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Abstract: Arctic coastlines are the most vulnerable regions of the Earth, and local communities in
those areas are being affected by rising sea levels and temperature. Therefore, Earth Observation
combined with up-to-date geoinformation tools offers a dependable, cost-effective, and time-efficient
approach to understanding the socioeconomic impact of climate changes in Arctic coastal areas. A
promising approach is the Coastal Vulnerability Index (CVI), which takes into account different
factors such as geomorphology, sea factors, and shoreline retreat or advance, to estimate the grade
of vulnerability of a coastal area. Notwithstanding its potential, its application in the Arctic is still
challenging. This study targets to estimate CVI to value the vulnerability of the coastal areas of
Norway located in the Arctic. For the application of CVI and specifically for geomorphological and
sea factors, data were acquired from international and national institutes. After the collection of all
the necessary parameters for CVI was completed, all datasets were imported into a GIS software
program (ArcGIS Pro) where the vulnerability classes of CVI were estimated. The results show that
most of the coast of Northern Norway is characterized by a low to high degree of vulnerability, while
in the island of Tromsø the vulnerability is mainly high and very high.

Keywords: Coastal Vulnerability Index; remote sensing; Arctic; Tromsø; Norway; GIS; EO-PERSIST

1. Introduction

The Arctic region is acutely endangered by climate change, warming at a rate
three times faster than the global average. The consequences of climate change, such
as escalating sea levels, thawing permafrost, diminishing sea ice, and melting glaciers,
significantly imperil Arctic coasts, rendering them extremely vulnerable [1]. Changes
in permafrost lead to significant ecological as well as economic impacts on a global
scale [2,3]. Rising sea levels and temperature have detrimental effects on the local
communities, negatively affecting coastal infrastructures [3]. Therefore, it is of key
importance to assess the degree of Arctic coastal vulnerability to both physical and
socioeconomic factors, as this is key to monitoring the impacts of climate change on
local communities [4].

A particularly promising methodology in evaluating the vulnerability of Arctic
coasts is a multivariate geospatial index, the so-called Coastal Vulnerability Index
(CVI). CVI expresses the degree of vulnerability of a coastline by taking into considera-
tion different physical factors such as geomorphology, oceanographic factors (sea level
rise, wave height, and tidal range), and shoreline retreat or advance to estimate the
degree of vulnerability of a coastal area. Coupling CVI with advanced geoinformation
tools [5], including Earth Observation imagery, unmanned aerial vehicles that enable
data collection from a safe distance [6], innovative sensors like LiDAR-based systems
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[7,8], and cutting-edge techniques such as deep learning models, provides more valu-
able insights into the state of the Arctic zone [9], thus having the potential to improve
our understanding about Arctic coasts dynamics. This index is important for identify-
ing coastal segments and infrastructures as well as other activities that are essentially
susceptible to the risk posed by different physical factors [10]. Amongst the most
significant advantages of the CVI is the fact that the index is highly customizable,
as it is feasible to fuse it with different physical and socioeconomic factors, and it
is highly adaptable to different settings [11]. CVI has been extensively applied to
various environmental settings (e.g., refs. [12–14]), but its application in the Arctic is
yet underexplored with only a limited number of studies existing [15].

In this context, this study aims to estimate the CVI to evaluate the vulnerability
of the coastal areas of Norway located in the Arctic and specifically for the island of
Tromsø. For the application of CVI and particularly for the geomorphological and sea
factors, data were acquired from international and national institutes. For assessing coastal
erosion/deposition rates, Landsat satellite images for the years 1993 and 2023 were used.

