www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

POLISH POLRR RESEARCH

vol. 40, no. 4, pp. 311-338, 2019 doi: 10.24425/ppr.2019.130901

Importance of snow as component of surface mass balance
of Arctic glacier (Hansbreen, southern Spitsbergen)

Aleksander USZCZYK!*, Mariusz GRABIEC!, Michat LASKA!,
Michael KUHN? and Dariusz IGNATIUK!

U University of Silesia in Katowice, Faculty of Natural Sciences,
Bedzinska 60, Sosnowiec, Poland

2 Institute of Atmospheric and Cryospheric Sciences, University of Innsbruck,
Innrain 52, A-6020 Innsbruck, Austria

* corresponding author <aleksanderuszczyk@gmail.com>

Abstract: Snowmelt is a very important component of freshwater resources in the polar
environment. Seasonal fluctuations in the water supply to glacial drainage systems influ-
ence glacier dynamics and indirectly affect water circulation and stratification in fjords.
Here, we present spatial distribution of the meltwater production from the snow cover
on Hansbreen in southern Spitsbergen. We estimated the volume of freshwater coming
from snow deposited over this glacier. As a case study, we used 2014 being one of
the warmest season in the 215t century. The depth of snow cover was measured using
a high frequency Ground Penetrating Radar close to the maximum stage of accumula-
tion. Simultaneously, a series of studies were conducted to analyse the structure of the
snowpack and its physical properties in three snow pits in different glacier elevation
zones. These data were combined to construct a snow density model for the entire
glacier, which together with snow depth distribution represents essential parameters to
estimate glacier winter mass balance. A temperature index model was used to calculate
snow ablation, applying an average temperature lapse rate and surface elevation changes.
Applying variable with altitude degree day factor, we estimated an average daily rate
of ablation between 0.023 m d-! °C-! (for the ablation zone) and 0.027 m d-! °C!
(in accumulation zone). This melting rate was further validated by direct ablation data at
reference sites on the glacier. An average daily water production by snowmelt in 2014
ablation season was 0.0065 m w.e. (water equivalent) and 41.52-10° m3 of freshwater
in total. This ablation concerned 85.5% of the total water accumulated during winter
in snow cover. Extreme daily melting exceeded 0.020 m w.e. in June and September
2014 with a maximum on 6% July 2014 (0.027 m w.e.). The snow cover has completely
disappeared at the end of ablation season on 75.8% of the surface of Hansbreen.

Key words: Arctic, Svalbard, snowpack, snow accumulation and ablation, snow water
equivalent, temperature index model.
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Introduction

The climate change observed during the last few decades manifests itself,
especially in the Arctic, by remarkable warming and precipitation rise (Miller et
al.2010; Koenigk et al. 2015; Lupikasza et al. 2019) which both may significantly
change the properties of the snow cover (Christensen et al. 2007; Réisidnen 2008;
Sturm et al. 2010) that is a vital component of Arctic environment. The snow
cover substantially affects the functioning of glacial systems, and particularly
their mass balance (Fujita 2008; Benn and Evans 2010). As a consequence of
environmental changes, the snow depth and snow water equivalent (SWE) as
well as the internal structure of the snowpack, may vary from year to year and
thereby influencing fresh water runoff and its time of release (Hartman et al.
1999; Marsh 1999; Bruland et al. 2004). The snow as a source of meltwater is
a factor influencing the glacier drainage system (Fountain 1996a, 1996b; Decaux
et al. 2019) and supplies the water that percolates in the firn area and controls
internal accumulation and water storage (Fountain 1989; Pfeffer and Humhprey
1998; Jansson et al. 2003; Parry et al. 2007). As meltwater is one of the main
factors determining glacier movement (Willis 1995; Vieli et al. 2004; van Pelt
et al. 2018), knowledge of snow properties, its spatial distribution and mass
turnover helps to understand glacier dynamics. Finally, meltwater runoff to the
Arctic fjords influences their stratification and water circulation (Cowan 1992;
Straneo et al. 2011; Mortensen et al. 2013; Carroll et al. 2015).

Svalbard is one of the most vulnerable areas in the Arctic. The highest recent
warming in the European sector of the Arctic at the rate of 2.6°C per century
(Nordli et al. 2014), and increase of annual precipitation by 2.5% per decade
since the beginning of the 20th century (Fgrland and Hanssen-Bauer 2003) give
a unique opportunity to investigate the impact of those processes on the snow
cover. Climate change is reflected by the general mass loss of Svalbard glaciers,
however the most negative mass balance is reported for southern Spitsbergen
(Nuth et al. 2010, 2013; Moller et al. 2016; Aas et al. 2016; Blaszczyk et al.
2019b). This suggests that in southern Spitsbergen most water accumulated in
the snow during the winter feeds glacier systems in summer and may exert
stronger influence on glacial processes than at other Arctic sites. We selected
Hansbreen for the current study, a typical Svalbard tidewater glacier located in
Hornsund area (southern Spitsbergen) with long and continuous glaciological
and meteorological data series, as well as rich snow studies (e.g., Migata et
al. 1988; Winther et al. 2003; Grabiec 2005; Grabiec et al. 2006, 2011; Laska
et al. 2016, 2017a, 2017b). Due to the dynamic environmental changes in this
area, Hansbreen may serve as an analogue for the analysis of glacial processes
driven by meltwater of snow origin on most glaciers all over the Arctic.

