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Abstract: This paper reports on a morphometric analysis of land-terminating glaciers
on southern and western Spitsbergen in the years 1936-2014. An attempt was made
to estimate the deglaciation rate and the scale of its acceleration in the 21st century in
the conditions of Arctic amplification. Satellite scenes and topographic map sheets were
used for the study and were analyzed by means of remote sensing and GIS methods.
The study covered 2000-2014 years and concluded that surface recession accelerated on
average by a factor of 2.75 compared to the 19362000 period, while linear recession
was 2.2 times faster. The greatest increase in the deglaciation rate can be observed in
the case of glaciers faced to N and W sectors. The deglaciation process is the most
advanced in the central part of the island, where small, compact mountain glaciers pre-
dominate. In recent years, a slowdown in the deglaciation processes in these glaciers
was observed. The studies demonstrate that the deglaciation rate was mainly influenced
by the basin relief determining the glacier geometry. The resultant fractal nature of the
ice cover makes it highly vulnerable to the disintegration of complex glacial systems
into smaller ones due to glacier thinning and the separation of outlets. The acceleration
of the deglaciation rate in turn is modified by the climate factor, especially the impact
of warming air masses from the N and W sectors where seas are becoming increasingly
ice-free and, consequently, have an increasing heat capacity.

Key words: Arctic, Svalbard, recession rate, acceleration of deglaciation rate, GIS.

Introduction

At the present time, climate warming in northern latitudes is twice as fast
on average as in the northern hemisphere as a whole, which is referred to as
the Arctic amplification (Francis and Vavrus 2012). Recent data points that air
temperatures have increased of 0.05°C to even 0.112°C per decade in the 21st
century (Huang et al. 2017). It is believed that Arctic amplification is caused by
the growing amount of greenhouse gases in the atmosphere, among other factors
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(Stroeve et al. 2012). Another component contributing to the changes in the
Svalbard Archipelago is the increased penetration of Arctic waters by the warmer
waters of the West Spitsbergen Current (WSC) (Piechura and Walczowski 2009;
Walczowski et al. 2012; Pavlov et al. 2013). As a consequence, the surface area
of sea ice is gradually shrinking — by 25-30% since 1979 (Meier et al. 2011).
The area of SW Spitsbergen has recorded an increase in sea surface temperatures
of 1.5-1.7°C in the last two decades of the 20th century (Kruszewski 2004).
In the area of Isfjorden and Grgnfjorden, the value was 0.19°C and 0.21°C
per decade respectively, with an increase of more than 1°C at the beginning of
the 21st century compared to 20th-century data (Pavlov et al. 2013). All these
phenomena and the decreasing albedo of sea areas (greater heat capacity) add
more to the climate warming in the region than the increasing frequency of
influx of warmer air masses in atmospheric circulation (Isaksen et al. 2016).
Climate models indicate that the increase in air temperatures and precipitation
(particularly liquid) is bound to continue (Overland et al. 2011; Lépez-Moreno
et al. 2016).

The spiral of feedbacks also extends to Arctic glaciers, including those on
Spitsbergen, which results in their intense recession (Hagen et al. 1993, 2003;
Kohler et al. 2007; Olsen et al. 2011). Recent years have seen a significant
acceleration of the rate of this recession (e.g. Rachlewicz et al. 2007; Ziaja and
Pipata 2007; Btaszczyk et al. 2013; Matecki 2013, 2016; Matecki et al. 2013;
Nuth et al. 2013; Sobota et al. 2016; Ziaja et al. 2016).

The purpose of this paper is to carry out a comprehensive investigation of
the spatial variation in the deglaciation rate of S and W Spitsbergen, which are
affected by the Arctic amplification and are the areas most heavily exposed to
the impact of the WSC. An attempt will also be made to determine the scale of
the acceleration at the beginning of the 21st century compared to the 19362000
reference period. Account will be taken of the role of the morphometry of
Spitsbergen glaciers in the deglaciation rate.