2. Study Area

Situated north of the Arctic Circle, and specifically at 69◦ northern latitude [16], the
island-city of Tromsø is the most populated city in Northern Norway [17]. According
to Statistics Norway (2022), Tromsø has a blooming population of 77,544 [18]. This
affluent Arctic capital is linked to the mainland by the Tromsø Bridge and Tromsøysund
Tunnel. Tromsø is not only the most populated city in Northern Norway, it is also
the largest city, and it is situated approximately 400 km north of the Arctic Circle.
Tromsø is characterized by two months of midnight sun and two months of polar night.
Nonetheless, according to Jacobsen et al., because of the Gulf Stream, the climate is
relatively mild [19]. In order to detect the land uses of Tromsø, the use of the Corine
Land Cover (https://land.copernicus.eu, accessed on 10 October 2024) was helpful.
According to Corine, the largest part of Tromsø is covered by urban fabric, while
immediately after are mixed forests.

A diverse combination of physical factors are exhibited in mainland Norway,
resulting in a variety of climate conditions. According to Ketzler et al. [20], Norway
covers five climate zones (Köppen classification). Being located on the west side of the
Scandinavian Peninsula, the North Atlantic Current moderates the climate to a more
temperate level than what it is expected from the given geographical zone. Specifi-
cally, a notable temperature increase has been detected over the past two decades. In
Northern Norway, the high mountain plateaus have a subarctic appearance, including
permafrost phenomena. It is notable that some parts of Norway lack both vegeta-
tion and soil, but they are covered by block accumulations with vertical extensions
occasionally reaching several meters, with an absence of finer material between the
blocks. Regarding the effects of sea level rise, only minor effects are anticipated for
the Norwegian coast during this century. More specifically, there will be increases up
to 0.6 m in some areas, largely offset by a postglacial rebound. The number of days
with snow cover will potentially decrease significantly across Norway by up to 180
days per year. Climate models suggest that permafrost in areas like Finnmarksvidda
may completely defrost by 2050 and only some small permafrost areas that are in
mountainous areas over 1800 m a.s.l will be able to remain [20]. Tromsø (Figure 1)
is an elongated NNE–SSW-striking basin, with a length of 140 km and a width of
60 km [21].

https://land.copernicus.eu
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Figure 1. The geographical location of Tromsø Municipality. Red line depicts the municipality 
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considered in reflecting the coastal vulnerability in the study area. Α summary of the 
dataset used is presented in Table 1. Below, an analytical description of each variable used 
for the estimation of CVI is presented. 
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used. Landsat is the longest existing optical earth observation program with an almost 
continuous archive to date and a moderate pixel size (30 m spatial resolution) from 1972 

Figure 1. The geographical location of Tromsø Municipality. Red line depicts the municipality borders
(Tromsø, Norway).

2.1. CVI Variables

For the estimation of CVI, six variables linked to natural characteristics and physical
processes (geomorphology, slope, shoreline change, oceanographic conditions) were con-
sidered in reflecting the coastal vulnerability in the study area. A summary of the dataset
used is presented in Table 1. Below, an analytical description of each variable used for the
estimation of CVI is presented.

Table 1. Data sources used in CVI calculations in this study.

Variable Data Source Reference Period

Geomorphology
Global Lithological Map

www.geo.uni-hamburg.de
(accessed on 10 October 2024)

-

Coastal slope
Copernicus DEM https://search.

earthdata.nasa.gov/search
(accessed on 10 October 2024)

-

Shoreline erosion/accretion (m/yr) Landsat 5 TM and 9 OLI2 1993 & 2023

Relative sea level change (mm/yr)
Norwegian Hydrographic

Services Mapping Authority
api.sehavniva.no

1993–2024

Mean tide range (m)
Norwegian Hydrographic

Services Mapping Authority
api.sehavniva.no

1993–2024

Mean wave height (m) Based on literature 1993–2024

2.1.1. Shoreline Change

To monitor the coastline deposition/erosion rates over the selected region and the
selected period, remotely sensed imagery from Landsat satellite program archive was
used. Landsat is the longest existing optical earth observation program with an almost
continuous archive to date and a moderate pixel size (30 m spatial resolution) from 1972

www.geo.uni-hamburg.de
https://search.earthdata.nasa.gov/search
https://search.earthdata.nasa.gov/search