Here, we analysed snow accumulation and ablation during the season
2013/2014, to estimate glacier-wide snow balance on Hansbreen and to identify



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Snow in surface mass balance of Arctic glacier 313

how much freshwater is produced from the seasonal snow cover during specific
ablation periods and is supplied to the glacier surface and its drainage system.
The dynamics and intensity of nival processes mentioned above leading finally to
the water output, is determined by complex process of the snow cover evolution
on the Arctic glaciers. During the accumulation season, the snow cover is
formed and modified by meteorological conditions, particularly precipitation,
which form depends on air temperature (e.g., Dai 2008; Krasting ef al. 2013).
Snow distribution on the glacier also depends on wind speed and direction,
and local topography. The occurrence of local depressions may favour snow
accumulation. Melting processes over the snow surface during mid-winter thaw
periods significantly influence the variability of snow properties. Meltwater
may percolate downwards, refreeze within lower layers, thereby increasing
their density. Thus, winter thaws do not necessarily translate into a release of
meltwater from snow cover to the glacier. A similar process takes place during
rain episodes in winter (Lupikasza et al. 2019). During the ablation season,
the snow cover can be completely saturated with liquid water (slush), which
in some parts of the glacier refreezes creating superimposed ice (Brandt et al.
2008; Irvine-Fynn et al. 2011; Grabiec 2017).

The aim of this paper is to show the spatial distribution of winter accumulation
and summer snow melting, as well as temporal pattern of meltwater release
from the snow cover. Detailed snow studies allow to precisely assess the snow
contribution to the glacier mass balance. This survey helps also to understand
spatial and temporal differences in glacial processes in the Arctic driven by
variable rate and intensity of snow cover formation, evolution and decay. The
main purpose of the study was to establish the role of the snow cover in the
glacier system, paying particular attention to the importance of snowmelt water.
The ice melt during the ablation season has not been considered at all.

The Temperature Index Model (TIM) (e.g., Braithwaite 1995; Hock 2003) was
chosen for snowmelt assessment due to its simplicity and convenient approach.
Glacier surface melt and air temperature are strongly correlated (Braithwaite and
Olesen 1989), making the TIM model particularly useful whenever temperature
data is available (Ohmura 2001). In this case, temperature and ablation rate data
were available at three automatic weather stations on Hansbreen, allowing to
estimate snowmelt during an ablation season using TIM. The winter balance
was evaluated from shallow Ground Penetrating Radar (GPR) and snow pits
analysis providing density data and validating snow depth.
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Study area

Hansbreen is a medium sized tidewater glacier (53.8 km?) located in southern
Spitsbergen (Wedel Jarlsberg Land) terminating into Hansbukta, a part of the
Hornsund fjord (Ignatiuk et al. 2014). It is approximately 16 km long and
2.5 km wide on average. Its boundary is well defined by the surrounding
mountains, although it remains linked to Paierlbreen over its north-east passage,
Vrangpeisbreen over northern ice-divide and Werenskioldbreen through narrow
western passes (Grabiec er al. 2012). Four tributary glaciers (Staszelisen,
Deileggbreen, Tuvbreen, and Fuglebreen) are located in its western bank (Fig. 1).
The glacier front is ca. 1.5 km wide, varying among years as a result of glacier
dynamics and calving processes (Btaszczyk et al. 2009). The glacier’s vertical
range is ca. 550 m and its average ice thickness is ca. 171 m, with a maximum
at 386 m (Grabiec et al. 2012).

The weather conditions over Hornsund area are frequently determined
by advection of air masses from the Greenland and Norwegian Sea. Hence,
the climate of southern Spitsbergen is considerably warm, humid and more
sensitive to variations compared to other Arctic areas (Marsz 2013). The mean
multiannual (1978-2014) precipitation sum is ca. 439 mm and the average
multiannual air temperature is -4.0°C (Marsz 2013) (Table 1). Approximately
30% of the total precipitation in Hornsund occurs in solid form with the largest
snowfall contribution between January and April (Lupikasza 2013). Hansbreen
mass balance has been widely investigated in previous studies (Szafraniec 2002;
Migata et al. 2006; Oerlemans et al. 2011; Aas et al. 2016; Moller et al. 2016;
Blaszczyk et al. 2019b). According to the minimal glacier model of Oerlemans
et al. (2011) the positive mean surface mass balance of Hansbreen has never
recreated its 1900 state. Snow accumulation on Hansbreen is highly variable
(Grabiec et al. 2006, 2011; Laska et al. 2017; Grabiec 2017). The distribution of
snow cover on this glacier is strongly modified by snow re-deposition determined
by wind speed and direction. According to Styszynska (2013), prevailing wind
directions in Hornsund are NE, E and SE (accounting for over 80% of the wind
recorded). The eastern side of Hansbreen is bordered by the Sofiekammen ridge,
a natural orographic barrier for advection of air masses, creating a foehn effect
during eastern winds (Grabiec et al. 2011; Aas et al. 2016).