Methods

The rate of surface and linear recession in the years 1936-2000 and the
various morphometric parameters of selected land-terminating glaciers in W
and S Spitsbergen were calculated on the basis of manual feature vectorisation
from 1:100 000 topographic map sheets (The Norwegian Polar Institute — NPI).
The maps of older edition were prepared inter alia on the basis of 1936 aerial
photographs (Fig. 1 and Table 1). They were calibrated to the UTM 33X system
on the ED50 ellipsoid (EPSG:23033), and then the system was transformed
into the WGS84 ellipsoid (EPSG:32633) with a terrain resolution of the raster
of 17 m.
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Fig. 1. Coverage of Spitsbergen by remote sensing and cartographic material used for glacier

morphometry and recession rate analysis (Table 1): 1) 1:100000 topographic map sheets (NPI);
2) LANDSAT 7 ETM+ satellite scenes from 2000 and 2002 (USGS); 3) LANDSAT 8 OLI/TIRS

satellite scenes from 2014 (USGS); 4) Spitsbergen area.

Use was also made of Landsat 7 ETM+ satellite scenes (bands 543), mainly
from the second half of the 2000 (2002) ablation season, and 2014 Landsat 8
OLI/TIRS scenes (bands 654) with a terrain resolution of the raster of 30 m.
They were made available by the United States Geological Survey (USGS) in
the EarthExplorer search tool (https://earthexplorer.usgs.gov/). Glacial ice can be
mapped using a combination of the near and shortwave infrared channels and red
radiation from the visible spectrum, on the basis of the DN value of the raster at
8-bit radiometric resolution. Where the glacier boundary ran along the ice divide,
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use was made of the digital elevation model (SO Terrengmodell, Norwegian Polar
Institute, 2014; https://doi.org/10.21334/npolar.2014.dce53a47) with a resolution of
20 m, created mainly with the use of vertical aerial photographs taken in 1990.
Satellite scenes with 3D visualisation were superimposed on the model. When
shading in the imagery hindered the identification of the boundary of a glacier, use
was made of another satellite scene taken with lighting from a different azimuth.

The calculated rate of surface recession was tested using data from the World
Glacier Inventory (WGI; National Snow & Ice Data Center, https://nsidc.org/
data/glacier_inventory/). The exercise yielded the expected area of each glacier
in the year of the WGI data. There was a 97% likelihood of glacier area values
being underestimated by an average of 6.7% when compared to inventory data.
This inaccuracy is linked to the methodology of image identification in both
cases and to the timing of the image capture, i.e. the progress of surface ablation
and the presence of snow cover. Another issue is the dating of the WGI data
(sources from 2002 to 2008), which period includes years with different surface
recession rates compared to the value adopted for the uniform study period
2000 (2002)-2014. Finally, the differences stem from the treatment of glaciers
as stand-alone glacial systems. Indeed, the WGI continues to present many
glaciers as single systems even if their branches have already been separated
(e.g. hanging cirque glaciers). Additionally, sections of the ice divide are traced
as a straight line. In contrast, this study traces the ice divides along skeleton
lines produced by digital terrain model (using the Convergence index tool).

The glacier parameters, such as area (A) and perimeter (D), were calculated
with the use of the vector geometry tools in the QGIS software. The glacier
length (L) and linear recession (LR) were measured along the central line and
the main axis of the valley with measuring tools. The mean width (Bs), defined
as the ratio of the glacier area to the glacier length, the compactness coefficient
(RF), defined as the glacier perimeter to the circle perimeter of area equal to
the glacier area, as well as the elongation index (o), understood as the ratio of
the glacier area to the glacier mean width, were calculated using the following
formulae: Bs = A/L, RF = D/v2(xA), a. = L/Bs. The glacier terminus (minimum)
elevation (Hf), the glacier maximum elevation (Ht) and the average glacier
surface slope (S) for 1936 were calculated on the basis of a topographic map
and, for the years 2000 and 2014 — on the basis of a digital elevation model
(NPI), using the Profile tool plugin in QGIS. The aspect of glacier termini was
determined directly on the satellite scenes. The distance from fjord waters (M)
was calculated with a tool measuring the distance from the glacier terminus
edge along the axis of the valley to the river mouth.

