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A B S T R A C T

Glaciers of the Svalbard archipelago react very rapidly to climate change in the polar environment. Combining
the study of aerial photographs, digital elevation models and in situ measurements, it is possible to measure
glacier geometric changes. Apart from the standard remote sensing data evaluation we focus on in situ mea-
surements by ground penetrating radar. This study calculates length, area, volume and elevation changes of
three glaciers in Dickson Land, central Spitsbergen, during the period 1990–2015. Ground penetrating radar
surveys indicate ice thickness, which was used for calculating the volume and the bed topography of the glaciers.
The mean ice thickness ranges from 21.2 to 52.4m. Between 1990 and 2015, the glacierized area decreased from
5.37 ± 1.02 km2 to 4.45 ± 0.25 km2 (- 17.5%) and the volume reduced from 309.93 ± 4.75 mil m3 to 215.
44 ± 1.27 mil m3 (- 30.5%). The mean surface elevation decreased by 23.0 ± 8.4m (Bertilbreen),
22.3 ± 10.2 (Ferdinandbreen) and 10.7 ± 7.8m (Elsabreen). The average surface elevation (0.4 ± 0.3 to
1.0 ± 0.4m a−1) and volumetric (- 0.22 ± 0.02 to - 3.61 ± 0.12 mil m3 a−1) changes correspond to values
reported from this and other regions of Svalbard.

1. Introduction

Glaciers and ice caps in the Arctic region are one of the major
glacier repositories in the World. These ice masses are among the lar-
gest contributors to sea-level rise and caused about 30% of the mea-
sured sea-level rise between 2004 and 2010 (SWIPA, 2017). However,
melting of relatively small mountain glaciers contributes to sea-level
rise of the same magnitude as that of the largest ice sheets (IPCC, 2013)
and it is expected to dominate sea level rise in 21st century (Radić et al.,
2014; Slangen et al., 2014). Therefore, it is of great importance to know
the volume of these glaciers which have a relatively short response time
to climate change (Bach et al., 2018 and references therein). While
areal changes of small glaciers could be relatively easily detected with
remote sensing methods, ice thickness and glacier volume is possible to
infer only on the base of scaling methods or from field surveys. The
ground penetrating radar (GPR) survey is the most frequently used tool
for obtaining information about the ice thickness and volume of these
glaciers.

Glaciers in Svalbard cover approximately 60% of its area
(34 600 km2) with a total volume of 7000 km3 (Moholdt et al., 2010;
Hagen et al., 2003). Despite the large extent of the glaciated area, only
few ice thickness and volume data are available for glaciers in this re-
gion. Most of regional studies have determined glacier volume based on

topographic elevation data (König et al., 2014), which have limited
vertical resolution. Ice volume calculated based on in-situ measure-
ments are known only for fraction of glaciers on Svalbard (e.g. Martin-
Español et al., 2015). The sequences of aerial photographs (NPI, 1990,
2009) and position of frontal moraines indicate that most Svalbard
glaciers have been retreating since the culmination at the LIA in the end
of 19th century. During the LIA, the area covered by glaciers was
38 871 km2, and since then, the glaciers decreased by 5096 km2 (-
13.1%) (Martín-Moreno et al., 2017). This recession and thinning of
glaciers is the most prominent in the central part of Spitsbergen –
Dickson Land. In Dickson Land, the area covered by glaciers has de-
creased by 38% since the end of the LIA and thinning of glaciers is
significant also in higher elevations up to 1000m a.s.l. (Malecki, 2016).
In contrast, recent data of satellite altimetry shows balance or thick-
ening in high-elevation of major ice masses in north-eastern Svalbard
(Moholdt et al., 2010; Nuth et al., 2010).

The Arctic area has experienced more warming over the last 2 -3
decades that any other region on the World (Førland et al., 2011). The
mean annual temperature in Svalbard has increased by 2.5 °C when
comparing the periods 1961–1990 and 1991–2017 (Norwegian
Meteorological Institute, 2019a), the trend in rising annual temperature
is about 0.7 °C per decade (James et al., 2012). The volume loss of
glaciers reflects the rising temperatures and climate change of this
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region (Moholdt et al., 2010; Nuth et al., 2010; Kohler et al., 2007,
Malecki 2013a).