Earth 2024, 5 643

coordinated by NASA and the U.S. Geological Survey. Landsat data were found to be ideal
for this study, as the extensive and consistent archive has been widely used in coastline
dynamics monitoring (e.g., refs. [22,23]). More specifically, imagery from Landsat 5 on
23 August 1993 and Landsat 9 on 30 June 2023 was used to fulfill the objectives of this
study. Multi-date image acquisition was chosen, as it allows for the exploitation of change
detection techniques regarding coastal changes. The images were obtained at Surface
Reflectance Level 1 and cropped to the extent of Tromsø Municipality. Only the VNIR and
SWIR spectral bands were used from the Landsat satellites, as the corresponding thermal
bands from each sensor were excluded from the analysis. The coastline of 2023 was used
as the basis for the calculation of all the other factors of the index, respectively. Similar
surveys have calculated this factor in the same way [24,25].

2.1.2. Geomorphology

Geomorphology is a critical component of CVI, as it is linked to the risk of erodi-
bility and, consequently, the overall degree of the coast’s physical vulnerability. Usually,
geomorphological mapping is performed via direct field observations and coastal geo-
morphological mapping of the examined area. However, these activities are particularly
time-consuming and labor-intensive, especially when performed over large geographic
areas. Therefore, utilizing high-resolution satellite imagery and other geological geospatial
reference maps poses as a cost-effective alternative for acquiring geomorphological infor-
mation. In this study, geomorphological mapping was performed utilizing high-resolution
aerial imagery accessed from Norgebilder (https://www.norgeibilder.no/?id=3502, ac-
cessed on 5 September 2024). Furthermore, as an auxiliary dataset, the Global Lithological
Map (GLiM) was used to assess the erodibility risk of the lithological coastal zone in
the examined area [26]. It was found that the coastal zone was mainly characterized by
metamorphic formations as well as acid and basic plutonic rocks, formations known as
erosion-resistant geological formations, indicating a low risk level of vulnerability.

2.1.3. Coastal Slope

The coastal slope indicates both the relative risk of inundation as well as the potential
rate of shoreline retreat [27]. For the coastal slope factor, the Copernicus Digital Elevation
Model (DEM) was used. Copernicus DEM was released in 2020 and is derived from
WorldDEM data. The WorldDEM data product is based on radar satellite data which were
acquired during the TanDEM-X mission. The duration of the TanDEM-X data acquisition
was between December 2010 and January 2015. The Copernicus GLO-30 dataset has a grid
spacing of 1 arc-second (30 m) and is available at a standardized extent of 1◦ × 1◦.

2.1.4. Oceanographic Parameters

Regarding the oceanographic conditions of the area, three parameters were taken into
consideration during the CVI estimation. Those consist of (i) the relative sea level change
of the examined area expressed in units of millimeters per year (mm/yr), (ii) the mean tide
range expressed in meters, and (iii) the mean wave height conditions expressed also in
meters. Data about the relative sea level rise and mean tidal range between 1993 and 2024
were obtained by a tide gauge station installed at the harbor of Tromsø available through
the Norwegian Hydrographic Services Mapping Authority database (api.sehavniva.no,
accessed on 10 October 2024). Regarding mean wave height, a value of 1.0 m was selected
based on the physiographical characteristics of the wider area and in accordance with other
similar studies which took place in the wider geographical area [28].