The summer ablation rates are determined mainly by air temperature,
direct solar radiation and sunshine duration (Szafraniec 2002). Over the period
1989-2016, mean summer mass balance (B,) was -1.32 m w.e. with minimum
at -1.94 m w.e. in 2016, mean winter mass balance was 0.97 m w.e. with
maximum, 1.30 m w.e. in 2006. The average net mass balance (B,) in period
1989-2006 was -0.35 m w.e. with minimum in 2001 (-1.10 m w.e.) and 2016
(-1.08 m w.e.). However, in year 1994 and 2004-2008, net mass balance was
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Fig. 1. Study area of Hansbreen. H4, H6, H9 — the automatic weather stations and snow

pits sites. Capital letters indicate tributary glaciers: D — Deileggbreen, F — Fuglebreen;

N — Nordstebreen; S — Staszelisen; T — Tuvbreen. The UTM zone 33N geodetic system
and WGS 1984 datum was used in all maps of this paper.
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Table 1

Characteristics of selected meteorological parameters during the accumulation season

(09.2013-04.2014), ablation season (05.2014-09.2014)

and for the 1978-2014 period at the Polish Polar Station in Hornsund.

Accsuerjllsuéition Ablation season Annual
2013/201412 20142 1978-20142
AIR TEMPERATURE
Season mean [°C] 35 29 -4.0
Minimum -17.7 -10.7 -359
(December 2013) (May 2014) (16.01.1981)
Maximum 93 11.9 13.5
(September 2013) (August 2014) (07.07.2005)
PRECIPITATION
Season total [mm] 275 188 439
Days with rain 180 98 94
Days with snow 130 32 171
SNOwW COVER
Mean snow depth [cm] 25 134 19
Maximum snow depth [cm] 56 47 80
Days with snow cover 203 40 256
Days with snow cover =20 cm 26 0 107
WIND
Mean season wind speed [m s!] 6.1 5.0 5.6
Days with strong wind (=10 m s) 127 180 162

I Kepski er al. (2013); 2 Laszyca et al. (2014)

close to 0 m w.e. or slightly above (up to 0.15 m w.e. in 2008) (Szafraniec
2002; WGMS 2012, 2015; Btaszczyk et al. 2019a, 2019b).

The retreat rate of Hansbreen has been estimated as 40-45 m a'! in period
1989-2000 and 56 m a’! in 2006-2015 (Btaszczyk et al. 2013, 2019a). The
mean frontal ablation (ice flux and retreat) in 2006-2015 has been calculated
as 34.9 Mt a! (-0.65 m w.e.) (Btaszczyk et al. 2019a). The mass losses of this
glacier due to surface and frontal ablation far outweigh the gains from winter
accumulation, failing reproduce previous glacier states (Szafraniec 2002; Hagen
et al. 2003) and resulting in a permanently decreasing glacier volume and area.
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Therefore, calving and ice flux on Hansbreen and other glaciers in Hornsund
area become truly important (Jania et al. 1996; Jania and Kaczmarska 1997;
Vieli et al. 2002; Btaszczyk et al. 2009, 2013; Oerlemans et al. 2011).

Weather conditions between September 2013 and August 2014

Meteorological observations carried out at the WMO station (no. 010030,
77°00° N, 15°32° E, 10 m a.s.l.) managed by the Polish Polar Station (PPS)
provide homogenous data series representative for Hornsund area. For the period
analysed here, a snow cover on tundra was present from the beginning of
October 2013 to the beginning of June 2014. The melting period started on
16th of May 2014. This year was the second warmest year in the history of the
observations at this site, with an annual mean temperature of -1.3°C (Laszyca
et al. 2014) and mean temperature in ablation season 2.9°C (Table 1). The air
temperature during accumulation season 2013/2014 was significantly warmer
than the multiannual average, with the maximum positive deviation in February
(9.5°C warmer than the average) (Table 1, Fig. 2).