The primary objective of this study is to estimate ice thickness and
volume for three glaciers with different size in the central part of
Svalbard. We also present the length, areal, elevation and volumetric
changes of these glaciers. The changes of the length, surface area and
elevation between 1990 and 2015 were derived from comparing aerial
photographs and digital elevation models (DEMs), respectively. Apart
from the standard remote sensing data evaluation we focus on in situ
measurements by Ground penetrating radar (GPR). Ground penetrating
radar surveys indicate ice thickness, which was used for calculating the
volume and the bed topography of the glaciers. We emphasize the
comparison between elevation changes in our and other studies from
Svalbard, which show a similar trend in elevation changes in the recent
years.

Three land-terminating glaciers in the central Spitsbergen (Dickson
Land) were investigated in this study. Bertilbreen (BB) and
Ferdinandbreen (FB) are small valley glaciers, while the smallest
Elsabreen (EB) represents a niche glacier (Fig. 1; Table 1). The in-
vestigated glaciers are located approximately 50 km to the north of the
weather station at the Svalbard Airport (15m a.s.l.). The mean annual
air temperature (1991–2017) of - 4.0 °C was recorded at this weather
station, with the summer mean (JJA) of 5.4 °C and winter mean (DJF)
of - 10.7 °C (Norwegian Meteorological Institute, 2019a-b). Between
1991 and 2017 the mean annual precipitation was 199mm yr−1

(Norwegian Meteorological Institute, 2019c). Mean monthly pre-
cipitation is at a minimum during the spring period (31mm, MAM),
while the maximum is measured in the autumn period (58mm, SOM) at
most of the weather stations in Svalbard (Førland et al., 2011).

Dickson Land occupies 200 km2, of which only about 14% is cov-
ered by glaciers (Malecki, 2013a). This area is relatively arid and as a
result of this, glaciers there are small and mostly restricted to valleys
and cirques. Glaciers of this region are mostly cold or polythermal with
cold ice and temperate layer of surface ice in summer or temperate ice
beneath the thickest part of the glacier (Malecki, 2013b). Volume
characteristics are known only for a minority of them (Malecki, 2016;
Martin-Español et al., 2015). Apart from this region, ice thickness data
provided by GPR surveys were collected on Ariebreen in Hornsund

(Laparazan et al., 2013), Pedersenbreen in north-western Spitsbergen
(Ai et al., 2014), Hornbreen-Hambergbreen glacier system in southern
Spitsbergen (Palli et al., 2003) and on eight glaciers in Wedel Jarlsberg
Land (Navarro et al., 2014).

2. Material and methods

2.1. Field survey

In the summer periods of 2013–2015, three field campaigns were
carried out to determine glacier extent, surface elevation and ice
thickness. The GPR and differential GPS (dGPS) survey was carried out
in summer 2013 (BB) and 2015 (FB and EB). The dGPS measurements
were realized using Trimble GeoExplorer S6000 receiver (TRIMBLE,
2009). Firstly, the base station was placed on the western shore of
Petunia Bay. The distance between the base station and sites of mea-
surement was up to 6 km. The dGPS data were collected to determine
the glacier extent and surface elevation and to obtain ground control
points for reference aerial photographs. The ground control points were
selected as stable features in terrain (e.g. rock-outcrop). The surface
elevation was measured approx. in 100-m-step intervals, each mea-
surement lasted 2min. The measured dGPS data were corrected using
Trimble Pathfinder Office software (TRIMBLE, 2008). For the inter-
polation of surface elevation, only points with vertical accuracy up to
0.5 m were used. The dataset of surface elevation contains 302 points in
total for BB, 45 points for FB and 79 points for EB.

The GPR survey (Fig. 1) was carried out with an unshielded 50MHz
Rough Terrain Antenna and a RAMAC CU-II control unit (MALÅ
Geoscience, 2005). The signal acquisition time was set to 906–1124 ns,
scan spacing was 0.1 m and the distance between antennas (Tx – Rx)
was 4.2 m. The Garmin GPSMAP 60CSx receiver was used to determine
the position of the GPR profiles. The GPR data were collected along 3
longitudinal and 12 transverse profiles on BB with the total length of
22 317m. On FB and EB, the GPR measurements were carried out along
5 longitudinal and 7 transverse, profiles with the total length of 7840m
and 1 longitudinal and 5 transverse profiles with the length of 2300m,
respectively.