3. Methodology

To satisfy the study objectives, there was the pre-processing stage and the processing
stage. All the steps followed for the implementation of the study can be seen in the
flowchart below (Figure 2).

https://www.norgeibilder.no/?id=3502
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3.1. Shoreline Extraction

ENVI Classic 5.3 software was used for image processing. In order to extract the
coastline position for those two years, the modified Normalized Difference Water Index
was estimated to delineate land from water while standard GIS operations were used to
extract the erosion/deposition rates. Upon the achievement of gathering all the necessary
parameters for CVI, all datasets were imported into GIS software, and specifically ArcGIS
Pro, where the vulnerability classes of CVI were estimated. The first step in ENVI Classic
was the image registration to geometrically align the two overlapping images. Then cloud
masking was applied to the images to remove the existing clouds. For each of the satellite
images, ROIs were obtained. The ROIs were used to later classify data. For the objectives
of this research, 2 classes were created (sea and land). The classification method used was
Support Vector Machines (SVMs) [29]. The use of SVMs was the more appropriate, because
even with small sample sizes, proper estimates of the prediction error can be produced.
Moreover, SVM classification allows for the avoidance of the degradation of computational
performance that may occur in high dimensions [30].

3.2. CVI Estimation

After the pre-processing of the images in ENVI software was finished, the images,
which were all at 30 m spatial resolution, were then processed in ArcGIS Pro software
(Version 3.1). In this particular program, the shoreline extraction and soil erosion/accretion
rates calculation was carried out. The factors used to calculate the CVI were six. Specif-
ically, those factors were geomorphology, coastal slope, mean tide range (m), shoreline
erosion/accretion (m/yr), relative sea level change (mm/yr), and mean wave height (m).
The above variables took integer values ranging from one (1) to five (5). Each of the param-
eters was categorized based on the potential contribution they have to the natural changes
of the coast, as the sea level rises [31]. The higher the value, the more vulnerable the areas
are to that parameter. A multi-criteria analysis was applied for CVI implementation. In
more detail, initially each factor was calculated separately, with the format of the files being
in vectors (polylines). To classify each factor in each of the 5 categories, according to their
vulnerability, Table 2 was used.
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Table 2. CVI variables ranked into five categories [15].

Vulnerability Very Low Low Moderate High Very High
Parameter 1 2 3 4 5

Geomorphology Rocky, cliffed coast,
fjords, fiards

Medium cliffs,
indented coasts

Low cliffs, glacial
drift, alluvial

plains

Cobble beaches,
estuary

Barrier beaches,
sand beaches,

deltas, sand spits
Coastal slope (◦) >10.0 6.0–10.0 3.1–6.0 1.0–3.0 <1.0
Relative sea level
change (mm/yr) <1.8 1.8–2.5 2.5–2.95 2.95–3.16 >3.16

Shoreline
erosion/accretion

(m/yr)
>2.0 1.0–2.0 (−1.0)–(+1.0) (−1.1)–(−2.0) <−2.0

Mean tide range
(m) >6.0 4.1–6.0 2.0–4.0 1.0–1.9 <1.0

Mean wave height
(m) <0.55 0.55–0.85 0.85–1.05 1.05–1.25 >1.25

For the creation of sea level rise map and for the map of mean tide range, data from
1993 to 2024 were used, which were hourly for each day of the year, for all years of the
under-study time period. After finding the average of each factor for each year, the value was
then calculated for the range covered by the paper, i.e., for the period of 1993–2023. The value
was then entered into the GIS software, and the appropriate level of hazard was obtained
according to Table 2. To create the coastline advance/subsidence map, two coastlines were
used, one for the year 2023, which is also the basis on which the rest of the maps of the factors
were made, and a coastline for 1993. The reason that only the years 1993 and 2023 were used
is that the CVI formula specifies that the first and last year of the study period must be used to
calculate the shoreline retreat/advance factor. By choosing two dates that are 30 years apart,
the analysis emphasizes long-term, significant changes rather than shorter-term fluctuations,
which might not reflect lasting trends. This approach provides a clearer picture of cumulative
shoreline evolution over time which is also what is needed to calculate CVI. Initially, the 2023
coastline was divided into equal parts. Then the distance of each part of the coastline from the
oldest coastline was calculated and then the rate of change in meters per year. The next step
was to identify the cases of advance and retreat (1 for the values where there was advance
and −1 for the values where there was retreat). After a buffer was created, segments that
had advance or retreat were selected accordingly. Finally, by combining the data retrieved
from the rate of change per year and the field containing the values 1 (advancement) and −1
(recession), as well as using Table 2, a categorization was made for each value of the specific
factor, regarding their vulnerability. A multi-criteria analysis was applied. The weighting
factors of each individual parameter were decided on the basis of relevant literature and
studies in arctic regions. In line with corresponding studies, all variables were given equal
weight [24,32–34]. For the geomorphology factor, the lithology of each area was categorized
based on the general category they belong to, and then, using Table 2, the rocks were ranked
based on their vulnerability. As for the coastal slope factor, a TIN file was created, and then a
Triangle TIN file (in degrees). The next step was the segmentation of the coastline based on
the coastal gradients. Based on Table 2, each value was categorized according to the level of
vulnerability it had.