The sum of precipitation in the accumulation season 2013/2014 and the
ablation season 2014 are comparable with more number of days with rain or snow
during the accumulation season (Table 1). Heavy snowfalls occurred between
March and April 2014 resulting in the most intense snow cover formation (Fig. 3).
The duration of the snow cover was overall 20 days shorter than the multiannual
mean, however, it reached one of the highest maximum depth (56 cm) since
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Fig. 2. The mean monthly air temperature (squares) between September 2013 and August 2014 and
multiannual (1978-2014) average (dots) at the Polish Polar Station Hornsund (PPS). Monthly sum
of precipitation at the PPS between September 2013 and August 2014 (grey bars) and multiannual
(1978-2014) average of precipitation totals (black bars) (Kepski et al. 2013; Laszyca et al. 2014).
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Fig. 3. Snow depth from October 2013 to June 2014 measured at the Polish Polar Station Hornsund
modified after Kepski ef al. (2013) and Laszyca et al. (2014).

the beginning of meteorological observations at PPS (Table 1) (Kepski et al.
2013; Laszyca et al. 2014).

Days with strong winds were considerably frequent in the ablation season
2014 but the mean wind speed was higher during the accumulation than the
ablation season (Table 1). Those winds were prevailing from the eastern sector
as in most Svalbard areas (Fgrland et al. 1997; Jaedicke and Gauer 2005).

The lowest temperature on Hansbreen occurred over the highest parts of the
glacier (T9) but occasionally the inversion of temperature was noticed showing
lowest temperature over lower parts of Hansbreen (Fig. 4). The temperature
difference between glacier and PPS was noticable. The negative temperature
on Hansbreen occurred earlier (23 days) than at the PPS and the new seasonal
snow cover in elevated parts of the glacier may appear in September.
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Fig. 4. Daily air temperature at automatic weather stations (H4, H6 and H9) on Hansbreen
and at the Polish Polar Station Hornsund, temperature lapse rates between reference sites (AT)
during the 2014 ablation season.
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Data and methods

Snow depth. — Snow depth on the glacier was measured using a Ground
Penetrating Radar (GPR) system, which produces images of the subsurface
structure based on differences of the dielectric properties of the materials
penetrated by the radar waves (Grabiec et al. 2011), allowing to identify distinct
internal boundaries. The GPR survey was conducted using a common offset
survey mode over several surface profiles within an area of Hansbreen accessible
in April 2014 (Fig. 5), around the maximum snow accumulation period. The
GPR system used an 800 MHz shielded antenna with a vertical resolution of
6.5 cm (1/4 of the wavelength) (Sheriff 1977; Grabiec et al. 2011).

The GPR system was mounted onto a sledge pulled by a snowmobile and the
astern GPR antenna loaded into pulkas. The average distance interval between
consecutive traces was approximately 1 m, which resulted from the speed of the
snowmobile (ca. 20 km h-) and the trigger time internal (0.2 s). The data was
georeferenced using a GPS receiver working in a differential kinematic mode.
The snow depth was measured through profiles amounting to ca. 110 km of
total length (Fig. 5). The validation of results of radar soundings by ablation
stakes readings is shown in (Fig. 8 and Table 4). The standard deviation of
identification of the snow-ice interface in the ablation area is 0.43 ns, whereas in
the accumulation zone of Hansbreen it might be ca. 50% larger (Grabiec 2017).

The snow depth data derived from the GPR survey provides semi-linear
information. In order to obtain a reliable spatial pattern of snow distribution
for the entire glacier, we compared four methods of data interpolation: Inverse
Distance Weight, Kriging, Spline and Natural Neighbourhood. Based on a cross-
validation (rotation estimation) (Kohavi 1995; Browne 2000), the Inverse Distance
Weights (IDW) was finally chosen with a mean square error of 0.041 m, which
value was the lowest among the compared methods. IDW was used for the
further interpolation to a 100 m grid resolution.

Snow density. — The snow depth and density of snowpack are components
of calculation the SWE. The SWE from the end of accumulation season (EAS)
was calculated based on snow depth measurements by GPR (Fig. 9a, made
on 20.04.2014) and density survey in three spring snow pits (Fig. 1, Table 2)
made on 5/6.05.2014.

We found that the bulk snow density values increase with snow depth. Based
on snow depth to density relationship and snow distribution (Fig. 5), the snow
density field over Hansbreen in EAS has been calculated (Fig. 6).

In the ablation period, the meltwater starts to percolate into deeper layers in
the snowpack. Part of this water remains in the snow cover due to refreezing,
until the melting point is reached, or as capillary water, increasing its density,
while remaining water drains away to the glacier. We assumed that the density
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Fig. 5. Snow depth surveyed by Ground Penetrating Radar on the 12th April 2014 on Hansbreen
(black solid line). White dashed line denotes longitudinal profile across the ablation stakes
H1-H11; see Fig. 8 for details.

of the snowpack increases proportionally to the amount of meltwater, while
melting can be explained by the sum of positive degree days (PDD).

