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Abstract: This study focuses on the Hornsund region in Svalbard, where the temperature has risen by
1.14 °C per decade, six times faster than the global average. The accelerating temperature rise in the
Arctic has had significant impacts on the Svalbard glaciers, including the Hornbreen—-Hambergbreen
system (HH system). The HH system connects Serkapp Land with the rest of Spitsbergen, and
its disintegration will lead to the formation of a new island. This study assesses the annual and
seasonal changes in the velocity of the HH system and fluctuations of the position of the termini
from 1985 to 2021 and their relationship with environmental factors. Furthermore, an assessment
was made of the possible date of opening of the Hornsund strait. The study also investigates the
impact of the radiometric resolution of satellite images on the quality of the velocity field and the
detection of glacier features. Multispectral imagery was used to assess the velocity fields with Glacier
Image Velocimetry (v 1.01) software, which uses the feature tracking method. In addition, the Glacier
Termini Tracking plugin was used to acquire data on the fluctuating positions of the termini. The
long-term mean annual velocity of the Hornbreen was 431 m a~!, while that of Hambergbreen was
141 m a~!. The peak seasonal velocity and fluctuations of the terminus position of Hambergbreen
were delayed by approximately one month when compared to Hornbreen. Overall, air and sea
surface temperatures influence the velocities and fluctuations of the termini, while precipitation plays
a secondary role. If the recession continues, the Hornsund strait may open around 2053. An increase
in the quality of velocity maps from 12.7% to 50.2% was found with an increase in radiometric
resolution from 8 bit to 16 bit.

Keywords: glacier velocity; Hornsund; Hornbreen; Hambergbreen; feature tracking; satellite imagery;
radiometric resolution

1. Introduction

The temperature in the Arctic is rising three times faster than the global average [1].
This is evident in the Hornsund region (South Spitsbergen, Svalbard), where the annual
temperature has increased by 1.14 °C per decade (six times faster than the global average)
during the 1979-2018 period [2]. Ongoing warming has impacts on the velocity and
recession of the Svalbard glaciers [3,4]. It also leads to the transformation of the landscape
(e.g., the creation of new islands) [5].

The Hornbreen-Hambergbreen glacier system (HH system) (Figure 1) is a natural
border between the Greenland Sea and the Barents Sea. Further deglaciation of the HH
system will separate Serkapp Land from the rest of Spitsbergen. In the 1960s, a hypothesis
was presented, in which the location of the bed of the HH system lay below sea level [6].
The hypothesis was further discussed in several studies [7-10]. In 2013-2014, ground
penetrating radar (GPR) surveys finally proved the continuous subsea overdeepening of
the glacier bed [11] and the possibility that the strait could open up in the near future.
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Subsequent research has shown the following approximations of the final deglaciation date
of the HH system: the end of 20th century [6,7], 2020 [8], 2030-2035 [9], and 2055-2065 [11].
Opening the strait between Serkapp Land and Torell Land may result in a significant
change in the local ecosystem [9,11] and may create a new marine route. The long-term
retreat of both glaciers was described by Blaszczyk et al. [3], Grabiec et al. [11], and
Kavan et al. [12]. The retreat was interrupted by surges, leading to an increase in their
extent and velocity [11]. However, previous research on the retreat rate of the Hornsund
glaciers often lacks an analysis of seasonal variations. A complex study of the seasonal
fluctuations of glacier fronts and their linkage to environmental factors has only been
conducted for Hornsund [13] (especially on Hansbreen [14]); therefore, the focus has been
placed on the HH system.
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Figure 1. Study area, its position on the Svalbard map, and data acquisition points.

In polar regions, remote sensing methods are frequently used as an alternative to
time-demanding and weather-dependent in situ measurements. The remote sensing-based
feature tracking method can efficiently assess glacier surface velocity [15,16]. Velocity
assessment using data from optical sensors cannot be conducted during the polar night,
in contrast to radar data that can be used in all weather conditions and in the absence
of daylight. Some databases offer feature tracking-based velocity maps. The MEaSUREs
ITS_LIVE project, run by NASA, has provided global velocity and elevation data since
1985 [17]. The dataset is mainly based on Landsat missions and has considerable data gaps
(especially before 2012 and in the polar night). The RETREAT repository contains annual
and monthly data from October 2014 to January 2022 [18]. Velocity mosaics are based on
optical and radar data (e.g., Sentinel 1, TerraSAR-X). Overall, the ITS_LIVE database is not
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appropriate for this study (especially for data older than 2012), and RETREAT’s time range
is very limited.

This study aims to assess annual and seasonal changes in the dynamics of the HH
system over the period 1985-2021. Due to a lack of continuity between the ITS_LIVE
and RETREAT databases and a lack of ITS_LIVE data before 2012, these databases were
not used so that a common methodology could be maintained and velocities could be
calculated independently. Optical imagery (Landsat 4-8, ASTER, Sentinel 2) was used
to analyse fluctuations of the termini and velocities. To investigate their relationships
with environmental factors, the results were compared with air temperature, sea surface
temperature, and precipitation. In this study, the deglaciation rate of the HH system and
the Serkapp Land separation date were also estimated.