The cartographic visualisation of the results of the work was produced with
the open source software QGIS 2.14 Essen and SAGA GIS 2.12 as well as
Surfer 12 and Grapher 11 applications from the Golden Software package.
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Results

Morphometry of S and W Spitsbergen glaciers. — The study comprised
103 glaciers, which saw, in the years 1936-2014, a radical average decrease:
in surface area by 33.8%, in length — by 22.8%, and in perimeter — by 14.9%.
The general trend of the changes also indicates an increase in the slope of the
glacier surface as a result of the retreat of termini to ever higher valley sections.

The deglaciation process is largely dependent on the condition of the ice cover
at the onset of the climate changes responsible for the warming, which, in turn,
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Fig. 2. Morphometric characteristics of land-terminating glaciers in S and W Spitsbergen, according
to terminus exposure to the cardinal directions for the years 1936, 2000 and 2014.
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differs from one terminus exposure sector to another. The lowest average absolute
values of the morphometric indices (except the glacier slope) were characteristic
of the E (i.e. among glacers with eastern termini exposure) and NW sectors, while
the highest ones were characteristic of the S and SE sectors (Fig. 2).

When looking at the glaciers in terms of size (Fig. 3a), it can clearly be seen
that large glaciers (with an area of over 6 km?) are mainly concentrated along the
N-S axis. More than half of the glaciers in the group — with a surface area of
over 10 km?2 — are glaciers from the SE and S sectors. The group of large glaciers
in the study does not include glaciers facing E and NW. Small glaciers, with an
area of less than 3 km?2, are characteristic of the NW and E and SW sectors.
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Fig. 3. Selected morphometric parameters of land-terminated glaciers in W and S Spitsbergen

according to terminus exposure to the cardinal directions: (A) size of glaciers, (B) the compactness

coefficient of glaciers in 1936, 2000 and 2014, (C) the elongation index of glaciers in 1936,

2000, and 2014, (D) average clevation of the upper and lower (terminus) edges of the glacier
in 1936 and 2014.
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The surface slope is the gentlest on the large glaciers, especially in the sector
with termini facing the SE and S, and averages 6°. The greatest inclination is
found in glaciers facing NW, and the greatest increase in slope has been observed
in this group, from 9.1° in 1936 to 10.9° in 2014 on average. The most stable
sectors in terms of surface slope are the eastern sectors, where the average
values ranged from 0.4% to 3% in the period under investigation. By contrast,
an 8% decrease of the slope, in contrast to the general trend, was observed for
the W sector in the period 1936-2000, and has remained stable since.

The multiannual period included in the study (78 years) saw a rising trend in
the compactness coefficient, which for the sample analysed increased from 1.81
to 2.00 on average. The process was most pronounced for glaciers with their
termini facing the N, NE and SE (Fig. 3B). In turn, the remaining glaciers initially
observed an increase in compactness coefficient values to see the tendency halted
or reversed at the beginning of the 21st century. The glaciers of the eastern
sector were found to be the most compact (1.60 on average).

Regarding elongation, the glaciers have a ratio typical of valley and mountain
glaciers, fitted into the bedrock. Their average length is over four times greater
than the mean width. In the 21st century, elongation proceeds the fastest in the
SE and NE sectors (Fig. 3C), where the length exceeds the mean width over five
times. The glaciers in the E, S and NW sectors are shortening. The elongation
index highlights the compactness of the glaciers with termini facing eastwards.
Here, glaciers are only three times longer than their mean width.

