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Abstract: Glacier mass balance measurements, reconstructions and modeling are the precondition for
assessing glacier sensitivity to regional climatic fluctuations. This paper presents new glaciological
and geodetic mass balance data of Austre Grønfjordbreen located in the western part of Nordenskiöld
Land in Central Spitsbergen. The average annual mass balance from 2014 to 2019 was −1.59 m
w.e. The geodetic mass balance from 2008 to 2017 was −1.34 m w.e. The mass balance was also
reconstructed by the temperature-index model from 2006 to 2020 and by spatially-distributed energy-
balance models for 2011–2015 and 2019. We found a cumulative mass balance of −21.62 m w.e. over
2006–2020. The calculated mass-balance sensitivity to temperature was −1.04 m w.e. ◦C−1, which
corresponds to the highest glacier mass balance sensitivity among Svalbard glaciers. Sensitivity to
precipitation change was 0.10 m w.e. for a 10% increase in precipitation throughout the balance year.
Comparing the results of the current study with other glacier mass balance assessments in Svalbard,
we found that Austre Grønfjordbreen loses mass most rapidly due to its location, which is mostly
influenced by the warm West Spitsbergen Current, small area and low elevation range.

Keywords: glacier mass balance; arctic glaciers; Svalbard; geodetic methods; mass balance modeling

1. Introduction

Glaciers are widely acknowledged as indicators of climate change and are currently
among the major contributors to sea level rise [1]. Winter precipitation and summer
temperatures both have an influence on the amount of snow accumulated and the amount
of snow and ice lost by melting; thus changes in glacier mass are linked to changes in
climate [2,3]. According to recent projections, global mass loss of all glaciers outside the
Antarctic and Greenland ice sheets by 2100 relative to 2015 averaged over 25 General
Circulation Models (GCMs) runs varies from 18 ± 7% (RCP2.6) to 36 ± 11% (RCP8.5)
corresponding to 94 ± 25 and 200 ± 44 mm sea-level equivalent (SLE), respectively [4].

The Svalbard archipelago is located in one of the most rapidly warming regions on
Earth and undergoes an increase in average summer temperature and duration of melt
period along with the impacts of early summer and late autumn rainfalls. For the moderate
emission scenario RCP4.5, a warming of 5–8 ◦C and a precipitation increase of 20–40%
is predicted for Svalbard by 2100, relative to the period of 1986–2005. Svalbard glaciers
are expected to lose ~50% of their mass by 2100 [5]. Glaciers cover ~57% of the land area
of Svalbard [6] and, if melted, could potentially contribute 17 ± 2 mm to global sea-level
rise [7].

The direct mass balance measurements of Svalbard glaciers began in 1950 (Finster-
walderbreen) by the Norwegian Polar Institute. In 1966, investigations were started in the
Kongsfjord area on Austre Brøggerbreen and, a year later, on Midtre Lovénbreen. Polish
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researchers have studied the mass balance on Hansbreen in Hornsund (southern Spitsber-
gen) since 1989. In 1987, mass balance investigations were started on Kongsvegen [8,9].
The longest record of field mass balance measurements in Svalbard exists for two small
glaciers, Austre Brøggerbreen and Midtre Lovénbreen, where the measurements began in
the mid-1960s [10]. At present, there are 13 glaciers with continuous annual mass balance
records longer than 5 years, mostly located along the western coast in the Kongsfjord
area [10,11]. A number of regional glacier change and mass balance modeling studies show
high spatial variability of glacier mass changes within the archipelago with the highest
rates of mass losses in the southern parts [10], and specifically in Nordenskiöld Land [12].

In this study, we focuses on Austre Grønfjordbreen located in Nordenskiöld Land.
The in situ measurements in Nordenskiöld Land are scarce and not well represented in the
regional analysis, which can lead to some underestimation of mass loss in regional mass
balance assessments. The Grønfjordbreen system mass balance monitoring (assuming that
Austre Grønfjordbreen and Vestre Grønfjordbreen form its entire area) started in 1966. The
first published balance data for Vestre Grønfjordbreen go back to 1965/66 and 1966/67.
Later, in 1985/86 and 1986/87, mass balance was measured on both Austre and Vestre
Grønfjordbreen [13]. Mass balance measurements on Austre Grønfjordbreen were started
in 2004 [14,15]. However, observations included a limited number of ablation stakes,
and until 2013, the mass balance data were inconsistent and randomly reported. Since
2013, the observations were re-established on Austre Grønfjordbreen and included a new
ablation stakes network and high resolution GPR surveys of snow thickness together with
traditional snow surveys [16,17].

The main purpose of this study is to present the new data of surface mass balance of
Austre Grønfjordbreen and to update previous mass balance assessments [14,15] by the
traditional glaciological approach and geodetic method as well as to reconstruct the time
series of annual mass balance by two methods. Based on mass-balance measurements and
meteorological data, a temperature-index model, together with the accumulation model,
was applied to reconstruct the annual mass balance of Austre Grønfjordbreen from 2006 to
2020. The model was also used to assess the mass balance sensitivity to a regional climate
fluctuation. The second method is based on more complicated energy-balance modeling
that results in mass distributed mass balance. In this study we applied the A-Melt model for
several separate years (2011–2015; 2019). The A-Melt model was originally developed by E.
Rets for the North Caucasus glaciers [18,19] and successfully adopted for the Ak-Shyirak
massif in the Central Tien-Shan as well [20,21].

