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Abstract: A section of a gravel-dominated coast in Isbjgrnhamna (Hornsund, Svalbard) was
analysed to calculate the rate of shoreline changes and explain processes controlling coastal
zone development over last 50 years. Between 1960 and 2011, coastal landscape of Isbjgrn-
hamna experienced a significant shift from dominated by influence of tide-water glacier and
protected by prolonged sea-ice conditions towards storm-affected and rapidly changing coast.
Information derived from analyses of aerial images and geomorphological mapping shows that
the Isbjgrnhamna coastal zone is dominated by coastal erosion resulting in a shore area reduc-
tion of more than 31,600 m’. With ~3,500 m" of local aggradation, the general balance of
changes in the study area of the shore is negative, and amounts to a loss of more than 28,000 m”.
Mean shoreline change is -13.1 m (-0.26 m a'). Erosional processes threaten the Polish Polar
Station infrastructure and may damage of one of the storage buildings in nearby future.
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Introduction

The Arctic coast represents a critical zone characterized by “rapid and severe
environmental changes, which have serious implications for communities living
on coastal resources” (Forbes et al. 2011). Recent developments in arctic coastal
studies have predominantly focussed on permafrost, particularly along the frin-
ges of the Beaufort and Siberian Seas, which are characterized by some of the
most rapid erosion rates in the world (Overduin et al. 2014). The high rates of
erosion observed along the coasts of northern Eurasia and North America have
been linked with thermoabrasion of ground ice directly exposed to the operation
of coastal processes (Are 1988; Wobus et al. 2011). The acceleration in the rate
of abrasion has been associated with both the extension of the ice-free period and
an increase in the number of storms entering Arctic region (Lambert 2004;
Barnhart ef al. 2014). In their seminal paper on Arctic coastal erosion, Lantuit et
al. (2012) analysed 61,000 km of Arctic coast and reported a mean erosion rate
of 0.5 m a'l. The erosion rates derived ranged from 1.15 m a-! in the American
Beaufort Sea to 0 m a-! along the Svalbard Archipelago. However, only limited
proportion (approximately 8.7%) of the total Svalbard coastline was included in
the analysis, as explained by Lantuit et al. (2012). More recently, Sessford et al.
(2015a) studied the impact of terrestrial processes on erosion of unlithified cliffs
developed along inner fjords of Svalbard and observed that erosion rates of
ice-poor cliffs are (0.34 m a!) are more consistent by slower than in cliffs with
higher ice-content (0.47 m a').

In this paper, we aim to improve the understanding of the Svalbard coastal dy-
namics through analysing shoreline changes along the unconsolidated coast of
Isbjgrnhamna (Hornsund, SW Spitsbergen) over the last 50 years (1961-2011).

Study area

The focus of this study is a 3 km stretch of coast of the Isbjgrnhamna
embayment in the north-western part of the Hornsund fjord (SW Spitsbergen,
Svalbard), where the Polish Polar Station (PPS) is located. The hydrography in
Isbjgrnhamna (Fig. 1) depends on both the boundary between the oceanic and
fjord conditions (processes of water, material and energy exchange and mixing)
and where fjord waters meet inflows of freshwater from melting glaciers, river
runoff, and precipitation from the landward margins (Cottier et al. 2010). Water
circulation in fjords generally follows an annual cycle. Its dynamics is determined
by external factors such as wind, freshwater inflow, and tides (Skardhamar and
Svendsen 2010). The geometry of the fjord basin also plays a significant role in
water circulation. As with many fjords in Spitsbergen, Hornsund is classified as a
wide fjord (Svendesen et al. 2002; Skardhamar and Svendsen 2010). This results
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Fig. 1. Location of the study area: A — Svalbard Archipelago with the main ocean currents and sea ice
extents in December 27th 2007 (source: Sea Ice Service, Meteorologisk Institutt, Norway): WSC —
West Spitsbergen Current, SC — Sgrkapp Current, ESC — East Spitsbergen Current; B — satellite image
of Hornsund taken on 24h of August 2013 (source: U.S. Geological Survey, Department of the Interior).
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in a general circulation pattern where warm, salty waters of the West Spitsbergen
Current (WSC) flowing north along the continental shelf, mix with cooler, less sa-
line shelf waters of the Sgrkapp Current entering the fjord along the southern
coast. The inflow of warm oceanic waters at a certain depth forces the outflow of
cool and fresher waters in the surface layer, causing an estuarine circulation pat-
tern, largely modified by surface contact winds (Inall and Gillibrand 2010). The
circulation of surface waters in Hornsund is additionally affected by tidal currents.
Regular semidiurnal tides occur in the fjord with range from 0.8 to 1.8 m (Siwecki
and Swerpel 1979; Westawski et al. 1993; Urban-Malinga et al. 2009). The spatial
orientation of the fjord, its position in relation to the open sea, and the orography of
its surroundings determine the wave action conditions, predominantly wind waves
and oceanic swell. Eastern winds, although frequently reaching considerable
strength, result in short, low waves due to the limited fetch length (approximately
17 km from the Treskelen Peninsula) and the diffraction processes. Western winds
generate long, high wind waves, as well as oceanic swell. Short-term waves can
reach a height of approximately 1 m but long swell waves from the open sea can
reach heights of approximately 5-6 m (Florczyk and Latata 1989).