Furthermore, an investigation was made on the influence of the technical proper-
ties (e.g., spatial resolution) of satellite images on the quality of the velocity field. The
recognition of features on glacier surfaces (e.g., crevasses, supraglacial streams) is essential
in the feature tracking method. The spatial resolution of satellite imagery is one of the
most important factors influencing the possibility of the detection of features [19,20], but
pixel depth (radiometric resolution) also matters [21,22]. Radiometric resolution is the
ability of distinguishing between two similar but not identical radiances [20]. In this paper,
the influence of radiometric resolution on the data quality of the feature tracking output
was investigated.

2. Study Area

The HH system is located in Hornsund fiord, South Spitsbergen (Figure 1). Glaciers
fill the depression between Torrel Land and Serkapp Land and separate the Greenland and
Barents seas [23]. Hambergbreen is located on the east side of the research area; it covers
16.6 km? [12]; and its terminus is 5.6 km wide. Up until 2009, Hambergbreen was also
connected to Sykorabreen. Hornbreen is located on the west side of the HH system and
has a 4 km wide terminus; it covers a total area of 176.2 km? [3]. Flatbreen and Skjoldfonna
now feed the HH system. The glacier bed of HH lies 40 m below sea level (71.2 m.b.s.] at
the deepest point) and the maximum ice thickness in those parts of the glaciers investigated
was 261 m [11]. The mean surface slope of Hornbreen is 1.3° [3], while the surface slope
under the HH connection varies between 0.5° and 0.7° [11].

HH is a polythermal glacier with a significant predominance of temperate ice [11]. Due
to a decrease in the area of Firn, the cold ice may expand [24]. At the end of the Little Ice
Age, both glaciers were at their maximum extent. Surges occurring at that time pushed the
terminus of the Hambergbreen far into the Barents Sea and the ice masses to the southern
border of the ice bridge. Since then, the glaciers have been in recession, interrupted by
surges (Hornbreen~1930, Hambergbreen/Sykorabreen~1960, 1980) [9-11,25,26]. The mean
retreat rate of Hornbreen since 1899 is 130 m a~ ! [9,11], while that of Hambergbreen in the
1970-2019 period was 149 m a~1[12].

The climate in the Hornsund area is classified as Tundra climate (a subtype of polar
climate) [27]. The mean annual air temperature in 1979-2020 was —3.6 °C [28] and rose by
1.14 °C/decade [2]. The winter season is seen to be warming faster than summer [2] and the
duration and frequency of winter thaws are increasing [29]. The horizontal thermal gradient
in southern Spitsbergen rises from E to W [30,31], and the increase in air temperature is
linked to the warming of sea currents [32]. The west side of the HH system is influenced by
the warm West Spitsbergen Current, while the east side is affected by the cold current from
the Barents Sea [23,30]. The warming of these water masses is called atlantification and
is particularly visible on the west side of Spitsbergen [33]. Precipitation in the Hornsund
area is relatively high [2] and reached an annual value of 466.1 mm/year in 1979-2020 [28],
showing an increasing trend of 61.6 mm/decade [2]. The highest precipitation occurs in
September, while the lowest is in April [2].
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3. Data and Methods

The optical imagery and environmental data used to estimate velocity and changes to
the glacier termini are presented in this section. In addition, a presentation is also made of
the software and the methods with which the analysis and assessment of velocity quality
and its dependence on the radiometrical resolution of satellite data were conducted.

3.1. Optical Imagery

Satellite images used to calculate the glacier velocities and extent were delivered by
sensors specified and described in Table 1.

Table 1. Selected parameters of the satellite images used; *—the radiometric resolution of the imagery
acquired is 12 bit, but data are provided as 16 bit.

. Spatial Radiometric Number .
Satellite Bands Used Resollzltion (m) Resolution (bits) of Images Time Span
Landsat 5 1-7 30 8 56 27 May 1985-27 September 1998
Landsat 7 8 15 8 16 27 July 1999-12 July 2002
ASTER 3N/B 15 8 25 23 June 2001-15 August 2012
Landsat 8 8 15 16 14 22 March 2014-31 July 2015
Sentinel 2 24,8 10 12 (16) * 47 1 April 2016-27 September 2021

The images cover the period from May 1985 to September 2021, with limited avail-
ability in 2001-2014 and a lack of data during polar nights. In total, 129 images have been
applied and formatted into .tiff and .hdf. The minimum interval of image acquisition was
two weeks and the maximum was three years (it was impossible to calculate velocity with
this pair). Despite being georeferenced (UTM 33X), the position of images was sometimes
incorrect (error up to 10 km in the case of Landsat 5). To resolve the positioning problem,
all images were manually referenced with the fixed points located within the image range
(e.g., peaks, stones, moraines, shoreline).