In the population under study, the glaciers shrink both as a result of terminus
retreat, and surface ablation. As a result, snouts recede upslope, the glacier area
shrinks, and the sagging glacier edges loose elevation (Fig. 3D). During the
period under study, the glacier termini withdrew from an average height of 197
m +13 m as.l. to 287 m =14 m as.l., with the greatest changes in the NW
and NE sectors — by 127 m and 105 m of denivelation, respectively. The least
pronounced changes occurred in the SW and S sectors — by 66 m and 67 m of
denivelation, respectively. The process leads to changes in the surface slope, as
mentioned above. In the population under analysis, the average surface slope
changed from 7.6° +0.3° to 8.1° +0.4°. The process was most noticeable in the
northern sectors, especially among glaciers with termini facing the NW. The
upper edges of glaciers from the SE and E sectors saw the greatest reduction
in height, by more than 50 m, with an average height change of 27 m among
the entire population.

Surface recession rate on S and W Spitsbergen. — The individual years
of the 21st century are considered to be significantly warmer than the long-term
average. The average rate of deglaciation on Spitsbergen during the 2000-2014
period was investigated, excluding north-east basins 16 and 17. To this end, 362
land-terminating glaciers of different geometries were analysed. In the population
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Table 2

Changes in glacier surface area and the rate of land release from under the ice cover
in S and W Spitsbergen in 2000-2014.

Number Total area of Total area of | Surface recession
Region of analvsed analysed glaciers | analysed glaciers | rate of analysed
& lacigrs in 2000 (average) | in 2014 (average) glaciers
& [km?] [km?] [m2 rok-]
235.57 198.20
1 15 (15.70) (13.21) 160 776
169.01 153.18
12 30 (5.63) G.11) 8 730
828.02 743.07
13 131 632) (5.67) 51 205
606.82 529.80
14 104 (5.83) (5.09) 52 897
593.13 55745
15 82 (123) (6.80) 32 972
Spitsbergen
. 2433 +4.13 2 182 +3.73 av. 52 333 =
thout N & NE 362
Wélai?er basins (6.69) (6.00) + 4219

under study, the surface area of glacial systems decreased by 250.8 km?2 (by
10.3% on average) over the 14-year period. The average rate of deglaciation was
52 207 +4 220 m?2 year-!. However, the rate differed from one part of the island
to another (Table 2 and Fig. 4): from an average of less than 9000 m? year!
in the S part, to an average of almost 161 000 m? year~! in the E part.

To investigate the relationship between glacier size and the deglaciation rate
in the 21st century (Fig. 5), the population of glaciers was sorted in ascending
order of size, and the resulting dataset was divided into 7 groups of similar size
(50-52 glaciers in each group). It follows from the analysis that the bigger the
glacier, the faster the surface recession rate, but, at the same time, the lower
the percentage rate of loss of glacier surface area. For small glaciers, it exceeds
25% on average, and for the largest ones, is lower than 10%.

In terms of terminus aspect, the highest rate of deglaciation is observable
for the E sector, and it averages 72 500 m? year-! (Fig. 6A). This absolute
value was influenced, in particular, by the larger glaciers from SE Spitsbergen
(basin 11); see Fig. 4. The lowest rate of surface recession is recorded for
the NW sector, which is represented by the largest number of glaciers in the
population analysed (Fig. 6B), and averages 37 500 m? year-!. In both extreme
groups, the average glacier size is similar (1.34 and 1.70 km?2, respectively), and
is significantly lower than the average surface area of all the glaciers.
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Fig. 4. Spatial differences in the surface recession rate of S and W Spitsbergen land-terminating
glaciers in 2000-2014; numbers of glacial basins according to Hagen et al. (1993).

Glacial systems from basins 12, 13, 14 and 15 in the western Spitsbergen
were analysed, based on the glacier geometry for 1936, obtained from topographic
maps of the NPI to compare the present-day rate of surface recession (2000-
2014). A total of 103 glaciers that did not change significantly in terms of their
complexity in the period 1936-2000, and did not divide into subsystems were
selected as in the morphometry analysis.