Each factor was exported as a vector file. Then the vector files were converted to raster.
This conversion was necessary in order to be able to calculate the CVI (Equation (1)) using
the raster calculator tool in ArcGIS Pro through the mathematical expression shown below.
Lastly, the final CVI map was exported as Geo TIFF. The above methodology is also shown
in the flowchart in Figure 2.

CVI =

√
a × b × c × d × e × f

6
(1)
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where a = geomorphology, b = shoreline change rates, c = coastal slope, d = relative sea
level rate, e = mean significant wave height, and f = mean tidal range.

4. Results

Regarding the vulnerability of each factor used to calculate CVI, with reference to
the mean wave height factor, the vulnerability throughout the coastline was moderate, as
can be seen from the corresponding Figure below (Figure 3), as well as in Figure 4f. In
regard to the mean tidal range, the vulnerability seems to be very high (Figures 3 and
4e, as for the factor of relative sea level rise (Figures 3 and 4b), contrary to the factor of
geomorphology (Figures 3 and 4a), regarding which, due to the type of rocks that cover
the area, the vulnerability is very low. In relation to the coastal slope factor (Figures 3 and
4d), vulnerability is generally high (49.1% out of the total coastline), while the next largest
percentage of the coastline corresponds to very low vulnerability (approximately 27% out
of the total coastline). Finally, in the shoreline erosion/accretion factor, the vulnerability
is mainly moderate (approximately 55% out of the total coastline) (Figures 3 and 4c). The
above results can be seen diagrammatically in the Figure below (Figure 3). Furthermore,
the vulnerability of each parameter can be shown in Figure 3, where all the factors of CVI
in individual maps are presented. In addition, those percentages do not only concern the
Tromsø area but cover a larger area, as can be seen on the map below (Figure 4).

As can be seen from Figure 4c, as far as the shoreline erosion/accretion factor is
concerned, very high vulnerability is observed in the central part of the map, as well as
on the western part of the coastline. Also, in the western part of the island of Tromsø, a
very high vulnerability to this factor is found, in contrast to the eastern part, where mainly
moderate vulnerability is observed. Along the northern part of the coastline, it is clear
that the coastline is mostly very high and moderate. As for the central part of the map,
as well as the southern part, there are points of the coastline where vulnerability is very
low, as well as on the eastern part of the coastline. In the part of the coastline to the east of
the island of Tromsø, the vulnerability is mainly very high, in contrast to the part of the
coastline located to the west of the island of Tromsø, where the vulnerability regarding the
shoreline erosion/accretion factor is very low and occasionally moderate.