3.2. Sea Surface Temperature (SST)

SST data were retrieved from the “Sea surface temperature daily data from 1981 to
present derived from satellite observations” resource managed by the European Space
Agency and Copernicus Climate Change Service [34]. The dataset includes daily SST at a
20 cm water depth during the entire study period. SST was based on infrared measurements
conducted by multiple sensors: advanced very high-resolution radiometers (AVHRRs),
along-track scanning radiometers (ATSRs), and a sea and land surface temperature ra-
diometer (SLSTR). Interpolated and validated data are available in 0.05° x 0.05° spatial
resolution [34-37]. Validation shows that values of SST determined from satellite data at
high latitudes are lower than in situ measurements [34]. Data were converted to GeoTIFF
and sampled from points located in front of the positions of the termini (Figure 1). SSTs
measured near the entrance of Hornsund fiord were validated with CTD probe (conductiv-
ity, temperature, depth) data collected in the period 2011-2015 [14,38]. Here, a comparison
was made between CTD temperatures at 20 cm depth and SST data. The correlation was
r=10.93 (p = 0.001) and the mean temperature difference was 0.64 °C (in situ measurements
were, in most cases, lower than satellite measurements).

3.3. Climatic Data

Daily air temperature and precipitation data at the Polish Polar Station (PPS) for the
period 1985-2019 were collected from PANGEA [39]. The final period (2020-2021) was
completed with data from bulletins published by PPS [40]. The PPS station lies at 10 m.a.s.l,
300 m from the shore of Isbjornhamma and 30 km from the HH system. PPS meteorological
monitoring includes both information from AWS (Automatic Weather Station) data and
manual observations by scientific staff [41]. Additionally, the daily, monthly, and annual
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sums of PDD (positive degree days) were calculated as well as the rainfall totals. The
rainfall totals were estimated as the sum of all precipitation values when the air temperature
exceeded 0 °C. PPS air temperature data were correlated with data from AWS_F mounted
on the Flatbreen glacier (Figure 1) situated in the upper section of Hornbreen [42]. AWS_F
(N77°06' E16°50’, 186 m.a.s.l) operated for nearly one year (20 April 2013-5 April 2014).
The correlation coefficient between PPS and AWS_F temperatures was r = 0.97 (p = 0.001).
The mean difference between PPS and AWS_F temperature records was 3.2 °C with colder
weather conditions on the eastern side of the fiord caused by the cold East Spitsbergen
Current [30,31].

3.4. Glacier Velocity Calculations

To estimate the velocities of the study glaciers, glacier image velocimetry (GIV) [19], a
MATLAB script that uses the feature tracking method, was used. This technique has been
used in glaciological applications since the 1990s [15,16] and has been used in many varied
tools [19].

Satellite data that consist of more than one spectral band were processed into one
layer with the mean value of all the bands used. Pairs used to calculate average velocities
during the polar night consist of the last available optical image from the previous year and
the first available image of the following year. In most cases, polar night velocities could
not be calculated because there was too long a gap between the acquisition of images, as
intense changes in the surface prevents the algorithm from recognising the same surface
features. The application resamples all satellite data to a common resolution and then
searches for correlation in subsequent pairs of images. All characteristic shapes in reference
chips (e.g., crevasses, boulders, medial moraines, supraglacial channels, foliation) are
sought around search chips. The cross-correlation algorithm provides information about
displacement direction and distance, which is divided by the time difference between the
acquisition dates of the image pair.

In addition to at least one pair of images, the application requires additional files:
mask—the borders of glaciers being investigated in RGB 0,0,0; save the image—a back-
ground image on which output data will be presented; and stable—an optional file which
contains stable ground in RGB 0,0,0 and in particular is used for slow-moving glaciers
to calibrate output data. Pre-processing settings consist of two built-in filters to improve
the detectability of characteristic features. Near anisotropic orientation filter (NAOF) is a
variation of the orientation filter [43] that significantly improves the visibility of features
in cloudy images. An intensity cap filter was also used to reach better contrast, which
provided better matches in cross-correlation processing.

Output GeoTIFF files that contain monthly velocities were visually validated, and
the rasters with clearly visible artefacts in the frontal parts of glaciers were removed. To
estimate velocities near the front and eliminate noise that could interrupt further analysis,
the data investigated were limited to polygons extending up to 500 m from the termini.
Finally, the median of the velocity values within the polygons that had been drawn was
calculated. This value was used in further analysis as the monthly/annual velocities.

To validate our results, the output GeoTIFF were compared with ablation stake data
mounted on Hornbreen [44,45]. Ablation stake data included annual velocity data from the
2014-2015 period (Figure 1).

3.5. Estimating Changes in the Position of the Termini

To estimate changes in the position of the glacier termini, the same optical imagery
dataset was used for the velocity calculations. The glacier termini tracking (GTT) toolbox [46]
contains three tools for the two-dimensional determination of changes in glacier extent.