2.2. Aerial photographs and DEMs

The Norwegian Polar Institute (NPI) aerial photographs taken in
1990 and 2009 were used to extract information about length and ex-
tent of investigated glaciers. Images were registered using ground-
control points (GCPs) and dGPS coordinates measured in the degla-
ciated landscape in the summer periods of 2013, 2014 and 2015. The
1990, 2009 photographs have a ground resolution of 1.2 m and 0.6 m,
respectively. The root-mean-square error (RMSE) of registration of the
images ranged from 4.2 to 19.2 m (Table 2) and was used as a hor-
izontal accuracy.

The DEMs derived by the NPI from the 1990 aerial photographs
were used to estimate surface elevation of the glaciers. The 1990 da-
taset has a ground resolution of 20m and a horizontal and vertical
uncertainty of less than 5m (König et al., 2014). Ice elevation changes
and mean lowering rates over the glaciers after 1990 were calculated
using the aerial photographs-based DEMs and surface elevation models
derived from the dGPS data collected during the field campaigns 2013

Fig. 1. Location of the studied glaciers and layout the GPR profiles (white
lines). Selected GPR profiles in green are shown on Fig. 3 and 4.

Table 1
Glaciological parameters of the investigated glaciers. The theoretical stready-state ELA was calculated by Malecki (2016) and the values are from 2009.

Glacier Length (m) Area (Km2) Mean ice thickness
(m)

Maximum Ice thickness
(m)

Volume (mil m3) Elevation range
(m a.s.l.)

Theoretical stready-state
ELA (m)

Bertilbreen (2013) 4871.7 ± 8.5 3.78 ± 0.06 52.5 ± 1.8 127.1 ± 4.8 206.56 ± 0.49 240–640 447
Ferdinandbreen (2014) 1289.8 ± 8.5 0.56 ± 0.03 13.3 ± 0.5 42.5 ± 1.5 6.81 ± 0.22 260–525 384
Elsabreen (2015) 553.1 ± 5.7 0.11 ± 0.02 21.2 ± 0.8 50.5 ± 1.8 2.07 ± 0.08 440–720 540
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and 2015 (see the next section for details).

2.3. Data processing and determination of glaciological parameters

The glaciers length was determined along central flowline of the
investigated glacier. Estimated errors of the glacier length were de-
termined as the RMSE of the georegistration of aerial photographs in a
given year (horizontal accuracy). The length change error ( dL) was
determined using the following formula (Hall et al., 2003):

= + .dL Lx Ly
2 2

1

Lx
2 =the length error in 1990, Ly

2 = the length error in the year of
the GPR survey (2013–2015).

The 1990 glacier extent was derived from aerial photographs (NPI,
1990). The extent of the glacier in the GPR survey period was de-
termined from GPS measurements with a mean horizontal accuracy of
5.4 m for BB and 6.12 m for FB for the year of the GPR survey. The
extent of EB was derived from the Sentinel-2 image. The resolution and
registration uncertainty (RMSE) were summed quadratically to estimate
the total error. The area error was obtained by multiplying this total
error by the perimeter of each glacier (Rivera et al., 2007).

The area change error was calculated in the same way as the length
change error. Ice-divide between BB and FB was determined on the base
of the GPR and passed over the area with ice thickness between 1 and
10.5 m (Fig. 2). Ice-divide between BB and Svenbreen in the uppermost
part of BB was determined according to contour lines.

The GPR data were processed and interpreted using the REFLEXW
software, version 4.5. (Sandmeier, 2008). The dewow filter was used to
suppress low-frequency energy emitted by the field near the

transmitter. The exponential gain function increased the strength of the
signal with depth. Finally, the strong direct wave signal and noise re-
flection were eliminated using background removal. According to
Baelum and Benn (2011) we applied a radio-wave velocity of
168m μs−1 to convert two-way travel times to ice thickness values. The
uncertainty of ice thickness determined from the GPR measurement was
estimated using the following formula (Lapazaran et al., 2016):

= + c1
2 c

2 2 2 2
2

where τ is the normal moveout-corrected two-way travel time, ɛc is the
uncertainty in radio-wave velocity, c is the radio-wave velocity in the
medium and ɛτ is the timing error. We considered a conservative esti-
mate of vertical resolution (a half of the signal's wavelength in glacier
ice, i.e. 1.68 m for the 50MHz antenna) and a relative error in radio-
wave velocity of 3.6%, which corresponds to a range of velocity values
from 165 to 171m μs–1. We chose this narrow range since we antici-
pated only minor variations in ice and snow characteristics on the in-
vestigated glaciers. The snow cover thickness ranged from 0.1 to 0.4 m
during the GPR survey and the snow was wet. Considering the densities
between 350 and 450 kgm−3, the error in the value of ice thickness due
to snow ranged from 0.3 to 1.1%.