Isbjgrnhamna, and particularly its western shore, is not subject to the direct op-
eration of oceanic swell, however, swell indirectly reaches the western shore as a
result of wave diffraction along the Wilczekodden headland, resulting in wave di-
rection change which in turn determines the development of the longshore current
flowing NNE (Fig. 2A).

Easterly winds are dominant (44.1%), with significant contributions from the
north-east (17.7%) and west (12.1%). In summer, the occurrence of westerly and
south-westerly winds increases — in July 19.3% and 15.4%, respectively. The
mean annual wind velocity amounts to 5.6 m s°!, with light winds in June, July, and
August (3.9—4.1 m s!), and higher mean monthly wind speeds in January, Febru-
ary, and March (7.0-7.2 m s-') (Marsz and Styszyriska 2013) (Fig. 2B).

The climate of the south-western coast of Spitsbergen is classified as subpolar
marine (Marsz and Styszyfiska 2013). The mean (1978-2012) annual air tempera-
ture in the area of the PPS amounts to -4.1°C. The warmest month is July with the
mean temperature of 4.4°C, and the coldest months are January, February, and
March with a mean temperature of -10.5°C. Both negative and positive tempera-
tures may occur in each month. The mean annual precipitation amounts to almost
445 mm, and 30% of precipitation occurs in solid form. The highest mean monthly
precipitation of 68.3 mm occurs in September, and the lowest in May (20.1 mm).

Since continuous meteorological observations began at the PPS (1978), a trend
of gradual warming has been recorded, predominantly caused by the increasing in-
flow of warmer Atlantic water to the Arctic Ocean (Piechura and Walczowski
2009; Walczowski and Piechura 2011; Walczowski et al. 2012). This is accompa-
nied by a gradual increase in air and ground temperature, atmospheric pressure and
pressure gradient, precipitation, and wind velocity (Marsz and Styszyriska 2013).
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Fig. 2. A. The impact of oceanic waves on Isbjgrnhamna coast (Image courtesy of the U.S. Geological
Survey, Department of the Interior). B. The impact of wind waves in Isbjgrnhamna is associated with
glacier winds descending from local tide-water glaciers (source: aerial photo background from 2011,
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18th April, 2007

Fig. 3. Sea-ice cover before the spring-melt season of 2007.

The presence of various types of ice is an extremely important element affecting
the coastal evolution (Fig. 3). Sea ice in the Hornsund may develop as autochthonic
ice deep in the fjord, or drift into the fjord sea ice from the neighbouring water bodies
(Kruszewski 2011). Sea ice presence may be limited to several weeks at a time by
destabilising wave (Gorlich and Stepko 1992) and tidal processes. In addition to sea
ice, Hornsund is frequently filled with glacier ice in the form of icebergs and growl-
ers originating from glacier calving (Blaszczyk et al. 2013). During summer to au-
tumn, glacier ice is the prevailing type of ice encountered in the fjord system (Jahn
1977; Rodzik and Zagdérski 2009; Kruszewski 2010, 2011).