GTT uses vectorised positions of the termini in layers with attributes that contain the
date of acquisition of the terminus position, glacier direction relative to the terminal line,
and glacier name. The algorithm creates points along vector layers and links corresponding
points. The final result is a spreadsheet containing the front position change statistics based
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on the vectorised links between points. Statistics estimated in this study included the mean,
median, max, and min values as well as the standard deviation of the change of terminus
position. Finally, mean changes between the positions of the termini were converted to
monthly values. Such an approach is essential in studying wide fluctuations in the position
of the glacier terminus when a section of the front is advancing, while at the same time,
another section is retreating.

The last stage of the research was the supposed date of their disintegration. The
distances between the positions of the termini were measured in September 2021 and the
point of intersection of the centrelines of the Hornbreen, Hambergbreen, and Flatbreen
subglacial reliefs were identified. Then, these distances were divided by the mean annual
retreat rate of glaciers.

3.6. Influence of Radiometric Resolution on Velocity Data

To assess the importance of different radiometric resolutions on velocity data, annual
velocity maps based on imagery from four different sensors were visually compared. For
this, 8-bit and 16-bit satellite data were used. The time spans of the imagery used, as well
as the number of images, are included in Table 1.

To quantify the impact of pixel depth on the feature tracking-based velocity maps, the
velocity was computed separately for four pairs of images from two sensors (Landsat 8,
Sentinel 2) with (winter) and without (summer) snow cover. Only satellite images provided
with 16-bit resolution were used here. Information about the dates of acquisition of images
along with information about the sensors is included in Table 2. To assess the quality of
the velocities generated depending on pixel depth, 16-bit data were downgraded into 8-bit
resolution. In addition, output data were reclassified into three unique classes. Values
lower than three times the distance of the standard deviation from the mean cell value
are classified as correct values. Outliers were defined as all values that are higher than
three times the distance of the standard deviation from the mean cell value. The mean and
standard deviation values were based on 2015-2021 data (best quality), the cell statistic tool
in Quantum GIS was used to assess this statistical indicator. All outliers were recognised as
noise; no data cells were assigned as third class. No data cells are the consequence of too
low a similarity between the reference and search chips. The last step was a comparison of
the default and downgraded reclassified output rasters.

Table 2. Selected parameters of satellite imagery used for the investigation of the importance of
spatial resolution in the feature tracking method; *—radiometric resolution of the imagery acquired
is 12 bit, but the data are provided at 16 bits.

g . . Radiometric
Season Sensor Date of Acquisition Spatial Resolution (m) Resolution (Bits)
6 August 2014
Summer Landsat 8 22 August 2014 15 16
. 11 July 2021 .
Sentinel 2 10 August 2021 10 12 (16)
April 201
Landsat 8 3 April 2015 15 16
Winter 3 May 2015
. 14 April 2021 .
Sentinel 2 15 May 2021 10 12 (16)
4. Results

In this section, the results of annual and seasonal changes in the velocity and terminus
position (Figures 2—4) of the Hornbreen-Hambergbreen system are presented. In addition,
there is a discussion on how these change with environmental factors such as: air tempera-
ture, PDD, SST, total precipitation, and rainfall. All box plot contains standard statistical
indicators (median, mean, min/max values, interquartile range), outliners are marked as
dots (all values outside of interquartile range).
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Figure 3. Termini positions of the HH system glaciers in the period 1985-2021.
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Figure 4. Seasonal (c,d) and cumulative (a,b) changes of the positions of the Hornbreen (a,c) and
Hambergbreen (b,d) termini in the period 1985-2021. Observations are represented by purple stripes.

4.1. Hornbreen

The average annual Hornbreen velocity during the research period was 431 m a~ 1.

The maximum velocity value was recorded in July 2017 and reached 791 m a~!, while the
minimum in the 1988 /1989 winter season was 214 m a—!. The statistical trend of an increase
in the velocity in Hornbreen amounted to 2.75 m a~!/year in 1985-2021. An increase in
velocity was also observed in each of the months investigated. The greatest increase was
noted in June (4.4 m a~!/year), and the smallest in November-February (1.4 m a~!/year).
It was estimated that the accuracy of the output velocities, based on the measurement of in
situ ablation stakes, was 97%.

The velocity of Hornbreen increases at the end of spring, reaches a peak in June/July,
and then slows down towards the winter (minimum seasonal velocities). In July, the velocity
fluctuates the most, while in September, it is the most stable (Figure 2). For the years for
which velocity data are available for all months, we recognised three types of glacier
velocities: typical (peaks in the ablation season and lowest velocities in winter) [47-49],
steady (the difference between maximum and minimum yearly velocities does not exceed
150 m a~! for Hornbreen and 50 m a~? for Hambergbreen), and abnormal (remaining cases).
Only the data from1987 were slightly different from this pattern because the velocity peak
was earlier in the season, in May/June. In 1993-1995, the glacier velocity showed a specific
behaviour. In 1993, the amplitude of the velocity did not exceed 50 m a~! (300-350 m a~1);
afterwards, in 1994, the glacier velocity doubled and reached 600 m a~!. The glaciers also
maintained this speed during the winter season, and the velocity decreased in September
of 1995.