The 1990 surface elevation model was interpolated from contour
lines with a 20m interval. The glacier bed topography and surface
elevation models for 2013 and 2015 were derived from the ice thick-
ness and dGPS data, respectively. For the interpolation of the base
elevation and surface elevation models we investigated three inter-
polation and geostatistical methods (inverse distance weighting, radial
basis function and kriging) with various settings. Accuracy of the in-
terpolation method was determined as the root-mean-square error
(RMSE) based on cross-validation. Accuracy of the interpolation
method was determined as the root-mean-square error (RMSE) based
on cross-validation. The method examines the ability of the algorithm
to interpolate the original data (Houlding, 2000). The data points are
successively omitted and replaced by the interpolated value from the
other data points. The difference between the actual and interpolated
values is called an error (mean error or root-mean-square error). Both,
the surface elevation model and the base elevation model were pro-
duced using the kriging geostatistical method, which had the lowest
RMSE (Table 3). The grid cell size of the interpolated surface and base
elevation model is 5.5 m. The RMSE of the interpolated elevation model
are in range between 1.4 and 9.8 m.

The grid of the ice thickness was calculated as a difference between

Table 2
Characteristics of the remote sensing data and the root-mean-square error of the
registration.

Pixel size at ground (m) RMSE (m)

NPI Image 1990 1.2 19.2 (BB)
18.2 (FB)
4.2 (EB)

NPI Image 2009 0.6 8.5
Sentinel-2 Image – –

– –
10 5.7 (EB)

Fig. 2. Ice-divide between BB and FB based on the GPR survey. Red dot represents the ice-divide (a). Black and red lines represent the base and surface elevation,
respectively (b). Ice-divide on GPR profile FB_010 (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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surface elevation and base elevation model. The surface elevation
change was calculated as a difference between the glacier surface DEMs
model derived from dGPS data and the digital elevation model from
1990. As the glacier extent was different in those years, the basal ele-
vation model for 1990 needed to be supplemented by glacier limits in
the period of the GPR measurement. The points from the GPR mea-
surement and some extra points were used for a construction of the base
elevation model in 1990. Some extra points in the ice-free area in the
period of the GPR measurement were obtained from DEM 2009
(Norwegian Polar Institute, 2014). The overall vertical accuracy of the
surface elevation change was determined as a sum of vertical accuracies
of 1990 DEMs and recent surface elevation model.

The glacier volume was calculated as a difference between surface
and base elevation models of the glaciers. The glacier volume error was
estimated as a combination of ice thickness and area error. The volume
change was calculated as a difference between the glacier volume in
1990 and the most recent one. Errors in glacier volume change were
computed in the same way as error change of different glaciological
parameters (Equation (1)).

3. Results

The GPR data indicate that all the investigated glaciers are pre-
dominately cold (Figs. 3 and 4). Concerning the fact that the ice of EB
and FB is relatively thin, it is not surprising. Thin basal layer of tem-
perate ice may exist under the thickest part of BB. Unfortunately, we
were not able to observe scattering of temperate ice in GPR profiles
done with 50MHz antenna.

The GPR data reveal the ice thickness of the investigated glaciers
(Fig. 5). Presence of water at the glacier surface may have caused some
scattering in the upper part of the GPR profile, but in general, basal
reflections were easily observed in all profiles (Figs. 3 and 4). The mean
ice thickness of BB is 52.5 ± 1.9 m. At BB, the maximum ice thickness
of 135.5 ± 4.8 m was measured in the lower part of its accumulation
zone. The mean ice thickness of FB is lower than that of EB: 13.3 ± 0.5
m compared to 21.2 ± 0.8 m. The maximum thickness of FB is
42.1 ± 1.5 m. At EB, the greatest ice thickness was measured in the
central part of the glacier, where the glacier is as much as 50.5 ± 1.8
m thick.