In the multiannual period under analysis (64 years), the average rate of
deglaciation was 25 930 +2 844 m? year!. This means that in the early 21st
century the surface recession (average 44 434 +4 282 m? year!) of the 103 S
and W Spitsbergen land-terminating glaciers accelerated 2.75 times on average
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Fig. 6. Differences in average surface recession rate (A) of S and W Spitsbergen land-terminating
glaciers in the years 2000-2014, according to terminus exposure to the cardinal directions relative
to the number of glaciers (B) in the population analysed by exposure sector.

compared to the multiannual period (Fig. 7). However, the acceleration differs
from one glacial basin of W Spitsbergen to another, ranging on average from
1.5 times in the Bellsund basin, 1.9 times in the Hornsund basin, 3.4 times in
the NW Spitsbergen basin, to 3.8 times in the Isfjorden basin. It also varies in
relation to terminus exposure. The greatest acceleration of the surface recession
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Fig. 7. Spatial differences in average acceleration rate in surface recession of S and W Spitsbergen
land-terminating glaciers at the beginning of the 21st century compared to 1936-2000; numbers
of glacial basins according to Hagen ef al. (1993).

rate in recent years has been seen in glaciers from the W sector — 4.1 times,
and from the N sector — 3.7 times (Fig. 8A). In recent years, acceleration is
the slowest for glaciers with termini in the S sector — 1.6 times.

Linear recession rate. — In the period 1936-2000, the linear recession of
W Spitsbergen glaciers was progressing at an average rate of 12.3 =1 m year!,
most intensively in the Hornsund basin (19.4 m year!), and at the lowest pace
in NW Spitsbergen (11.4 m year-!). Meanwhile, in the years 2000-2014, the
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Fig. 8. Deglaciation rate parameters of S and W Spitsbergen land-terminating glaciers by terminus

exposure to the cardinal directions. (A) average acceleration in linear recession rate vs. average

acceleration in surface recession rate in the 21st century compared to 1936-2000, (B) differences
in average linear recession rate in 1936-2000 and 2000-2014.

pace increased by an average of 26.7 m year! +3.1 m year!, ranging from
13.7 m year! in the NW basin (stable recession rate) to 33.6 m year! in the
Isfjorden basin (three-fold acceleration).

Regarding terminus exposure in 1936-2000, the linear recession rate was
fairly uniform in the western part of the island (Fig. 8B), slightly higher in the
S sector (15.9 m year! on average), and the lowest for those glaciers whose
termini are facing the NE and W (10 m year— ! on average). The years of the
21st-century are characterised by a significant increase in the rate of recession,
especially in the SE sector (up to 40.3 m year!). By contrast, the lowest rate
of disappearance is observed for the western sector and is 21.9 m year-!. In the
years 2000-2014, the linear retreat of W Spitsbergen land-terminating glaciers
accelerated almost three times on average in the sector with termini facing the
SE (Fig. 8A), with the lowest rate observed for glaciers with termini facing
the SW (1.7 times). Against a background of acceleration of surface recession
for the different variants of terminus exposure, it can be seen that glaciers with
a significantly increased acceleration of surface recession see a slower rate of
acceleration of linear recession.

As it is indicated by the data (Table 3), the deglaciation rate during the
1936-2000 period was largely determined by the glacier geometry, and thus,
indirectly, by the basins relief, with glacier size being of particular importance,
i.e. surface area and mean width, especially at the beginning of the period
analysed. The larger the glacier, the greater is the deglaciation rate.
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The role of surface area together with its mean width, as well as of the
orographic factor, has become less pronounced in the deglaciation processes in
recent years (2000-2014), while the role of the glacier perimeter has gained
importance. The parameters related to the vertical extent of the glacier and the
distance from fjord waters are not relevant as regards the deglaciation rate. In
addition, neither the basins relief nor the morphometry of a glacier have had
any direct effect on the acceleration of surface recession in recent years.