The change of the snowpack density (Ag;) due to percolation of meltwater
was calculated in three steps. Firstly, we have computed the overall change of
snow densities between snow pits made at the end of the accumulation season
(5/6.05.2014) (Qaec) and on 13.06.2014 (o.,) at H4 [1]. In the second step the
change of snow densities obtained in step [1] have been divided by the PDD sum
(5/6.05.2014 — 13.06.2014) in order to calculate the snow density index (x) [2]
which reached 5.31 kg m?3 for every 1°C. Finally in the third step, we have
calculated the density increment depending on positive temperature in specific
day (7;") [3] using the same snow density index for H4, H6 and H9. Based on
earlier observations (Laska et al. 2016, 2017b), we assumed maximum average
density of snowpack during ablation season reaching 530 kg m-3 till the end
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Table 2
Basic characteristics of snow density derived from snow pits on Hansbreen.
The UTM zone 33N geodetic system and WGS (1984) datum was used.
el
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H4 5.5.2014 374 530 1.60 175 8 552 094 515 890
H6 5.5.2014 399 530 2.10 269 8 556 142 515 805
H9 6.5.2014 466 530 2.78 406 8 560 230 511 955

of June 2014 (Fig. 7). The gradually increase of snow density was applied for
whole glacier and next the maximum snow density (530 kg m=3) defined snow
density for remaining part of ablation season.

Ap = pest = Pacc (1

_ b
ppi= {x = L @
Ap;= x T 3)

where: n — number of days, i — specific day counted from the beginning of
the melting period.
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Fig. 6. Evolution of snow density on Hansbreen from the beginning of snowmelt (26.05.2014)
to the end of June (30.06.2014) at 3 locations (H4, H6 and H9) according to formulas 1-3.
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Table 3

The degree day factor (DDF) index [m d-! °C-!] and DDF gradient (ADDF/100m)
based on stakes readings (H4, H6 and H9).

Date DDF H4 DDF H6 DDF H9 ADDF/100m | ADDF/100m
(187 m a.s.l) | (278 m a.s.]) | (424 m a.s.l) | (below H6) | (above H6)
20.4 - 20.6.2014 0.026 0.035 0.077 0.011 0.029
20.6 — 15.7.2014 0.023 0.018 0.015 -0.006 -0.002
15.7 - 22.8.2014 - 0.017 0.010 - -0.005
22.8 —21.9.2014 - - 0.006 - -

The changes of snow density in the melting period have been estimated at
sites H4, H6 and H9 in one day time step (Fig. 6). At each calculation step,
the snow depth-to-density conversion formula was used (procedure similar as at
EAS) and applied to set up the density field over Hansbreen. The snow density
has increased by 146 kg m-3 (H4 site), 131 kg m=3 (H6 site) and 79 kg m=3 (H9
site) till the end of June.

Snow water equivalent. — SWE derived from the snow deposited in winter
and melted during summer was calculated using the following equation after
Sturm et al. (2010):

SWE = hy Z—:’/ (4)
where the snow depth (#,) was measured in meters, the bulk snow density ()
in kg m3 and the density of water (g,,) is 1000 kg m-.

Air temperature field over Hansbreen. — Air temperature was measured
at three automatic weather stations located on Hansbreen at different altitudes
(H4 — 187 m a.s.l, H6 — 278 m a.s.l and H9 — 424 m as.l., Fig. 1). The
temperature data were used to calculate the vertical temperature gradient for
every day during the ablation season (Fig. 4). The analysis of the temperature
lapse rate (AT/AH) allows to identify thermal inversions taking place mainly in
summer. The thermal inversion in ablation season occurred in 20 and 36 days
(at H4-H6 and H6-H9 profiles, respectively) (Fig. 4). The average temperature
lapse rates at H4-H6 and H6-H9 were -0.61 and -0.44, respectively.

Daily mean temperature and the temperature lapse rate between reference
sites on the glacier, were used to extrapolate the temperature to every grid cell
of Hansbreen digital elevation model (DTM) based on SPOT images taken in
2008 (Korona et al. 2009).
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Fig. 7. Distribution of average snow density for the maximum accumulation period in 2014
on Hansbreen.

Temperature Index Model. — Due to the apparent impact of air temperature
on snow ablation, Temperature Index Model (TIM) arises as a powerful tool to
approximate snowmelt (e.g., Braithwaite 1985; Hock 2003). TIM uses DDF as
a relationship between overall snow ablation (ag,,) and sum of the positive daily
means of air temperature (T*) taking place within the same period (expressed
in days — n) as snow ablation measurements (Hock 2003):

Ha

DDF = &

)

In this study, the snowmelt was calculated based on ablation stakes readings (H4,
H6 and H9). Due to spatially fickle snow properties and atmospheric conditions,
we apply variable DDF values (Ismail et al. 2015) across the study area.
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Results

Degree Day Factor. — The DDF was calculated for reference sites (in H4,
H6 and H9) in different periods. In the next step the DDF gradient (ADDF/100m)
between reference sites was computed. Finally, the DDF field was calculated
based on changes of DDF with altitude and glacier DEM in a specific time
period (Table 3).