The coastal evolution is also influenced by the presence of coastal ice, which
generally protects all types of shores from erosional processes (Rodzik and Zagérski
2009). On the shore of Isbjgrnhamna, coastal ice usually commences in October,
reaching a maximum thickness and extent in April before its gradual degradation
(Rodzik and Wiktorowicz 1996). Occasionally, in favourable conditions (delayed
spring, lack of storms and rainfall and a considerable amount of entrained sedi-
ments), the ice-foot persists until July (Gizejewski and Rudowski 1994), and rem-
nants covered with beach sediments have even been observed at the beginning of
August, e.g. in 1982, 1991, and 2005. Over the last two decades, a clear tendency in
delayed initiation of coastal ice and ice-foot development has been recorded, and
consequently limits their size and persistence (Rodzik and Zagorski 2009). The gen-
eral decrease in the sea ice cover noted around Spitsbergen (Marsz and Styszyriska
2013), thought to be linked to the increasing temperature of the WSC waters
(Beszczynska-Moller et al. 2012; Walczowski et al. 2012), affects coastal ice devel-
opment, and leads to reduced duration of sea ice cover in fjords, as well.

In terms of geological structure, the coast of Isbjgrnhamna is located in the
area of metamorphic rocks of the Hecla Hoek complex. Two basic groups of rocks
can be distinguished here. The first, the Isbjgrnhamna group (the Ariekammen
Formation), is represented by gneisses, paragneisses, sandstones, siltstones, and
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limestones with strands of quartz, and laminae of marbles. The second is the

Eimfjellet group (the Steinvikskardet and Torbjgrnsenfjellet formations), repre-

sented by quartzites, crystalline shales, and amphiboles (Birkenmajer 1958, 1990).

Such rock types often develop cliffs and uplifted marine terraces as well as under-

water skerries that are revealed during low tide.

The sourrondings of Isbjgrnhamna include three main groups of relief, i.e. the
slope, coastal, and glacial landforms (Pgkala 1989). Currently, the local landscape
is intensively transformed by the operation of periglacial and paraglacial pro-
cesses. Periglacial weathering and paraglacial reworking of landforms supply the
coastal system with the following types of sediments:

— gravels and sands from proglacial and nival rivers as well as from abrasion and
physical weathering of rock cliffs developing storm ridges within the swash
zone (Jahn 1961, 1968; Pekala 1989);

— gravels and sands enriched in fine fractions from aeolian and fluvial transport
derived from uplifted marine terraces elevated at 4.5-6 m a.s.l. and altered by
frost weathering and permafrost-related processes (Karczewski et al. 1981;
Pekala 1989);

— fluvioglacial sediments, transported from the glacier forefield and moraine belts
and interacting with uplifted marine terraces;

— glacial sediments, deposited directly in the marginal zone of the Hansbreen (a
system of ice-cored frontal and lateral moraines), as well ground and fluted mo-
raines (Pgkala 1989; Jania 1998; Karczewski et al. 2003).

Materials and methods

The dynamics of coastal changes were determined based on archival data, dif-
ferential global positioning system (DGPS) measurements, and terrestrial laser
scanning (TLS). The shoreline in this study is defined as the upper abrasion edge —
cliff (sections 1-5) and ephemeral storm ridge formed during the high water level
(section 6) (Fig. 4). The shoreline positions of Isbjgrnhamna were determined for
the following years:

— 1960 — vertical aerial photographs (S60 7338 and 7339) from 15 August 1960
taken by Norwegian Polar Institute. The error of determination of the range of
the abrasion edge amounted to £1.5-2 m. The photographs (stereopairs) were
processed in the StereoPhoto Maker 4.2 software in the form of anaglyph per-
mitting stereoscopic vision and mapping of coastal landforms.

— 1990 — ortophotomap (Kolondra, 2003), on the basis of 1990’s aerial photos
provided in digital form by the Norwegian Polar Institute, with a stated accu-
racy of =1.5 m.

— 2011 — direct DGPS measurements and laser scanning. DGPS measurements
were performed by means of DGPS receivers by Leica (Fig. SA). The “Stop-
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Fig. 4. Seabed topography of Isbjgrnhamna and the location of shore sections 1-6. White area — bot-
tom out of reach of echo sounding observations (source: depth data from The Norwegian Hydro-
graphic Service with permit number 13/G722).

-Go” differential method was applied (DGPS, postprocessing). Series of point
data were transformed to the UTM system (33 N, WGS 84). An accuracy of +
5-10 cm was achieved. TOPCON GLS-1500 scanner was used to derive a point
cloud to a range of 150 m and a stated accuracy of + 6 mm. TLS data provided
the basis for generating a raster map (DEM) with a basic field of 0.8 m. Laser
scanning was performed only for sections 14 (see Fig. 4).