Influence of Arctic amplification on the Spitsbergen
deglaciation rate

The Spitsbergen land-terminating glaciers represent nearly all forms of
glaciation; from extensive ice caps, through vast systems of outlet valley glaciers,
to small mountain glaciers, and even rock glaciers. However, regardless of their
geometry, all glaciers are seeing a significant reduction in their surface area,
length and thickness.

The surface recession rate in the S and W parts of the island has been
estimated to be in the 21st century 2.75 times higher on average than in the
years 1936-2000. The observations correspond to the results calculated on the
basis of previously published data for selected areas of Spitsbergen. It has been
observed in the tidewater glaciers of the Hornsund glacial basin (SW Spitsbergen),
which are the dominant type in the area, that the rate of surface recession in
recent years has been three times greater than in the beginning of the 20th
century (Bfaszczyk e al. 2013). In the Billefjorden glacial basin (central part
of the island), the rate of surface recession of the land-terminating glaciers in
the years 1990-2002 was 1.5 times higher on average than in 1960-1990, based
on data of Rachlewicz et al. (2007). For three land-terminating glaciers in the
Nordenskiold Land (Isfjorden region, central Spitsbergen), the deglaciation rate
between 2001 and 2006 was 1.5-1.9 times higher than in 1936-2001, based on
data of Ziaja and Pipata (2007). A characteristic feature is the power dependence
between the surface recession rate and the size of surface area class of glaciers
— the larger the glacier, the higher the rate of surface recession. By contrast,
the larger the glacier, the lower is the percentage loss of mass (see Fig. 5). The
areas located more to the north (basin 15) are characterised by a lower average
deglaciation rate, despite being exposed to the same westerly oceanic-atmospheric
circulation as the basins lying slightly further south (14, 13 and 12). Owing to
the continentalisation of the climate inside the islands (basins 13 and 14), the
amount of precipitation is lower than on the coast, which enhances the role
of the radiation factor, affecting surface ablation of glaciers (Szafraniec 2002;
Laska et al. 2017) and the negative climatic mass balance (Mdller et al. 2016).
Many of glaciers in the area are of the small mountain type.
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The great acceleration in the warming of the Arctic climate, including
Spitsbergen, in the 21st century, referred to as the Arctic amplification, is
primarily explained by changes in the air mass circulation and the significant
reduction of sea ice (Meier et al. 2011), which increases surface air temperature
(Overland and Wang 2010; Lépez-Moreno et al. 2016). It has been observed that
the advection of air masses from the northern and eastern sea areas has had the
greatest effect on the warming of the Spitsbergen area (Isaksen et al. 2016). In
addition, attention is drawn to a local factor, namely the concentration of sea
ice. Its reduction in recent years has added to the warming of waters in western
fjords, especially Isfjorden. At the same time, the entire spiral of feedbacks is
linked strongly with the increase in the inflow of warmer WSC waters (Piechura
and Walczowski 2009; Walczowski et al. 2012; Pavlov et al. 2013). How does
the changing deglaciation rate reflect the impact of the reduction of sea ice, and
thus the increase in the heat capacity of the Spitsbergen waters?

The glaciers whose shapes undergo the greatest modifications are the most
susceptible to climate change because, in line with the “constructal theory” (Reis
20006), this proves that the elements of a glacial system are constantly adapting
to its vulnerable equilibrium. In terms of glacier geometry, such changes are
measured by shape indicators, such as the elongation index and the compactness
coefficient. In the years 19362014, the most noticeable percentage changes in the
compactness coefficient of the glacier form, i.e. decrease in the glacier surface
area relative to the perimeter, were seen for the glaciers facing to N-NE-W
sectors, where RF increased by 16% and 14%, respectively. By contrast, the
greatest area losses, as reflected by the narrowing of glaciers relative to their
length, i.e. increase in the elongation index, are found in the W sector, in the
period under study the average value of the elongation ratio grew by 22%. This
is also mirrored by the greatest acceleration in the surface recession rate in the
N and W sectors (Fig. 8A). N=S aspects reflect the radiation factor influence
on the glacier cover condition (Evans and Cox 2005, 2010), thus data points
the increasing role of the warming air masses (circulation factor) coming from
the north sea areas (Isaksen et al. 2016). W and SW aspects are favourable for
direct warming sea water effect and precipitation.

