Route, it is
undoubtedly necessary to take into account the factor of coastal retreat. Early adaptation
measures and the placement of new facilities in the safest areas can significantly reduce the
amount of potential damage.

It is important to highlight the significance of the problem and the need for further
research and action to protect the Arctic region. Therefore, further research should be worth
expanding, and it will be necessary to include an analysis of the losses for local communities
and companies dependent on the fishing and mining industries. In addition, further
research will need to assess the impact of coastal dynamics on the coastline and biodiversity
of the region, as well as the potential socio-economic consequences for local communities.
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