A decrease of surface elevation of BB reaches the mean value of

23.0 ± 8.4 m (Table 4; Fig. 6). During the investigated period, the
length change of BB was - 220.0 ± 20.8 m (- 4.3%) and the area de-
creased by −0.30 ± 0.26 (−7.4%) (Fig. 7; Table 4). Surface elevation
of FB decreased by 22.3 ± 10.2 m on average over the period
1990–2014 (Table 4). Between 1990and2014, FB lost 263.2 ± 19.0 m
(- 16.9%) of its length and 0.26 ± 0.10 km2 (31.4%) of its area (Fig. 7;
Table 4). The surface elevation of EB decreased on average by
10.7 ± 7.8 m between 1990 and 2015 (- 0.4 ± 0.3 m a−1). The lar-
gest areal and length changes were observed at EB (Fig. 7): the changes
are - 834.9 ± 7.1 m (- 60.2%) and −0.34 ± 0.07 km2 (−75.1%),
respectively.

The volume of BB decreased from 289.56 ± 3.01 mil m3 to
206.56 ± 0.49 mil m3 between 1990 and 2013 (Table 4). EB and FB
experienced volume loss of 5.38 ± 0.33 mil m3 (- 74.2%) and
6.29 ± 0.87 (- 48.1%) mil m3, respectively. The maximal volume
change was calculated for the smallest glacier EB.

4. Discussion and interpretation

4.1. Length and areal changes between 1990 and 2015

Observed length and areal decreases correspond to the size of gla-
ciers, so smaller glaciers (EB and FB) retreated and lost its area at a
greater rate than the largest glacier BB. The greatest recession rate was
observed at EB, which is confirmed by its annual recession rate of
44.9 ± 0.6 m.a−1 reported by Malecki (2016). EB, as the smallest
glacier, responds to climate change most rapidly among the in-
vestigated glaciers. Values of annual areal recessions are between
0.012 ± 0.004 to 0.002 ± 0.001 km2 a−1. Rachlewicz et al. (2007)
found that annual areal changes were between 0.002 and 0.053 km2

a−1 (1960–1990) compared to 0.004–0.092 km2 a−1 (1990–2002).
Areal changes observed in the investigated glaciers in this study are
within the values of the 90s reported by Rachlewicz et al. (2007). The

Table 3
RMSE of the interpolation of constructed DEMs.

RMSE (m)

Bertilbreen Ferdinandbreen Elsabreen

1990 2013 1990 2014 1990 2015

Surface Elevation Model 5.0 1.4 5.0 4.7 5.0 1.9
Base Elevation Model 9.7 9.3 7.9 7.9 7.7 7.3

Fig. 3. Longitudinal and cross-sectional GPR transects for BB (a, b) and FB (c, d). Arrows and inverted triangles indicate glacier bed and points of crossover of the
selected profiles, respectively.

Fig. 4. Longitudinal (a) and cross-sectional (b) GPR transects for EB.
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primary cause of the recession rate is an increase in mean temperatures:
the mean temperature has increased by 2.5 °C comparing the period
1960–1990 and 1991–2017 (Norwegian Meteorological Institute,
2019a). Trends in seasonal mean temperatures at Svalbard Airport
show a temperature increase for all four seasons: the largest increase in
temperature per decade from 1899 to 2016 is in winter and spring:
0.3 °C and 0.4 °C, respectively (Norwegian Meteorological Institute,
2019b).

4.2. Surface elevation and volumetric changes

The mean surface lowering in the studied glaciers ranged from -
0.4 ± 0.3 to - 1.0 ± 0.4 m a−1 (with a mean value 0.8 ± 0.4 m a−1)
and thus reflected the regional pattern of changes reported by Malecki
(2013a); 2016). Malecki (2013a) analysed the mean thinning of glaciers
of seven glaciers in Dickson Land: in his study he documented the mean
thinning of - 0.78 m a−1 (between 1990 and 2009), which is twice the
value for the period 1960–1990 (i.e. - 0.49 m a−1). The increased
average rate of glacier thinning is reported from other parts of Svalbard
too (Kohler et al., 2007). Our estimates of surface lowering are in
agreement with studies from different parts of Svalbard. For instance
Kohler et al. (2007) documented the mean surface lowering of 0.69 m
a−1 for two small land-terminating glaciers in the western Svalbard
over the period 2003–2005. A similar mean value of 0.76 ± 0.10 m
a−1 is reported by James et al. (2012) for six glaciers all over the
Svalbard after 1990.