The average seasonal DDF values for each zone were: 0.025, 0.023 and
0.027 m d-1 °C-! for the H4, H6 and H9, respectively. The DDF was considerably
higher in the first period analysed (20.04.2014 — 20.06.2014) compared to the
others (Table 3). Despite negative daily average temperature in this period in
some days the snowmelt may occur as a result of positive maximum temperature.
This days are not included in PDD although they influence on total ablation,
and in consequence overstate DDF index. The melt rate was calculated for each
grid cell over Hansbreen for every day during the summer, based on the DDF
values (Table 3).

Distribution of snow cover in the 2014 spring and summer season. —
Snow depth in the 2013/2014 winter season increases with elevation as a result
of more frequent and efficient snow precipitation in higher parts of the glacier
and the decrease of temperature with altitude (Fig. 5). The shallowest snow
cover is present in the lowermost, south-eastern part of Hansbreen, where it
does not exceed 1.0 m, reaching a minimum of 0.8 m on the front of glacier.
The deepest snow cover occurred in the northern and north-western the parts
of the glacier, with maximum depth of 4.9 m (Fig. 5).

Based on the assumption that the DDF values differ among glacier zones,
we identyfied the rate of snow ablation and snow depth thinning along the entire
glacier (Fig. 8). In the frontal part of the glacier, the snow cover declined by the
end of June, as a result of the small snow cover depth and fast snowmelt rate
(0.025 m d-! °C-!) compared to that from the other parts of the glacier (Fig. 8).

Due to application of DDF variable in space and time, the snow depth at
the beginning of the ablation period calculated in the model fits well with the
data acquired at the reference stakes (Table 4). However, there are still some
discrepancies between the modelled and measured data for the H4 and H6 sites,
due to the difference in dates of GPR survey and the stakes reading (12 and
20.04.2014) (Fig. 8 and Table 4).

The absolute difference between both data ranged from 0 to 0.45 m (0-16.5%).
The largest errors have been noted at stakes located in accumulation area (HS
and H11), whereas snow depth at stakes in the ablation area shows considerably
good agreement with radar data (absolute error lower than 0.1 m or 5%). The
best matching was obtained for the middle part of Hansbreen, between the H4
and the H9 ablation stakes.
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Fig. 8. Snow depth from a temperature index model following the longitudinal profile shown
in Fig. 5.

The HS8 stake was located approximately at the Equilibrium Line Altitude
(ELA), where superimposed ice within the snowpack may occur, hindering a clear
identification of the snow cover/glacier ice interface. Significant discrepancies
between the modelled snow depth and the data recorded at the ablation stakes are
observed at the lowermost and the highest parts of Hansbreen. These results were
expected in areas where DDF was extrapolated beyond the elevation range of stakes
used to estimate this factor (H4, H6 and H9). For these areas of the glacier, the
DDF may not be valid, increasing the uncertainties of the modelled snow depth.

Winter mass balance and water production from snowmelt. — The point
winter mass balance (b,) expressed in SWE and its glacier-wide distribution
(B,, — Fig. 9A) was derived from snow density pattern (Fig. 7) and the snow
depth field over Hansbreen in spring 2014 (Fig. 5). The winter balance (B,,)
has been calculated as 0.88 m w.e. in relation to B,, = 0.94 m w.e. referred in
WGMS. B,, generally increase with the elevation subsequently following changes
of snow depth and density and ranging between 0.28 m w.e. in the lowest parts
and 2.36 m w.e. in the highest parts of the studied glacier (Fig. 9A).

In order to estimate how much water is produced from snow melting during
the summer season, we used the TIM model over entire glacier (Fig. 9B). In the
upper parts of the glacier, over 330 m a.s.l. in the NE part of Hansbreen and
350 m a.s.l. in the N and NW parts, the winter mass balance exceeds the snow
ablation (Fig. 9 and Fig. 10A). Similar features occur over 400 m a.s.l. in the
western tributary glaciers: Deileggbreen, Tuvbreen and Staszelisen (Fig. 9 and
Fig. 10A). In the 24.2% of Hansbreen’s surface area, the snow cover did not
completely melted out during the summer season, thus it makes up a surplus
of the snow balance (compare to Fig. 8 and Fig. 10A). Consequently, the area
without snow at the end of the ablation season covers more than three-fourth
of the whole glacier surface.
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Fig. 9. Glacier-wide winter mass balance in 2013/2014 (A) and snow ablation in 2014 (B). Note
that snow ablation have to be expressed in negative values.

Most of the meltwater from snow cover was produced in the middle part
of Hansbreen (area around H7 and HS8, Fig. 9B), as the combined impact of
favourable thermal conditions, snow depth and ablation rate. In this part of the
glacier, the snowmelt provides a maximum of 1.17 m w.e. (Fig. 9B). Above this
zone snow ablation is rather constant and remains in range of 0.75-1.00 m w.e.
Downslope from the maximum snowmelt zone, water production decreases
reaching its minimum (0.26 m w.e.) in the south-eastern part of Hansbreen
(Fig. 9B). In this area the remaining energy available in summer for ablation
was consumed for ice melting, which is not included in this study.