The glacier terminus retreated by 4.7 km during the research period (Figure 4). The
mean rate of recession was 132 m a~!. The lengthwise shrinking of the glacier was inter-
rupted by episodes of advance or stagnation (1994-1995, 2004-2006). Rapid retreat was
observed in 2000/2001 and 2012-2014. The glacier was advancing at the end of winter and
spring, and the maximum extent was noted in April/May. Hornbreen began retreating with
the start of the ablation season, reaching its maximum rate in July. The most rapid recession
was recorded in June 1991, while the greatest rate of advance was in April 1988. The
maximum variability of changes in terminus position occurred in July, and the minimum
variability was recorded in the winter seasons.
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4.2. Hambergbreen

The mean annual velocity of Hambergbreen in the study period was 141 m a—!. The
maximum speed occurred in July/August 2012 (355 m a~!), while the minimum was in
April 2021 (49 m a~!). The Hambergbreen velocity tends to accelerate by 0.8 m a~! /year.
The fastest increase in velocity occurred in September (2.4 m a~! /year), and the velocities
tended to slow down in May-July, (down to 1.1 m a~!/year in July); in the remaining
months, velocities were increasing.

With the end of the polar night, the velocities continued to decline and reached a
minimum in March and then they increased with a peak in July. Afterwards, velocity
decreased to the winter values. The maximum variability of velocities occurred in July,
while the minimum occurred during winter (Figure 2). Peaks in July / August were a feature
of the “typical” style of velocities and were preceded by a decrease in speed after the
polar night. The abnormal style of movement generally had two peaks of velocity, first in
March/April and second in July/August (1993 was an exception without a second peak).

Hambergbreen retreated by 3.1 km during the research period (Figure 4), with a mean
retreat rate of 84 m a~!. There was one long episode of advance in 1992-1994. Short
advances generally occurred in winter and early spring, and then, along with the start of
the ablation season, the glacier shrank and reached a maximum recession rate in July. After
this, it slowed down until it reached the winter rate. The highest recorded rate of retreat
was in July 2006 (93 m/month), while the maximum advance was in June 2017.

4.3. Climatic and Oceanographic Conditions
4.3.1. Meteorological Conditions

PDD and air temperature tended to rise in the research period (Figure 5). Decadal
temperature growth was 1.1 °C, and PDD tends to rise by 42.8 °C/decade. Both values
are strongly correlated (r = 0.79, p < 0.0001). The maxima of average temperature and
PDD occurred in 2016 and were 0.3 °C and 798.3 °C, respectively. The minimum values
of the average annual air temperature and PDD occurred in 1988 (—7.2 °C and 3104 °C,
respectively). Two large increases in temperature were also noted in the short periods
1988-1990 and 2003-2006.
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Figure 5. Annual air temperature (top-left), PDD (top-right), total precipitation (bottom-left), and
rainfall (bottom-right).
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The total precipitation and rainfall values were strongly correlated with each other
(r=0.93, p < 0.0001). Both parameters showed an upward trend of 5.5 mm/year for total
precipitation and 4.4 mm/year for rainfall. The maxima of total precipitation and rainfall
occurred in 2016 and amounted to 805.8 mm and 701.7 mm, respectively. The minimum
value for total precipitation occurred in 1987 (230 mm) and for rainfall in 1985 (121.5 mm)
(Figure 5).

The highest air temperature and PDD values were observed in July, while the lowest
were in March. Temperatures in winter have a greater range than in summer; PDD shows
the opposite pattern. The highest sums of total precipitation and rainfall occurred in
August, while the lowest were in April. The range of monthly total precipitation increased
along with its sum (Figure 6).
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Figure 6. Seasonal air temperature (top-left), PDD (top-right), total precipitation (bottom-left), and
rainfall (bottom-right).