The comparison of aerial images and processing of field data was performed us-
ing ArcGIS software followin8g the approach used by Zagérski (2011) for coastal
change study in Bellsund, western Spitsbergen or Brown et al. (2003) in Elson La-
goon, Alaska. The studied coastal zone was divided into 25 m wide sections result-
ing in 86 segments in total. For each section, the net area balance was calculated (P,),
considering the position of shoreline in particular measurement terms (Fig. 4):
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Fig. 5. The sections of Isbjgrnhamna coast: section 1 (A), section 2 (B), section 3 (C), section 4 (D),
section 5 (E) and section 6 (F). Photo: P. Zagérski (A, B, C, D, F) and J. Kwaczynski (E).

Py=Pra—Pup

where: P, — increase in coastal section area [m?] in a given period associated with
landward migration of shoreline, P, — decrease in coastal section area [m?] in a
given period associated with seaward migration of shoreline.

The mean value of shoreline shift P, (landward or seaward) obtained from the
formula was divided by 25, resulting in the mean value of shoreline shift (land-
ward or seaward) for a given section in a given time period. The method was also
applied to calculate the total area balance (P) for the respective sections (Table 1).
Using this approach, areas with the highest and lowest dynamics of changes in par-
ticular periods were determined.
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Table 1
Net area balance and shoreline changes occurring at the Isbjgrnhamna coast in each period
— for section locations refer to Fig. 6.

. Leng?h of Area [m’] Mean shoreline | Maximum shoreline
Section section change change
[m] decrease ‘ increase ‘ balance [m] ‘ [ma'l | decrease | increase
1960-1990
1 320 -182.1 — -182.1 -0.6 -0.02 -1.31 —
2 130 -315.7 - -315.7 24 -0.08 -3.53 -
3 200 -1043.6 - -1043.6 -5.2 -0.17 -8.43 -
4 530 -42085 - -4208.5 -7.9 -0.26 -13.86 -
5 370 -2044.7 68.7 -1976.1 -5.3 -0.18 -13.75 1.81
6 600 -3772.6 | 2004.5 | -1768.1 -2.9 -0.10 -46.18 11.64
Total 2150 -17134.9 | 2073.2 |-15061.7 -1.0 -0.23 -46.18 11.64
1990-2011
1 320 -230.0 - -230.0 -0.7 -0.03 -1.55 -
2 130 -349.77 - -349.8 2.7 -0.13 -5.19 -
3 200 -1403.94 - -1403.9 -7.0 -0.33 -9.49 -
4 530 -4518.11 - -4518.1 -8.5 -0.40 -17.82 -
5 370 -3459.8 — -3459.8 94 -0.45 -28.59 —
6 600 -300.7 4165.8 3865.1 6.4 0.30 -5.89 13.18
Total 2150 -16534.1 | 4165.8 |-12368.3 -5.8 -0.28 -28.59 13.18
1960-2011
1 320 -411.6 - -411.6 -1.3 -0.03 -2.44 -
2 130 -658.9 - -658.9 -5.1 -0.10 -8.72 -
3 200 -2447.16 - -2447.2 -12.2 -0.24 -16.11 -
4 530 -8720.02 - -8720.0 -16.5 -0.32 -21.44 -
5 370 -5452.9 0.7 -5452.3 -14.7 -0.29 -40.56 -
6 600 -2159.2 | 35544 1395.2 2.1 0.04 -44.92 20.30
Total 2150 -31675.9 | 3555.1 |-28120.8 | -13.1 -0.26 -44.92 20.30

In addition to shoreline position data, the classification of the coastal types
found at Isbjgrnhamna has been examined. Based on site investigation, supple-
mented with bathymetric data, the following types of coast have been distin-
guished: abrasive, accumulative, and complex.

Results

Characteristics of Isbjernhamna coastlines. — The coast at Isbjgrnhamna
includes several distinct, geomorphologically determined sections. Changes in the
coastline of the marginal rocky sections have not been analysed due to their high
stability and measurement difficulties. Beyond the rocky margins, 6 sections have
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been distinguished with the following character: (1) abrasive — at Krossvika; (2, 3,
4) abrasive/transport/accumulative — in the area of the PPS Hornsund; (5) abra-
sive-transport — in the zone of moraines at Hansbreen; and (6) accumulative — at
Hansvika (Fig. 4). This zonation has permitted the detailed analysis of fragments
of the coast characteristic of key geomorphological features.