The most intensive release of water from the snowpack took place between
the end of June and the first half of August 2014 (Fig. 11A). There were six
events of snowmelt recorded, exceeding 0.02 m w.e. daily, with a maximum value
of 0.024 m w.e. on 15.07.2014. The average glacier-wide daily production of
meltwater from the snow cover in 2014 ablation season period was 0.006 m w.e.
The cumulative ablation (Fig. 11B) shows that in summer 2014 43.97 - 106 m?
(0.77 m w.e.) of meltwater has been produced, 87 % of which till the 15t August.
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Fig. 10. Snow balance (SWE) calculated at the end of the ablation season on 21.9.2014 (A)
and panchromatic Landsat 8 images from 22.8.2014 (B).

Discussion

Despite of numerous meteorological factors influencing on melt rate of snow
cover, i.e. wind speed, total precipitation, relative humidity and total radiation,
the air temperature is the most significant (Migata et al. 2006). Thereby, the TIM
approach used here allows to estimate snow net balance (Bysow)). Moreover,
application of DDF variable in space and time may improve results of snow
balance estimations comparing with the constant DDF factor. In general, the
snow ablation rate and total meltwater production depend on the atmospheric
conditions and their fluctuations in the specific year. Hence, using the same
DDF for subsequent years is limited due to variations in albedo, surface energy
balance and others meteorological factors (Migata et al. 2006) and may generate
serious mass balance errors (Van den Broeke er al. 2010).

The validation of radar sounding results by ablation stakes readings shows
some differences in snow depth at the end of the accumulation season (Fig. 8
and Table 4). Spatially variable range of discrepancies between observed snow
depth and derived from radar sounding are in accordance with distribution
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Fig. 11. Meltwater production in summer season 2014 on Hansbreen. Daily ablation (A)
and cumulative ablation (B). The mean daily temperature at H4 is marked as a grey line.

of uncertainties of delimitation of ice-snow interface from GPR data along
glacier centreline 0.053 m after Grabiec (2017). Larger difficulties in correct
identification of snow depth from radio-echo sounding profiles above ELA result
from lower contrast in dielectric properties between snow and underlying firn
or superimposed ice than between snow and ice as occur in ablation zone.
Besides identification errors described above, vertical resolution and variations
in radio wave velocity may influence on accuracy of snow depth derived from
radio-echo sounding. Observed discrepancies may also come from one week
difference in both surveys and ca. 10 m distance between measurement stakes
and GPR track (Fig. 8 and Table 4).

Based on the observed snow distribution and density pattern we estimated
SWE in every grid (100 x 100 m) for entire Hansbreen. However, the data
interpolation ignores the variations of snow depth occurring at a scale of less
than the 100 m grid, which gives some uncertainty to the general estimation.
Likewise, the use of snow density pattern, based on the average of the entire
snow profile, had an influence on overestimation of B, ), especially in the
elevated part of Hansbreen where only upper and less dense snow layers were
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melted. However, during the ablation season, due to water percolation in the snow
cover, the snow density distribution in snow columns became more homogenous.

The snow line observed on the Landsat 8 panchromatic image (Fig. 10)
on 22 August 2014 was compared with the modelled one showing total
underestimation of snow range by 3.22 km? at the end of summer, representing 6%
of the entire glacier area. In the western part of the glacier, this underestimation
reached 3.94 km?2 (7.3%), whereas in the northern part of glacier the model was
overestimated by 0.72 km?2 (1.3%). Moreover, the altitude of the modelled snow
line and retrieved from Landsat image differs by ca. 20 m in the north (mainly
overestimation) and ca. 90 m in the west (mainly underestimation).

The extent of snow cover remaining at the end of the ablation season
(21.09.2014) was compared to the snowline derived from closest available
Landsat 8 image, taken on 22nd August 2014 (Fig. 10). The difference between
those two limits is substantial and ranging from 0.2 km in NW part of Hansbreen
main stream, to up to 1.2 km in NE sector of the glacier. The discrepancies
in snow extent can be partly explained by more than one month difference
between taking the satellite image and the end of the ablation season. When
comparing Landsat based snow line with snow extent modelled on the same date
(22.08.2014), the inconsistency is considerably smaller, ca. 0.6 m on average
(Fig. 10B).

The inconformity in the snow line extent between the model and the
satellite image can be partly explained by the shift in the dates of actual snow
accumulation maximum and the GPR survey conducted seven days earlier
(Fig. 8). Furthermore, factors such as wind speed and direction influence on
snow re-deposition, particularly during and shortly after each precipitation event,
may modify initially deposited snow (Grabiec et al. 2006, 2011; Grabiec 2017;
Laska et al. 2017a, 2017b).