At the same time, both these morphometric indices — the elongation index
and the compactness coefficient — are indicative of an increase in the interaction
zone — relevant for the heat balance between the bedrock, the glacier, and the
air, with water playing a role too, e.g. expanding proglacial lakes (Ewertowski
2014). The less compact the shape, the more efficient the heat exchange.

The most compact glaciers are the ones in the E sector, which undergo
the most advanced deglaciation process (cf. Fig. 6). This is caused by surface
melt, which has gradually lowered their upper extent (see Fig. 3D). As a result,
notwithstanding the increase in the average slope of the surface of Spitsbergen
glaciers, it has stabilised, and even slowed down, in the groups of E sector
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glaciers. The concealment of ice mass on the bottom of cirques, where it is
protected against direct radiation by the surrounding slopes and by an insulation
layer of thickening mineral material on the surface, causes the surface recession
rate in the sector to slow down in the case of the smallest glaciers, which is
also noted by Rasmussen (2006). This is most clearly seen in the central part
of the island (Fig. 7). By contrast, the least elongated glaciers, which saw
a decrease in the elongation index over the 78-year period by an average of
23%, are those from the NW sector. This is mainly caused by the retreat of
glacier snouts to higher elevations, also in absolute terms. The glaciers are
therefore characterised by the greatest average increase in surface slope. The
glaciers from the E and NW sectors form a significant group of small mountain
glaciers (Fig. 3A), not all taken into the WGI (Evans and Cox 2010), but are
represented in this analysis.

As it is shown by the analysis, deglaciation is largely determined indirectly by
glacial basins relief (see Table 3). This leads to the creation of extensive valley
systems, most with longitudinal orientation, e.g. axes of the main valleys and
tectonic faults (Birkenmayer 1972). The largest glaciers see the lowest percentage
loss of mass as a result of climate warming. Their considerable vertical extent
allows both the reservoir zone to be supplied with new mass, and the increasing
area of the ablation zone to melt. The response of a glacier to the prevalence
of either factor causes glaciers with varied shapes with multiple accumulation
basins and a narrow ablation zone to be, at the same time, the most dynamic
forms, including a glacier surge (Clarke et al. 1986). The accelerated deglaciation
rate indicates that climate is the main factor underlying deglaciation, preventing
the build-up of the reservoir area. This is also indicated by the extension of the
surge cycle on Spitsbergen (Dowdeswell et al. 1995; Fowler et al. 2001; Matecki
et al. 2013) even though an increase in precipitation has been observed, but
with a growing role of liquid precipitation. This contributes to the wash-out of
the firn layer in the accumulation area and thereby reduces its albedo (Matecki
2013, 2016). Reduction in the Svalbard glaciers albedo (HiRSvaC500-a albedo
data set) follows with distinct trend of —0.010 per decade (Moller and Moller
2017). This is accompanied by an increase in summer air temperatures, which
in the 21st century have been the highest in the history of measurements in
the Arctic, and also the highest in the last 2000 years (Walsh et al. 2011a,
b) as well as an increase of the duration of ablation seasons (Laska er al.
2017). As a result, the deglaciation model stresses surface lowering as the key
determinant of glaciated surface depletion, which is also emphasised by Kohler
et al. (2007) and Ziaja et al. (2016). It adds significantly to the disintegration of
huge valley systems into smaller subsystems. The lowering of the surface causes
hanging tributary glaciers to be cut off and to function, from that moment on,
as separate forms. At the same time, old systems are separated from additional
reservoir areas.
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The deglaciation process also intensifies linear recession, which has been,
in the 21st century, 2.2 times faster on average than in 1936-2000. This leads
to an increase in the average slope of the glacier surface as snouts retreat
into higher sections of the valley. The highest retreat vector in absolute terms
is observable, in particular, for the SE and S sectors (Fig. 8B), where large
glaciers represent a large share. The denivelation of the termini are not high in
this case on account of the relatively small slopes of the largest valleys. This
follows from the fact that the glacier surface inclination is clearly correlated
with surface area and glacier length, even though the correlation has reduced in
recent years. An exception is seen with small, compact cirque glaciers, which
mainly occupy cirque bottoms, especially those clustered in the centre of the
island, where a trend to a decrease in surface slope is observed, even though
small glaciers in general tend to have significantly steeper slopes. The group
of glaciers with the greatest surface slope demonstrates the greatest deviation
from the prevailing trend.