Earth 2024, 5, FOR PEER REVIEW 7 
 

 

Mean tide range (m) >6.0 4.1–6.0 2.0–4.0 1.0–1.9 <1.0 
Mean wave height 

(m) 
<0.55 0.55–0.85 0.85–1.05 1.05–1.25 >1.25 

4. Results 
Regarding the vulnerability of each factor used to calculate CVI, with reference to the 

mean wave height factor, the vulnerability throughout the coastline was moderate, as can 
be seen from the corresponding Figure below (Figure 3), as well as in Figure 4f. In regard 
to the mean tidal range, the vulnerability seems to be very high (Figures 3 and 4e, as for 
the factor of relative sea level rise (Figures 3 and 4b), contrary to the factor of 
geomorphology (Figures 3 and 4a), regarding which, due to the type of rocks that cover 
the area, the vulnerability is very low. In relation to the coastal slope factor (Figures 3 and 
4d), vulnerability is generally high (49.1% out of the total coastline), while the next largest 
percentage of the coastline corresponds to very low vulnerability (approximately 27% out 
of the total coastline). Finally, in the shoreline erosion/accretion factor, the vulnerability is 
mainly moderate (approximately 55% out of the total coastline) (Figures 3 and 4c). The 
above results can be seen diagrammatically in the Figure below (Figure 3). Furthermore, 
the vulnerability of each parameter can be shown in Figure 3, where all the factors of CVI 
in individual maps are presented. In addition, those percentages do not only concern the 
Tromsø area but cover a larger area, as can be seen on the map below (Figure 4). 

 
Figure 3. Vulnerability of each parameter of CVI (%). 

As can be seen from Figure 4c, as far as the shoreline erosion/accretion factor is 
concerned, very high vulnerability is observed in the central part of the map, as well as on 
the western part of the coastline. Also, in the western part of the island of Tromsø, a very 
high vulnerability to this factor is found, in contrast to the eastern part, where mainly 
moderate vulnerability is observed. Along the northern part of the coastline, it is clear that 
the coastline is mostly very high and moderate. As for the central part of the map, as well 
as the southern part, there are points of the coastline where vulnerability is very low, as 
well as on the eastern part of the coastline. In the part of the coastline to the east of the 

Figure 3. Vulnerability of each parameter of CVI (%).



Earth 2024, 5 647Earth 2024, 5, FOR PEER REVIEW 9 
 

 

 
Figure 4. Vulnerability of each parameter of CVI (a) geomorphology, (b) relative sea level change, 
(c) shoreline erosion/accretion, (d) coastal slope, (e) mean tide range, and (f) mean wave height. The 
different levels of vulnerability are shown using a bivariate color palette, with red color hues 
indicating a high degree of vulnerability while green hues show a low level of vulnerability. 

As can be seen from the following map (Figure 5) in combination with the 
corresponding diagram in Figure 6, the largest percentage of the coastline has high 
vulnerability, at a rate close to 37% (about 1/3 of the total coastline), while with a very 
small difference (at a rate of 36.65% of the total coastline), the vulnerability of the coastline 
is low. The moderate level of vulnerability corresponds barely to 10% of the total coastline. 
Finally, very high vulnerability level is found on 9% of the total coastline, while very low 

Figure 4. Vulnerability of each parameter of CVI (a) geomorphology, (b) relative sea level change,
(c) shoreline erosion/accretion, (d) coastal slope, (e) mean tide range, and (f) mean wave height.
The different levels of vulnerability are shown using a bivariate color palette, with red color hues
indicating a high degree of vulnerability while green hues show a low level of vulnerability.

Regarding the coastal slope factor, as can be seen from Figure 4d, the vulnerability
along almost the entire length of the coastline is very high. There are few points where
the vulnerability is very low or low. On some parts of the coastline, mainly on the part
of the coastline located to the east of the island of Tromsø, the vulnerability is moderate.
Specifically for the island of Tromsø, the vulnerability along almost the entire length of the
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coastline is very high with reference to the coastal slope factor. Lastly, concerning the factors
of (a) geomorphology, (b) relative sea level change, (e) mean tide range, and (f) mean wave
height (Figure 4a, Figure 4b, Figure 4c, Figure 4e, and Figure 4f respectively), the value is
the same for the entire length of the coastline. Specifically, for the factor of geomorphology,
vulnerability is very low; for the factor of relative sea level change, vulnerability is very
high; for the factor of mean tide range, vulnerability is also very high; and finally, for the
factor of mean wave height, vulnerability is moderate.