A detailed analysis of the dynamics of snowmelt in 2014 on all tidewater
glaciers terminating into Hornsund derived from Landsat 8 images were presented
by Laska et al. (2017b). Based on the image from 20.08.2014, they calculated
snow free area on Hansbreen at 65.4%, while in this paper it was 71.5%. The
difference is the most pronounced in the eastern part of the glacier, below the
ELA. The inconsistency in both studies can be explained by application of
individual data processing methods and interpretation ways. Laska et al. (2017b)
used supervised classification to separate limits and included superimposed ice
in the snow class, as an accumulation component. In this study, the snow line
was recognized and drawn manually and considered classically as located above
superimposed ice zone. It can be concluded that the ca. 6% surface area resulting
from the difference in both studies originates from the superimposed ice.

The differences in snow depth and surface mass balance between stake
readings and the modelling (Fig. 8, Table 4 and 5) are also noticeable. The
modelled B,, underestimates the multiannual average at stakes by 0.09 and
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Table 5
Mass balance components on Hansbreen. Winter balance — Bw,
Summer Snow Ablation — As(snow), Summer Balance — Bs,
Snow Net Balance — Bn(snow) and Net Mass Balance — Bn*.

Bw As(snow) Bs Bn(snow) B *

Date Method [m we.] [m w.e.] [mwe.]| [mwe.] |[mwe.]
Model (TIM) 0.88 £0.12|-0.77 £ 0.29 - 0(.)1;11 -
2013/2014
Ablation
Stakest 0.94 -0.78 -1.21 0.16 -0.27
Ablation stakes
WGMS monitoring 0.97 - -1.26 - -0.28
Multiannual | (1989-2016)!1-5
average

Total mass balance™
(2000-2008)6

*

- - - - 0.8

* including ice melting; ** including ice melting and calving
I Szafraniec (2002); 2 WGMS (2012); 3 WGMS (2015); 4 Blaszczyk et al. (2019a); 5 Grabiec
et al. (2012); ¢ Oerlemans ef al. (2011)

0.06 in 2014 (Table 5). The problems associated with the snow-firn interface
delimitation from the GPR data over accumulation zones of glaciated areas in
southern Spitsbergen have been widely discussed by Laska er al. (2017a) and
Grabiec (2017).

The uncertainty range of TIM model is considerable (Table 5). Particularly
large error in the modelled B, ,,, come from overlapping errors arising at each
measurement and processing step, including: GPR profiling, data interpolation,
density pattern, and definition of temperature and ablation fields.

The modelled snow balance components in 2014 were compared to the mass
balance calculated from the classical stakes monitoring and show accordance
within uncertainty range of modelling (Table 5). The winter accumulation is
insufficient to keep the overall surface mass budget in balance. However, snow
cover, due to its reflective properties, i.e. relative high surface albedo, may
considerably control rate of summer ablation. Detailed analysis of the mass
balance components in period 1989-2016 have shown that the years with the
highest values of the summer mass balance (e.g., -1.88 m w.e. in 2001) are
strongly correlated to minimum values of winter mass balance (0.78 m w..
in 2001). Moreover, snow cover contributes substantially to the meltwater
production. In 2014, snowmelt was responsible for more than 64% of summer
balance (B,). However, even if snow cover is not a dominating source of the
meltwater in summer, it have strong impact on summer and net mass balance.
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Conclusion

This paper presents results of modelling snow net balance on Hansbreen based
on spatial distribution of snow depth and its density. The field observations show
correlation between snow density and snow cover depth. We used this relation
to define a pattern of snow density for the entire glacier, which reached in the
end of accumulation season its maximum value of 466 kg m-3 in the highest
parts of Hansbreen, its minimum reaching 374 kg m- in the frontal part of the
glacier and the average snow density of 402 kg m-3. During ablation season, we
used gradual densification of snow reaching the maximum till the end of June
at 530 kg m3 for the entire glacier. To this end, we applied DDF changes along
the glacier surface as a continuous parameter changing with altitude. In this case,
the average seasonal DDF values for the reference ablation stakes H4, H6 and
H9 were 0.025, 0.023 and 0.027 m d-! °C-1, respectively and 0.025 m d-! °C-!
on average for whole glacier.

We used the field observations and estimations based on TIM to assess
the snow net balance in 2013/2014 on Hansbreen. The B,, was estimated to be
0.88 m w.e., whereas the average daily water production from the snowmelt was
0.0065 m w.e. Our results show that the snow balance is insufficient to cover
the mass loss during summer season. Snowmelt during the 2014 ablation season
gave 0.77 m we. (41.52 - 106 m3 of freshwater in total) being an 85.5% of
total water accumulated during winter in the snow cover. The snow completely
melted from 75.8% of the surface of Hansbreen in 2014.
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