The annual surface lowering was 1.0 ± 0.4 m a−1 (BB), 0.9 ± 0.4
m a−1 (FB) and 0.4 ± 0.3 m a−1 (EB). The lower surface elevation
change at EB could be explained by high elevation of the glacier
(440–720m a.s.l.) and favourable north-eastern exposition. Malecki
(2016) found theoretically steady-state ELA for EB in 540m a.s.l., the
major part of the glacier is still above this line. Values of this glacier
thinning correspond well with the mean glacier thinning between
0.08 ± 0.26 to 1.06 ± 0.99 m.a−1 (with mean value of 0.71 ± 0.05
m.a−1) calculated for Dickson Land by Malecki (2016) over the period
1990–2009. In the case of EB, however, we estimate half the value
reported by Malecki (2016). This could be explained by different DEMs
used for the calculation of surface elevation change. Malecki (2016)
computed elevation change by subtracting the 1990 DEM from the
2009 DEM, which has a lower resolution than our 2015 DEM. However,
the lower value of surface decrease at EB could also be explained by
different time period. Rapid temperature rise in the 1990s decelerated
between 2005 and 2010 (Førland et al., 2011). This could cause the
shift of ELA to lower altitudes and thus the small gain of the ice of EB
could lower the value of the mean surface decrease reported in our
study.

At EB, a low surface elevation decrease was observed at elevation up
to 710m a.s.l. This is in line with earlier studies (Malecki, 2013a and
2016), where thinning of glaciers was observed up to 1000m a.s.l. The
thinning of glaciers at high elevation can be attributed to a rise in
summer temperatures and albedo decrease in the upper parts of the
glaciers, where snow and firn is disappearing and bare ice is revealed

Fig. 5. Maps of the ice thickness of BB in 2013 (a), EB in 2015 (b) and FB in 2014 (c) determined from GPR survey. Contour line interval is 100m.

Table 4
The changes of the glaciological parameters of the investigated glaciers between 1990 and 2015.

Glacier Length (m) Area (Km2) Surface elevation
change (m)

Annual change of the
surface elevation (m.a)

Volume (mil m3)

change annual change annual change change annual

Bertilbreen
(1990–2013)

220.0 ± 20.8
(−4.3%)

9.7 ± 0.9 - 0.30 ± 0.26
(−7.4%)

0.012 ± 0.011 - 23.0 ± 8.4 - 1.017 ± 0.365 - 83.00 ± 3.11
(- 28.6%)

- 3.61 ± 0.12

Ferdinandbreen
(1990–2014)

263.2 ± 19.0
(−16.9%)

11.0 ± 0.8 - 0.26 ± 0.10
(−31.4%)

0.012 ± 0.004 - 22.3 ± 10.2 - 0.930 ± 0.422 - 6.29 ± 0.71
(48.1%)

- 0.26 ± 0.03

Elsabreen
(1990–2015)

834.9 ± 7.1
(−60.2%)

33.4 ± 0.3 - 0.34 ± 0.07
(−75.1%)

0.013 ± 0.002 - 10.7 ± 7.8 - 0.426 ± 0.311 - 5.38 ± 0.50
(74.2%)

- 0.22 ± 0.02
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(Malecki, 2016). The mean summer (JJA) temperature increase is
0.51 °C a−1 over the period 1992–2012, compared to 0.28 °C a−1 for
the period 1961–1991 (Norwegian Meteorological Institute, 2019b).
The high rate of surface lowering will lead to a considerable or com-
plete melt-out of all the investigated glaciers during 21st century if the
atmospheric warming trends continue. In Svalbard, the predicted
warming is between 3 and 8 °C by the end of the 21st century, ac-
cording to climate projections of IPCC (IPCC, 2007).

The spatial distribution of decrease in ice thickness indicates that all
the investigated glaciers have been evolving similarly: the surface ele-
vation decrease maximum occurred in the lower part of the glaciers,

while minimal changes or slight increases of surface elevation were
observed in the upper part. BB and FB experienced a negative change
on its whole area. FB has the smallest maximum and mean ice thickness
among the investigated glaciers. Although the smallest glacier EB is
thicker than FB, EB will be the first of the studied glaciers to disappear.
Assuming a constant rate of volume loss, EB will disappear in the next
10 years.