4.3.2. Oceanographic Conditions

Mean annual SST near Hornbreen's ice cliff was 0.14 °C, while in front of Hamberg-
breen, it was 0.04 °C. Both temperatures were strongly correlated with each other (r = 0.81,
p < 0.0001). SST showed a trend to increase, but it was more intense in the vicinity of
Hambergbreen than in the vicinity of Hornbreen. Five periods of a fast rise in SST were
observed in 1989/1990, 1997-2002, 2004-2006, 2011-2014, and 2016/2017. The SST in front
of Hornbreen reached its maximum of 1.17 °C in 2018, while the minimum was in 1997
(—0.74 °C). In the case of Hambergbreen, the maximum was 1.48 °C in 2016, and the
minimum —0.8 °C in 1996. The highest monthly SST values occurred in August, and the
minima were typically in April (Figure 7).
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Figure 7. Annual and seasonal SST for Hornbreen (orange) and Hambergbreen (green).
4.4. Influence of Radiometric Resolution on the Quality of the Velocity Maps
A visual comparison of the velocity maps shows increased noise in the data based
on an 8-bit pixel resolution (Figure 8). However, there is a significant difference between
the data from Landsat 5 and ASTER, which may be due to the greater number of satellite
images used to calculate velocity maps by the former (Table 1). Average annual velocities
based on Landsat 5 data are of lower quality than those based on a 16-bit pixel depth;
however, one can obtain the velocities in the upper part of the glacier (which is not the case
in ASTER) (Figure 8). This indicates that the negative impact of low radiometric resolution
can be reduced by using an increased number of images.
Figure 9 and Table 3 present the effect of changing pixel depth from 16 to 8 bit on the
correctness of feature tracking-based velocity maps.
Table 3. Percentage share of pixels classified as one of 3 classes (correct values, noise, and no data)
and the change between 16-bit and 8-bit resolution.
Class L8 16-Bit L8 16-Bit L8 8-Bit L8 8-Bit S2 16-Bit S2 16-Bit S2 8-Bit S2 8-Bit
Summer Winter Summer Winter Summer Winter Summer Winter
Correct values 73.8 35.7 28.7 229 56.1 76.5 36.1 26.2
Noise 1.3 54 6.0 55 3.1 1.4 49 24
No Data cells 25.0 58.9 65.3 71.6 40.9 22.1 59.1 71.3
Correct values Percentage difference —45.1 —12.7 Percentage difference —20.0 —50.2
Noise between 16-bit- and 47 0.0 between 16-bit- and 18 1.0

8-bit-based Landsat 8-bit-based Sentinel
No Data cells 8 velocity maps 40.4 12.7 2 velocity maps 18.2 49.2
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Figure 8. Mean velocities of the HH system based on data from different sensors (a) Landsat 5,
(b) ASTER, (c) Landsat 8, and (d) Sentinel 2, for the periods specified in Table 1.
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A significant improvement in the quality of output data was noted in all cases (along
with an increase in radiometric resolution). The increase in the proportion of correct cells
varies (12.7-50.2%). No link was found with the presence of snow cover; in the case of
Landsat 8, the increase in correct data was approximately 3 times higher in summer than in
winter. However, in the case of Sentinel 2 data, the opposite relationship was found. Along
with the improvement of correct values, a decrease was observed in noise and cells with no
data. The decrease in noise cells was small and varied from 0% to 4.7% (Table 3). Along
with improving the radiometric resolution of the image pairs, a significant decrease was
found in the number of cells with no data. Their range varied in a manner similar to the
cells with correct values. If the velocity maps based on 8- and 16-bit data are compared, it
will be noted that the correct values appear, especially at the glacier terminus.

5. Discussion

Glaciological and climatic factors drive the difference between the annual velocities of
the glaciers investigated. Hornbreen drains more ice masses than Hambergbreen [11] and
at a greater extent. This enhances ice pressure near the terminus and explains differences in
the velocities of the glaciers [47,50]. Hambergbreen is fed partly by Flatbreen, Skjoldfonna,
and ice masses from the south slopes of the research area, while Hornbreen is fed by
large ice masses from Flatbreen. Thus, the second glaciological factor explaining the
slower movement of Hambergbreen is the contribution of slow-moving Skjlodfonna and
inactive ice masses to the glacier ice flux. Velocity maps (Figure 8) show a faster ice
stream in Hornbreen (than in Hambergbreen) all along the centrelines. This indicates that
glaciological factors (extent, arrangement of tributaries) play a primary role in conditioning
glacier velocities. The differences in sea temperature between the east and west coast
caused by sea currents can be recognised as a secondary factor influencing the velocities
of the HH system. Air temperature is connected to SST [32], and a statistically significant
(p = 0.001) correlation is found between mean monthly air and sea surface temperatures
near Hornbreen and Hambergbreen ice cliffs (Hornbreen, r = 0.83; Hambergbreen, r = 0.78).
Higher temperatures on the west side of the HH system [31,51] intensify the melting of the
glacier surface and the supply of freshwater to the glacial system [44]. Both glaciers tend to
increase velocity, and this is a common behaviour of Svalbard glaciers [4]. These changes
can be linked to very high (1.14 °C/decade) rising air temperatures, which cause intense
melting and a decrease in the area of Firn in the accumulation zone [24], which retains
water. Both of these factors led to an increase in the water supply to the glacial system in
the study period. More water in glacial systems raises subglacial water pressure, which
could cause an acceleration of the glacier [47,52,53].

Monthly maximum and minimum velocities are delayed by approximately one month
on Hambergbreen in comparison to Hornbreen (Figure 4). This could be caused by the
faster development of the hydroglacial system on the west side of the research area caused
by higher air temperatures. Increases in seasonal glacier velocity depend mainly on water
supply [52,53] caused by intense melting or rainfall. The velocities of both glaciers decrease
in late summer/early autumn despite high temperatures and rainfall. These phenomena
are explained by the fact that an increase in subglacial water pressure can only occur if an
extensive network of conducted channels exists. Along with the duration of the ablation
season, the hydrological network evolves into an efficient, channelised drainage system.
That kind of drainage can efficiently expel water and prevent the increase in subglacial
water pressure. This behaviour is also described for other Svalbard glaciers [14,54,55].
In Hambergbreen, speed-up events in late winter/early spring are often noted. Similar
events were observed on nearby Hansbreen [56] and were caused by winter thaws and
rainfalls [2,29].