Section 1 is oriented SE-NW and has a length of 320 m. It represents the south-
ern fragment of the investigated coast and is located at the base of Wilczekodden
(Krossvika). The coastline here is characterised by cliffs formed in uplifted
(4.5-6.0 m a.s.]) marine terrace deposits (Figs 4, SA). The cliffs are comprised of
the Ariekammen Formation represented by gneisses, sandstones, mudstones and
limestones with veins of quartz (marble liners) (Karczewski et al. 1981; Pekala
1989; Birkenmajer 1990), and are capped by a 1.0-0.5 m thick gravel layer. The
cliffs form a rugged and irregular coastline, and are fronted by a 60-80 m wide
rocky shore platform with numerous skerries.

The coastline at section 2 has a SSW-NNE orientation and a length of 130 m. It
is located south of the PPS (Figs 4, 5B). The coast here is shaped by the interaction
of marine processes and uplift, which forms a stepped series of gravel deposits
(1.5-2.0 m thick) resulting in a 4.5-6.0 m high coastal slope (Karczerwski et
al. 1981; Pgkala 1989). The base of the slope transitions into a rocky platform rich
in skerries. At its top, a sub-horizontal terrace shows traces of tidal influence over a
width of up to 20-25 m.

This section is highly transformed by human activity in the form of rock armour
defending the “Banachowka” store and consequently it protrudes seawards slightly
from adjacent sections. The beach and uplifted marine terraces are further altered by
the operation of heavy machines and boats. The foreshore zone contains skerries that
extend almost 150 m seawards and develop ridges parallel to the shore. A shore-par-
allel channel extends between the shore and the nearest ridge (Fig. 4).

Section 4 is oriented SW-NE and has a length of 530 m. The section is shaped
by an interacting factors including fluvial, fluvioglacial, and coastal processes
(Figs 4, 5D). An extensive gravel storm ridge, reaching widths up to 50 m, is the
dominant feature of this section. In the southern part of the section, the storm ridge
transitions into a flat surface enriched with weakly-preserved relict storm ridges
and inactive channels generated by a stream draining the Fuglebekken catchment.
In the northern part of the section, the storm ridge is truncated by an alluvial fan,
which limits the outflow of the stream waters and produces a small lake in spring
and early summer before lake water can seep through the thawed storm ridge.

Section 5 has a SW-NE strike and a length of 370 m. Coastal processes erode
and redistribute sediments from the Hansbreen ice-cored moraine, which devel-
oped during the Little Ice Age (Karczewski et al. 1981; Pekala 1989) (Figs 4, SE).

Section 6 has a W-E orientation and a length of 600 m. It covers the arcuate
bay (local name: Hansvika) between the Hansbreen ice-cored moraine complex
and the Baranowski Peninsula. The area is covered with moraine deposits re-
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worked by proglacial streams (Pgkala 1989; Jania 1998; Karczewski et al. 2003).
The coast here is accumulating with a well-developed storm ridge (Figs 4, SF).
Small lakes develop periodically in the gravel-dominated beach ridge and the fore-
shore is scattered with sparse skerries on the shore platform.

Seabed morphology. — The seabed relief at Isbjgrnhamna has a direct effect on
morphogenetic processes shaping the coastal zone. The shore platform extends to a
depth of up to 10—15 m, steeply sloping directly to the main channel of Hornsund. It
is divided by the ridge of the terminal moraine of Hansbreen, which extends under-
water adjacent to the coastline until it emerges in section 3 (Jania 1998) (Figs 4, 5).
Hansvika (sections 5 and 6), the water body between the moraine and Bara-
nowskiodden, has depth slightly exceeding 10 m, the seabed consisting predomi-
nantly of fine-grained sediments. However, numerous boulders and skerries occur to
the west, along the line of outwash from an ice-moraine rampart.

According to Gizejewski et al. (2010), in the western part of the Isbjgrnhamna
seabed (between Wilczekodden and underwater moraine) the sediment cover is
discontinuous and occurs only in depressions. In this part of Isbjgrnhamna, a wide,
ca. 200 m, zone of skerries also occurs crossing uneven, lithologically controlled
terrain. Along Wilczekodden (Krossvika; Fig. 4), compact belts of skerries run
parallel to the shoreline. Further north, submerged rocks are located at a distance
of several tens of metres from the shore. A channel parallels the shore with orienta-
tion SSE-NNW and mean depth of approximately 1 m (Fig. 4).