Accelerating ice loss is observed from other parts of the Arctic. The
glaciers of Frans Josef Land archipelago in the Russian Arctic are also
subject to enhanced ice loss: mass loss doubled between 2011 and 2015
compared to the period 1953–2011 (Zheng et al., 2018). The intensive
ice loss was found to be caused by increase in the regional temperature:
mean air temperatures have increased at double the average global rate
over the past few decades in the Arctic (Serreze and Francis, 2006).

The volume loss between 0.21 ± 0.02 mil m3 a−1 and 3.61 ± 0.12
mil m3 a−1 observed in the study area is well within the values range
between 0.01 ± 0.08 mil m3 a−1 to 6.78 ± 0.58 mil m3 a−1 reported
by Malecki (2016). In the case of BB, the volume loss was - 3.61 ± 0.12
mil m3 a−1, which is within the limits of - 3.23 ± 0.39 mil m3 a−1

reported for the period 1990–2009 by Malecki (2016). The values of
volume change on smaller glaciers EB and FB, are lower than the values
reported by Malecki (2016). On FB, Malecki (2016) reported the annual
volume loss 0.86 mil m3 a−1 compared to our value 0.26 ± 0.03 mil
m3 a−1. This difference could result from different delimitation of the
glacier. In our case we calculated volume change only for the main
glacier body. Malecki (2016) calculated volume change also for small
ice fields which separated from the main glacier body between 1960
and 1990.

5. Conclusion

The largest of the investigated glaciers BB retreated by
220.0 ± 20.8 m between 1990 and 2013. The area of BB decreased
from 4.08 ± 0.25 km2 to 3.78 ± 0.06 km2 (- 7.4%) and its volume
change was – 83.00 ± 3.11 mil m3 (- 28.6%) between 1990 and 2013.
The largest length and areal loss was observed in the smallest niche
glacier EB. FB retreated by 263.2 ± 19.0 m and lost 0.26 ± 0.10 km2

Fig. 6. Spatial distribution of the elevation changes of BB for the period 1990–2013 (a), EB between 1990 and 2015 (b) and FB between 1990 and 2014 (c). Contour
line interval is 100m.

Fig. 7. The length (black colour) and areal (red colour) changes of the in-
vestigated glaciers between 1990 and 2015. BB is depicted as a dot, FB is de-
picted as a rhombus and EB as a triangle symbol. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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(- 31.4%) of its area between 1990 and 2014. EB retreated by
834.9 ± 7.1 m and lost 0.34 ± 0.07 km2 (- 75.1%) of its area between
1990 and 2015. The volume of smaller glaciers FB and EB decreased by
6.29 ± 0.71 mil m3 (- 48.1%) and 5.38 ± 0.50 mil m3 (- 74.2%), re-
spectively. Our glaciological survey suggests that all the investigated
glaciers were subjected to a similar retreat and thinning as other land-
terminating glaciers in the different regions of Svalbard (Kohler et al.,
2007; Laparazan et al., 2013; Navarro et al., 2014). The intensive gla-
cier recession and ice loss was found to be caused by increase in the
mean summer temperature, which occurred at an average rate of
0.51 °C per decade over the period 1992–2012 (Norwegian
Meteorological Institute, 2019b).

The maximum ice thicknesses measured by GPR are
135.2 ± 4.8m at BB, 42.1 ± 1.5m at FB and 50.5 ± 1.8m at EB.
Mean ice thickness range from 13.3 ± 0.5 (FB), 21.2 ± 0.8 (EB) to
52.5 ± 1.9 (BB). The mean surface lowering of BB was - 23.0 ± 8.4 m
between 1990 and 2013, whereas the smaller glaciers FB and EB ex-
perienced an average decrease of surface elevation of 22.3 ± 10.2 m
between 1990 and 2015 and 10.7 ± 7.8 m between 1990 and 2014
respectively. The thinning was observed almost on the whole surface of
glaciers except for the upper parts of EB. The glacier mean thinning
over the investigated period was 1.0 ± 0.4 m.a−1 (BB), 0.9 ± 0.4
m.a−1 (FB) and 0.4 ± 0.3 m.a−1 (EB). These high rates of thinning
will lead to a considerable or complete melt-out of all the investigated
glaciers during 21th century.
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