To explain the long-term increase in glacier velocity, correlations were made between
mean annual and monthly velocity data (in the years when all monthly data were collected)
and air temperature, SST, PDD, total precipitation, and rainfall. (Table 4). A very strong
correlation was found between annual Hambergbreen velocities and SST/PDD. An aver-
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age/low correlation was also found between all monthly velocities and thermal factors (air
temperature, SST, PDD) as well as no/low correlation with total precipitation.

Table 4. Correlations between glacier velocities and selected environmental factors (statistically
important results are highlighted).

Glacier SST Tair PDD Precipitation Rainfall
0.41 0.31 0.37 0 0.06
All Hambergbreen | 0001 <0.0001 p<00001 p=0999  p=0431
monthly
values Hormib 0.32 0.41 0.4 0.1 0.16
OMDTEEN 1, <0.0001 p<0.0001 p<0.0001 p=0159  p<0.0001
Annual (in Hamberebreen 0.85 0.54 0.73 —-0.15 —0.09
years with & p<0.0001 p=0.087 p<0.0001 p =0.668 p=0.797
data for all
0.3 0.43 0.31 0.36 0.27
months) Hornbreen

p=0378 p=0187 p=0353 p=0276  p=0425

Next three styles of glacier velocity were correlated with environmental factors
(Table 5). The typical style of velocity seen in Hambergbreen showed a high correla-
tion with all thermal factors and a lack of correlation with total precipitation. The steady
and abnormal styles showed no link with environmental factors. The high correlation of
SST (also annual) with velocity suggests an indirect link between these factors. Higher
SST values influence the enhancing of the calving rate and glacier terminus recession.
This leads to a weakening of the glacier grounding, surface stretching, and acceleration of
velocity [57-61]. An additional explanation of the SST and velocity link could show a high
correlation between air temperatures and SST, suggesting that an increased velocity is a
consequence of increased melting caused by higher temperatures. A slightly different style
of relationship between velocities and environmental factors was found for Hornbreen.
The glacier showed medium/high correlations between thermal factors and all styles of
motion distribution. A low correlation was also found between the typical style and total
precipitation and a medium correlation between steady style and rainfall. This suggests
that rainfall contributes to the subglacial water level and plays a secondary role in forcing
glacier velocity (visible only in particular circumstances, e.g., steady velocity) [47,52,53].

Table 5. Correlations between monthly velocities of yearly velocity styles and selected environmental
factors (statistically significant results are highlighted).

Glacier Type ° f SST Tair PDD Precipitation Rainfall
Velocity
Tvpical 0.65 0.61 0.62 0.23 0.25
yp p<0.0001 p<0.0001 p<0.0001 p=0.179 p=0.184
Hambergbreen 0.02 0.02 —0.06 —0.05 —0.21
Steady
p=0.871 p=0899 p=0.716 p=0.738 p=0.208
Ab | 0.10 0.12 —0.04 0.01 —0.14
normat -, _0488 p=0404 p=0838  p=0951  p=0399
Tvpical 0.49 0.68 0.54 0.26 0.23
yp p<0.0001 p<0.0001 p<0.0001 p =0.046 p=0.121
Hornbreen Stead 0.53 0.57 0.51 0.27 0.42
Y p=0.001 p<0.0001 p=0.004 p=0.112 p=0.023
0.34 0.33 0.46 1 21
Abnormal 0.10 0

p=0040 p=0048 p=0013 p=0547 p=0286

The annual average retreat rate for Hornbreen was 128 m a~!, while for Hamberg-
breen, it was 84 m a— L. A medium correlation was found between the fluctuations of the
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Hornbreen terminus and SST/PDD. Other factors show low or no correlation. In the case
of Hambergbreen, a medium correlation was found between its changes in extent and
air temperature/SST as well as with rainfall (low correlation). Based on an analysis of
the location of the termini of both glaciers, a faster rate of retreat for Hornbreen is the
consequence of higher values of SST on the west side of the research area. Annual SST and
velocity provide a good explanation for the position of the termini (with exceptions).

Seasonal fluctuations of the termini of the HH system vary in time. Despite the lack of
a minimum position of the terminus due to the lack of optical images during the polar night,
the features of glacier retreat were determined from late summer data. The fluctuation
interval of the extent of Hambergbreen is mainly determined by outliers, and is shorter than
in the case of Hornbreen. Advances in late winter/early spring were evident in the case of
Hornbreen. The reason for the advance in this period is provided by the low SST values
that decrease calving activity [62] and velocities. During the ablation season, the glacier
termini retreat due to rising values of SST and an intensification of the water circulation
in front of the ice cliffs. These factors further enhance glacier calving activity [63]. The
development of an efficient subglacial system, which slows down the glacier and intense
calving, leads to maximum retreat rate values in the middle of the ablation season. Then,
with the decrease in air and sea temperatures, the glacier retreat rate slows and stagnates. In
September, massive recession episodes of the Hambergbreen terminus were noted, which
can be linked to the highest rainfall occurring in this month. Rainfall can increase calving
activity by filling crevasses near the termini with water [64]. The minimum and maximum
values of the changes in extent were obtained about one month later on Hambergbreen
(when compared to Hornbreen)—in a similar manner to velocity.