Coastal evolution. — Due to the relatively long 30 year period between mea-
surements, it is difficult to determine the dynamics of short-term changes in the
shoreline restricting interpretation to the general evolutionary tendencies along the
Isbjgrnhamna coast over a 51 year period. The first epoch of change, 1960-1990,
was generally a period of coastal emergence and transition from glacial to marine
and subaerial process controls. This transition was particularly visible in the area
of Hansvika (sections 5, 6; Fig. 4), where until the mid-1970’s, Hansbreen termi-
nated in the sea. During the accelerated retreat of the glacier front, an intensive ac-
cumulation of glacial sediments occurred here. In the remaining sections, a nega-
tive shore balance, i.e. erosion, was recorded (Figs. 4, 6, 7; Table 1).

The smallest changes were recorded in section 1 (Fig. 6) located on the east
side of Wilczekodden, within the Krossvika. The net balance resulted in shore ero-
sion exceeding 180 m2. This erosion produces a mean section retreat of 0.6 m
(-0.02 m a'!). The changes gradually increased northwards (sections 2—4). In sec-
tion 3, however, lower shore retreat was recorded in the proximity of PPS building
(Fig. 6). For section 4, the calculated mean retreat of the shoreline amounted to al-
most 8 m (-0.26 m a'), with a maximum exceeding 13.9 m at the mouth of a
stream draining the Fuglebekken catchment during the 1960°s.

Smaller changes occurred in section 5, the morainic deposits surrounding
Hansbreen. Between 1960 and 1990, the area decrease amounted to almost 2,000
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Fig. 7. The mean annual change in the shoreline in separate coastal sections (1-6) of the Isbjgrnhamna
shoreline.

m?. This loss is equivalent to more than 5 m (-0.18 m a!) of retreat, with a maximum
exceeding 13.7 m (-0.47 m a!). In the north-eastern part of the described section,
aggradation of the shore by 1.8 m (+0.06 m a'!') occurred. According to archive data,
an extension of the moraine reaching several km occurred in the early 1980’s.

The greatest changes during the period 1960-1990 were recorded in section 6
(Hansvika). According to the aerial photograph analysis (S60 7418), in 1960
Hansbreen covered almost the entire Baranowski Peninsula and the northern coast
of Hansvika. The retreat of Hansbreen in the mid 1970’s separated the glacial snout
from Hansvika revealing an arcuate bay and producing a maximum retreat of 46.2 m
(-1.5 m a'!). To the western end of the section a gravel storm ridge was formed (Fig.
5). Proglacial waters supplied significant amounts of terrigenous sediments to the
coastal zone, resulting in aggradation of the shore of more than 11.6 m (+0.38 m a'!).
The mean balance for section 6, calculated for period 1960-1990, however, is nega-
tive (-1,768 m?), indicating a mean retreat of the shoreline by 2.7 m (-0.1 m a'!).

With the exception of the bay at Hansvika, an acceleration in the rate of abra-
sion has been recorded during the period 1990-2011 (Figs 4, 6, 7; Table 1). Even
in section 1, where the shore is relatively resistant to the effects of marine pro-
cesses, the shore area decreased by an average of 230 m?2, equivalent to a retreat
rate of -0.03 m a-!.

Exceptional changes occurred in sections 2, 3, and 4, which has particular im-
plications for the functioning of the PPS. An 8.5 m (-0.04 m a'!) retreat of the
gravel ridge in section 4 took place, with a maximum retreat of almost 18 m
(-0.85 m a'!) (Fig. 6). This resulted in a significant reduction in the number of la-
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goons around the Hansbreen moraine deposits. The most significant erosion that
occurred between 1990 and 2011 was observed in section 5. The morainic “cape”
exposed in its southern part retreated by a mean of 9.4 m (-0.45 m a-!), with a max-
imum of 28.6 m (-1.36 m a'!). Considerable reductions were also detected in the
area of the gravel ridges. By contrast, section 6 recorded aggradation of 3,865 m?,
resulting in the seaward shift of the shoreline by a mean distance of 6.4 m
(+0.3 m a'!) and a maximum of 13.2 m (+0.63 m a'!).