As can be seen from the following map (Figure 5) in combination with the corresponding
diagram in Figure 6, the largest percentage of the coastline has high vulnerability, at a rate
close to 37% (about 1/3 of the total coastline), while with a very small difference (at a rate of
36.65% of the total coastline), the vulnerability of the coastline is low. The moderate level of
vulnerability corresponds barely to 10% of the total coastline. Finally, very high vulnerability
level is found on 9% of the total coastline, while very low vulnerability on nearly 7.5% of
the total coastline. Vulnerability seems to be higher in the northern part, in contrast to the
southern and central parts, where lower levels of vulnerability are found. Moreover, the
coastal vulnerability in the eastern part of the coast (Figure 5) is primarily low.
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Specifically, for Tromsø Island, vulnerability is mainly high and very high. As can be
seen from the map below (Figure 7), vulnerability is high mainly in the southern part of
Tromsø, while in its western part, the vulnerability on some parts of the coastline is very
high. Conversely, on the main northern part of the island, there are some points where
vulnerability is low. In detail, the island of Tromsø demonstrates mainly high (53% of the
total coastline) and very high (28% of the total coastline) levels of coastal vulnerability.
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5. Discussion

This study objective was the calculation of the CVI of the arctic coasts of the municipal-
ity of Tromsø. After the completion of the work and the application of the CVI, it appears
that in the northern part of the municipality of Tromsø, the coastal vulnerability is mainly
low, while in other parts of the coastline, it is high. As for the island of Tromsø, the coastal
vulnerability is mainly very high and high. Erosion rates are increasing, which is the result
of both anthropo-geographical and natural factors, with these two making it necessary to
study them in parallel, since they are connected to each other [9].

As can be seen from Figure 3, the most important factors affecting CVI are relative
sea level change and mean tide range as the vulnerability is very high along the entire
length of the coastline. Then, equally important factors are the coastal slope and shoreline
erosion/accretion, as in the greater part of the coastline the vulnerability is very high.
Finally, to a significant extent, the factor of the average wave height significantly affects the
index, since the vulnerability, as can be seen from Figure 4f, is moderate. The factor that is
less important compared to the other factors is geomorphology, since the vulnerability on
the whole of the coastline is very low. Similar research that was carried out in Finland [10]
shows that the geology of the coasts is also of low vulnerability. Regarding wave height,
as the perennial sea ice continues to melt and at the same time the duration of open
water extends, ocean waves are becoming more prevalent in the Arctic Ocean [4,35], thus
justifying the importance of this specific factor.

Optical data are mainly used for this type of research. However, optical data face
noteworthy boundaries due to the augmented cloud cover in the circumpolar Arctic as
well as the coarse spatial resolution. Likewise, since 2014, Synthetic Aperture Radar (SAR)
imagery data have been available principally from the Sentinel-1 satellite [9]. During the
process of calculating the coastal vulnerability, there were some issues that needed to be
addressed. Specifically, a significant challenge was identified in finding suitable optical
satellite imagery for estimating coastal erosion/accretion rates, due to high cloud cover,
as was expected because of the nature of this data, as has already been mentioned. This
challenge could be addressed by using SAR data which are available [9].

Another limitation arises from the methodology used to map coastlines and erosion
in Arctic regions. More specifically, the factors (geomorphology, coastal slope, mean tide
range (m), shoreline erosion/accretion (m/yr), relative sea level change (mm/yr), and
mean wave height (m)) used to calculate coastal vulnerability had the same degree of
gravity, which might not be the case in the real world. It is therefore necessary to give
a different weight to each of those factors used to calculate coastal vulnerability, so that
the results are more accurate [9]. One of the strengths of this work is the use of the CVI,
the results of which can be used to identify the most vulnerable parts of the under-study
coastline and to take measures to address or avoid possible problems, such as the retreat of
coastline. In addition, through this specific research, the study can be taken a step further,
and socio-economic indicators could be included to study the anthropo-geographic part, in
addition to the physical geography.