Conclusions

The Arctic amplification has a significant effect on the changes in the
geometry of land-terminating glaciers of S and W Spitsbergen, and has contributed
to the acceleration of the deglaciation rate in the 21st century. The following
conclusions can be drawn from the analysis conducted:

1. The deglaciation of S and W Spitsbergen was determined to a large extent
by the fractal character of the glaciation of that part of the island, resulting
chiefly from the network of deep valleys separated by high ridges, which
led to the formation of vast, complex glacial systems. Complicated glacier
geometry means an extensive zone of interaction between the bedrock, glacier
and the atmosphere, and thus also an increased heat exchange zone.

2. The dynamics and the spatial and temporal variability of atmospheric circu-
lation resulting from climate change, the radiation factor, and the circulation
of Arctic waters add to the role of topography, resulting in an accelerated
retreat of glaciers. The main determinant in the deglaciation model is glacier
surface thinning, which leads to the separation of branches and division of
large glacial systems into smaller ones, mainly of the valley type.

3. The average expansion rate of the proglacial areas of land-terminating glaciers
in S and W Spitsbergen in 2000-2014 was 2.75 times higher on average
than in the years 1936-2000. It was found that the larger the glacier surface
area, the higher the deglaciation rate, but at the same time, the lower the
percentage loss of surface area.
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4.

10.

The most intensive deglaciation is observed in the central part of the island,
in the Isfjorden glacial basin, where it has accelerated 3.8 times in the
21st century — this particularly applies to westwards and northwards facing
glaciers. The pace of the deglaciation has been the slowest in the case of
small mountain glaciers in Nordenskiold Land and Nathorst Land.

. The acceleration of deglaciation rate is indicative of the role of climate in

the region.

. Further deglaciation of the area primarily involves the shortening of glaciers,

especially the ones at lower elevations. This is reflected by the retreat of
termini by an average of 90 m in elevation terms, with the fastest pace in
the NW (i.e. among glaciers facing NW) and NE sectors, and the slowest
—in the SW and S sectors. The greater continental influence in the island’s
interior resulted in the lowering of the upper reach of the glaciers by 26 m
on average, with a drop by as many as 50 m in the SE and E sectors. The
changes result in a reduction in the surface slopes of the glaciers, especially
those with termini facing E, SE and W.

. The rate of linear recession has seen the greatest acceleration, i.e. three

times in the central part of the island, especially for glaciers with termini
facing the SE, and has remained stable in NW Spitsbergen.

. As a result of the separation of tributaries from the main glacial systems,

which cuts them off from their accumulation zones and deprives them of
their mass, and the structural change in precipitation towards an increasing
share of liquid precipitation, the surge cycle is likely to extend, and for
many glaciers, die down.

. The slowdown of the deglaciation rate for small glaciers, especially in the

central part of the island, provides evidence of the importance of the geo-
metric compactness of the glaciers. The insulating effect of the moraine
cover on the ice surface plays a role, too.

Some large land-terminating glaciers, including the surging ones as
Bungebreen, Kokbreen and Elisebreen, have also seen reduced deglaciation
rates in recent years, which, in turn, could be considered as indicative of
a quiescent phase of surge.
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