Discussion

Whereas shoreline changes in Svalbard were typically studied along low-en-
ergy or transitional shores located in inner-fjord settings (e.g. Strzelecki 2011;
Zagorski 2011; Zagorski et al. 2012, 2013; Sessford et al. 2015b; Strzelecki et al.
2015), the coast of Isbjgrnhamna is a high-energy coast. Low-energy shores are
largely developed by terrigenous processes. Oceanic swell reaches transitional
shores less frequently than high-energy ones, but it still plays a considerable role in
shoreline changes.

The analysis of shoreline changes of Isbjgrnhamna over the 51 year period
from 1960 to 2011 reveals erosion (particularly in sections 1-5, Fig. 6) amounting
to a shore area reduction of more than 31,600 m2. Simultaneously, in section 6,
from the 1970’s, aggradation of the shore occurred by more than 3,500 m? illus-
trating the local complexity of shore changes in close proximity to retreating gla-
ciers. The general balance of changes in the study area of the shore is negative and
amounts to a loss of more than 28,000 m?2.

The lowest rate of shoreline retreat was recorded in section at 1-0.02 ma'!. The
cliffed shore here is rocky making it relatively resistant to abrasion. The section
constitutes part of the eastern shore of the Wilczekodden Peninsula striking. The
adjacent cape protects section 1 and diffracts waves so that they move parallel to
(or even away from) the shore, minimising wave erosion. The wide zone of
skerries also protects the shore from short and low waves from the middle of the
fjord, while glacier ice deposited in the swash zone limits waves during easterly
winds (Fig. 3). The surface of the terrace directly adjacent to the cliff edge shows
no evidence of storm waves (Figs 2, 4, 5A).

The concentrically propagating diffracted waves progress north-, and east-
wards along the curved shore topography (Fig. 2). The increasing tidal energy
available is manifested in the increasing height of the storm ridge, which increases
from 3.5 m in section 2, to 4 m in section 3, and 5 m in section 4. The changes de-
tected in the shore also increase in the same direction. The highest mean decrease
was recorded within sections 4 and 5, retreating by 16.5 m (0.27 m a-') and 14.7 m
(0.29 m a‘!), respectively. In section 5, the maximum values of reduction of the
coastal zone occurred on the moraine cape (40.56 m or 0.29 m a!) where the inten-
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sity of erosion was driven by the deglaciation of the ice core of the ice-moraine
rampart of Hansbreen. A maximum value of shore reduction (approximately 45 m)
was observed in section 6, where the deglaciation of the terminus of Hansbreen ini-
tially occurred. The maximum retreat of the shoreline was measured in section 4,
amounting to 21.44 m (Table 1).

The presence and abundance of skerries strongly influences shore erosion. In
section 2 and at the beginning of section 3, skerries constitute compact reefs,
emerging during low tide. They largely attenuate wave energy and the water flow-
ing through them drives a north easterly current in an alongshore channel. This
outflow can amplify waves in sections 4 and 5, where scattered skerries occur and
the waves approach perpendicular to the shoreline (Fig. 2).

The longshore current causes eastward transport of sediments up to section 6.
(Hansvika; Fig. 4). Episodic westerly waves diffract around Wilczekodden cape
causing diagonal wave attack along the eastern shore of Hansvika and the western
shore of Baranowskiodden. Westerly waves suppress longshore currents in the
Hansvika resulting in sediment accumulation, shore aggradation, and storm ridge
formation. Sediment redistribution over the seabed occurs under the operation of a
near-bottom compensation currents evidenced by series of ripplemarks in chan-
nel-like depressions at Isbjgrnhamna (Fig. 4), as well as by Acoustic Doppler Cur-
rent Profiler measurements (ADCP RDI Workhorse 600) carried out in summer
2013, where discharges of approximately 7-9 cm s-! were recorded.

The location of the shoreline of Isbjgrnhamna in 1960, 1990, and 2011 reflects
systematic retreat over the period. The trend is consistent for a major part of the
coast, with the exception of section 6. The observations suggest that the erosion
process is temporally variable, with higher rates of erosion occurring in the au-
tumn-winter season 2007/2008, for example, resulting from later than usual cool-
ing (Styszyniska 2009; Rodzik and Zag6rski 2009). In years subject to the early ap-
pearance and delayed melting of ice cover in the bay, in addition to the advanced
development of shore ice, as occurred in 1992 and 1993, the shore was not de-
stroyed but aggraded from the foreshore (Rodzik and Wiktorowicz 1996). There-
fore, the tendency for erosion or aggradation depends on the degree of ice cover in
coastal waters and on the shore and on the intensification of autumn-winter storms.