Our results showing the high vulnerability of the Tromsø Island coastal region are in
line with other studies [36]. In other Arctic regions, it appears that coastal vulnerability
is mostly moderate. In more detail, in Longyearbyen on Svalbard, it appears that the
most vulnerable areas are the Longyearelva Delta, while higher erosion values are found
along the cliffs east of the Longyearelva Delta, which are human-altered sections. After
the calculation of CVI, the results showed vulnerability that ranged from very low to high.
More analytically, on the delta coast of Longyearelva, the high vulnerability is related to the
low coastal slope of the delta system as well as the possible rise of erosion because of the
limited sediment supply. The change of geomorphology, as well as the slope of the coastal
zone, because of human actions, like the build-up of artificial coast while constructing the
new port and roads, had a crucial role in the change to the shoreline and by extension the
CVI [28]. The specific index has also been calculated for the Eastern Gulf of Finland coastal
zone (the Baltic Sea). In this particular study, moderate vulnerability was also found on a
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large part of the coastline under study, while in several parts, the coastline was low [10].
Another similar study has been conducted on the Croatian coast of Istria. With the coasts
of Croatia and Istria being mostly rocky and with limestone and dolomites being their
key composition, the effect of erosion is restricted. Moreover, coastal slope, elevation, and
landform are critical variables because of the rising sea level in the Adriatic [37].

According to Sulikowska et al., the winter cold extremes in Alaska are decreasing at
a much faster rate than summer warm extremes are increasing [38]. Moreover, the rise
in wave activity has played a vital role in the increase of coastal hazards. Those hazards
are frequently connected to different weather events like Arctic cyclones and strong wind
events, leading to high waves and storm surges, leading to coastal flooding and accelerated
erosion [39]. Glacier retreat produces large amounts of unconsolidated sediments and
unstable glacial landforms. Those are exposed to the effects of waves, tides, and currents,
so those areas are highly susceptible to intense erosion [40].

6. Conclusions

The aim of the present work was the calculation of coastal vulnerability on the shores
of the municipality of Tromsø. Through this specific research, the study could go a step
further, including socio-economic data, so that there are records not only regarding the
vulnerability of the coasts but also how much the population living in these areas is affected.
In conclusion, after analyzing the data, the coastline in the northern part of Norway seems
to have high and low vulnerability, while specifically on the island of Tromsø, which is also
the study area, the vulnerability mostly ranges from high to very high.

The results of this study show ranges from high to very high vulnerability along
almost the entire coastline, so special importance should be given to those areas as well
as to the population that lives there and to what extent it is likely to be affected in the
present as well as in the future. The expected contribution of the study is a moderate to
high vulnerability on the coast of the northern part of the Tromsø municipality because of
the sea level rise and the material of the rocks of the study area, which is not so erosive.
Results can be of a practical use for evaluating coastal vulnerability on the Arctic coasts
and can support decision making regarding coastline management in those regions.

Regarding the future work of this study, an attempt will be made to integrate socio-
economic data, in order to study how and to what extent the population living on the coastline
is affected, especially in the most vulnerable areas. In addition, different weightages to the input
variables for generating CVI will be given, in order to make a comparison with the results of the
present research. This index is also known as the Arctic Coastal Hazard Index (ACHI). The aim
of this research will be also to compare the CVI (Coastal Vulnerability Index) and ACHI (Arctic
Coastal Hazard Index). The results of the specific work could actually be used in next research
which will also include socio-economic data, in order to calculate how much the population
living along the coastline can be affected. A possible error with the use of this index is the
non-inclusion of frost, which covers a large part of the study area. Therefore, in the next step, an
attempt will be made to calculate the index ACHI, which also includes the frost as a factor. In
order to prove which of them is the most suitable for calculating coastal vulnerability in Arctic
coastal areas, and particularly for Arctic Norway.
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