Finally, the date of the opening of the fiord was estimated on the basis of more updated
and frequent data than those used by previous authors. Results were convergent (31 years—
Hornbreen, 32 years—Hambergbreen). This leads to the conclusion that the Hornsund
strait will be open again in ~2053. Our calculations are very simple and do not predict
any surges, and the date of the disintegration of the HH system is based only on the mean
recession rate. Ziaja and Ostafin concluded that the strait will be open in 2030-2035 [9].
However, their calculations are based on the distance between the termini of both glaciers
and do not include subglacial relief. Thus, the predictions are too rapid. In contrast, Grabiec
and others suggest the 20552065 period [11], which is slightly later than our estimate. This
could result from the use of the latest data for the prediction in this paper.

Our secondary task, an assessment of the importance of the influence of radiometric
resolution on output velocity maps, shows a general improvement in data quality along
with a greater pixel depth. Low spatial resolution imagery (Landsat 5, Landsat 7, ASTER)
is characterised by a significant presence of noise and ‘no data’ cells, especially in the
upper parts of the glaciers investigated. In the velocity maps based on data from Landsat
8 and Sentinel 2, the disruptions are very limited. However, Landsat 5-based maps are
much more artefact-free than ASTER. This suggests that a negative impact of a lower
radiometric resolution can be overcome by the increased use of satellite imagery pairs used
for velocity estimation.

The reclassified velocity maps were also quantified on the basis of the dataset cited
in Table 3. In 8-bit-based velocity maps, the majority of cells were recognised as no data,
and along with improving the pixel depth to 16 bits, their percentage share decreased in
favour of the correct values. There was only a small (0—4.7%) decrease in noise. In general,
more ‘no data’ cells were recognised than noise ones; this disproportion varies between 10
to 30 times. This leads to the conclusion that the increase in correct cells is a consequence
of a better ability to recognise surface features linked to a greater pixel depth. Research
on the impact of radiometric resolution is mainly focused on the possibility of the proper
recognition of land features (crevasses, etc.). Problems in this field are conditioned by an
increased saturation in shadowed regions. A greater pixel depth reduces this phenomenon
and allows the feature tracking algorithm to define unique surface features [21,65]. Another
idea could be a better ability to recognise snow facies by imagery with better radiometric
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resolution [22]. Varied snow cover conditions (e.g., percolation, snowdrifts on the glacier
surface, deposits of darker materials) could also be interpreted as surface features.

6. Conclusions

This paper has analysed the velocities and fluctuations of the termini of two tidewater
glaciers, Hornbreen and Hambergbreen, in 1985-2021. Analyses were conducted using
remote sensing (optical imagery, SST) data and in situ measurements (air temperature,
precipitation, ablation stakes). It was concluded that:

e Anincreased quality of output velocity maps is caused by an improved ability to recog-
nise surface features, connected to the improved radiometric resolution of optical imagery.

e Animprovement in the quality of velocity maps (between 8-bit- and 16-bit-based maps)
varied from 12.5% to 50.2%. No link was found between the level of improvement and
the presence of snow cover.

e The mean velocity of Hornbreen was 431 m a~! and that of Hambergbreen was
141 m a~!. The difference in velocities depends mainly on the glaciological character-
istics, such as glacier extent, and the complexity of the direction of ice flow near the
terminus (e.g., tributary ice flow from Skjoldfonna); the influence of climatological
conditions on glacier velocity was of secondary importance.

e  Both glaciers accelerated in the study period: Hornbreen on average by 2.75 m/year
and Hambergbreen on average by 0.8 m/year. The cause could be an increase in the
water supply to the drainage system due to surface melting caused by an increase in
air temperature (1.14 °C/decade).

e  Maximum and minimum monthly values of velocities and fluctuations of the termini
are about one month later in Hambergbreen than in Hornbreen; the reason for this
behaviour could be a faster evolution of the drainage system and higher temperatures
on the west side of the HH system.

e  Thermal factors are primary climatic components that condition the velocities and
changes in the positions of termini (an increased role of SST in the case of the velocity
of Hambergbreen), while rainfall is the secondary component that influences glacier
behaviour in particular circumstances.

e  Both glaciers retreated in the study period, Hornbreen by 4.7 km and Hambergbreen
by 3.1 km. The reason for the difference is the different velocities of the glaciers and the
higher values of thermal factors, which enhance calving activity, as well as topography.

e Ifrecession continues at the current rate, the Hornsund strait will reopen in ~2053.
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