The mean annual intensity of shore retreat in the years 1990-2011 increased
significantly relative to the period 1960-1990. In the 215t century, the persistence
of sea ice cover in the bay has been considerably reduced, both regarding marine
allochthonic as well as autochthonic ice and glacial ice (Styszyriska 2009). The
persistence of ice on the shore has also decreased (Rodzik and Zagérski 2009). In
the first decade of the 215 century, a change in the conditions of ice cover develop-
ment was observed in the area of Hornsund. This was largely controlled by thermal
conditions. The minimum temperatures occurred in March. The winter seasons
2005/2006, 2007/2008, and 2009/2010 were subject to particularly warm early
winter months (Styszyniska and Rozwadowska 2008; Styszyiiska 2009; Kru-
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Fig. 8. The effects of coastal erosion processes in the area of harbour building of Polish Polar Station
— “Banachéwka” and methods of its protection. Photo: M. Blaszczyk archive (A-D, F), J. Kwa-
czynski (E, G), P. Zagérski (H).

szewski 2011). The shift of the thermal minimum to the end of winter is typical of
the 21t century and suggests the transition to an increasingly oceanic climate in
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Fig. 9. Oceanographic/climate/glacial controls of increased coastal erosion in Isbjgrnhamna (Hornsund).

SW Spitsbergen. The transport of energy from the north Atlantic to the Arctic,
mainly by the Norwegian Current and the WSC, has intensified in over recent de-
cades and resulted in a reduced range of the polar ice pack (Walczowski and
Piechura 2011). In the season 2007/2008, the smallest range of winter ice was ob-
served at the coast of Spitsbergen (Fig. 1). In Isbjgrnhamna, the waters and shore
of the bay were still not covered with sea ice in January 2008 (J. Kwaczy1iski, per-
sonal information), and in the first months of winter the water temperature re-
mained positive (Styszyniska 2009). Storm waves freely attacked the initially accu-
mulative shore, causing intensive abrasion and damage to one of the buildings of
the PPS. Consequently, the shore was then protected here with gabions and then
concrete slabs (Fig. 8). A considerable reduction in the tidal zone was observed, as
well as an increase in its inclination and significant abrasion of the rock platform.

The increasingly dynamic erosion processes identified in this study demon-
strate the sensitivity of Arctic coasts to global climatic shifts. The mechanism of
warming of the Arctic is not the subject of this study, but its effect on the state of
the ice cover on water and shore should be emphasised. A complicated cause-and-
effect relationship between seasonal ice accumulations and degradation of the
shore of Isbjgrnhamna is presented in Fig. 9. It suggests that the most considerable
changes are associated with the degree of sea ice cover on the waters and shore of
the bay. Increasingly weak sea ice cover contributes to accelerated degradation of
the shore. Ice cover on the shore directly determines whether the shore is protected
or exposed to erosion by waves.
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Conclusions

We draw the following conclusions from this study:

* Over the last 50 years the Isbjgrnhamna coast has been dominated by erosion re-
sulting in a shore area reduction of more than 31,600 m’. The mean shoreline
change is -13.1 m (-0.26 m a"). Erosional processes threaten the Polish Polar
Station infrastructure and may damage of one of the storage buildings in nearby
future.

* Isbjgrnhamna shoreline changes are determined by the oceanic wave action in
the diverse local conditions: exposure of the shore to diffraction waves, resis-
tance of the shore to abrasion, configuration of the bottom of the bay, and the
sea ice cover on its waters and shore. The tendency for abrasion and accumula-
tion may change depending on changes in the configuration of the shore, partic-
ularly in the area of degraded ice cliffs or ice-moraine ramparts.

* Changes in the shoreline occur in steps, and result from the intensification of
storms in periods of positive air temperature anomalies and lack of sea ice cover
on the coastal waters and the shore. The tendency for abrasion or accumulation
may change from year to year, depending on the ice cover on the coastal waters
and the shore.

* The development tendencies in particular years are determined by the sea ice
cover in autumn and winter months with high frequency of storms, particularly
in the last three months of the year (October—December). The sea ice cover on
the shore inhibits abrasion, but permits the discharge of sediments from the
foreshore zone, and aggradation of the storm ridge.
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