Recognizing the scarcity of reported mass-balance data on Nordenskiöld Land, this
study supplies new mass-balance information, aiming to provide a basis for further moni-
toring and application of extended mass-balance models.

2. Data and Methods
2.1. Field Measurements and Data

Austre Grønfjordbreen (77◦55’ N, 14◦20’ E) is located in the western part of Norden-
skiold Land in Central Spitsbergen. The glacier extends from 70 to 550 m a.s.l. and in 2017
covered an area of 6.15 km2. The glacier is formed by two tributaries merging in the middle
part at the level of 300–360 m a.s.l. Chernov et al. [22] reported that from 1936 to 2017, the
glacier lost 44% of its area, from 2003 to 2017 it lost 23%, and 27% was lost from 1990 to
2017. The glacier retreated by 3 km from 1936 to 2017 (Figure 1). Since 2003, the terminus
retreat averaged 50 m/year. From 2014 to 2017, the glacier retreated by 450 m, and in 2017
a significant part of the terminus was separated from the glacier. Thus, in one year the
length of the glacier decreased by 330 m [15].
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Figure 1. (a) Glaciers with ongoing mass balance measurements on Svalbard (Table 6). The map is 
provided by © Norwegian Polar Institute (npolar.no) [23] ; (b) observation network on Austre 
Grønfjordbreen. The background is a Landsat image (14 September 2017). The glacier outline of 
1936 is delivered by the CryoClim service with the © Norwegian Polar Institute (npolar.no) [24]. 

Figure 1. (a) Glaciers with ongoing mass balance measurements on Svalbard (Table 6). The map
is provided by © Norwegian Polar Institute (npolar.no) [23]; (b) observation network on Austre
Grønfjordbreen. The background is a Landsat image (14 September 2017). The glacier outline of 1936
is delivered by the CryoClim service with the © Norwegian Polar Institute (npolar.no) [24].
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The mass-balance monitoring program was re-established in 2013 and included an
observation network of 6 stakes measured in late summer-early autumn. Observation
periods vary considerably from year to year and could not be tied to the end of the
hydrological year (end of September). The monitoring network has been improved annually
to increase the representativeness of ablation and accumulation measurements (Table 1).

Table 1. Number of measurement sites and dates of field surveys.

Balance Year
Number of
Stake Mea-
surements

Beginning
of Survey

Period
(dd.mm.yyyy)

End of
Winter
Season

(dd.mm.yyyy)

End of
Survey
Period

(dd.mm.yyyy)

Method of
Winter Mea-
surements

Number of
Snow Pits

Number of
Manual
Snow

Probings

2019 12 24.08.2018 08.04.2019 11.09.2019

Snow pits;
manual snow

probings;
GPR

6 58

2018 11 10.09.2017 24.08.2018
2017 11 06.09.2016 10.09.2017
2016 10 06.08.2015 06.09.2016
2015 12.04.2015 Snow pits;

GPR 12

2014 6 22.08.2013 17.04.2014 02.08.2014

Snow pits;
manual snow

probings;
GPR

13 77

2013 21.04.2013
Snow pits;

manual
snow probings

10 44

Net ablation is measured using wooden stakes, drilled into the ice. Point ablation
measurements at the stake locations are converted to water equivalent by using an ice
density of 900 kg m−3. For winter accumulation, we used the data obtained from snow
pits measurements in spring 2013–2015 and 2019. Snow probings are taken following the
path of observers along the various snow pits with a distance between the measurement
points of about 300 m.

Snow accumulation distribution was also estimated by ground-penetrating radar
(GPR) surveys using PulseEKKO PRO radar with 500 MHz shielded antennae. The system
was deployed on the glacier surface using a snowmobile. The results of GPR and stan-
dard manual snow accumulation surveys along with the comparison of the methods are
presented in Lavrentiev et al. [17].

The main meteorological parameters (temperature, wind speed, relative humidity,
wind direction, gust speed and pressure) were measured at the automatic weather station
(AWS) with 1-hour time steps. The AWS installed in 2014 is situated on the frontal moraine
close to the glacier at an elevation of 70 m a.s.l. According to the records, the warmest month
is July with an average air temperature of 6.5 ◦C (2014–2018), and the lowest temperatures
were detected from February to April with a mean value of −8.9 ◦C (2014–2018). One
additional AWS was installed in the upper zone of the glacier at 450 m a.s.l. and worked
from 2014 to 2015. The temperature lapse rate was calculated using AWS data and data
from the temperature sensors that are established every year on three elevation levels
during summer field surveys.

There are 3-hour temperature and precipitation data available from Barentsburg AWS,
located 15 km to the north from Austre Grønfjordbreen. The mean sum of annual precipita-
tion is 765 mm (2005–2019) with the maximum precipitation occurring in September–March
with an average of 108 mm (Figure 2).
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Figure 2. (a) Mean monthly temperature and precipitation values from 2005 to 2019 recorded on 
AWS Barentsburg; (b) Mean temperature values of the warmest months from 2005 to 2019. 

2.2. Glaciological Method 
Net, summer and winter glaciological mass balance was calculated using stakes ob-

servations and snow measurements. 
The mass balance of the entire glacier is estimated as a sum of weighted mean mass 

balance values of separate elevation bands. We set the interval of 50 m elevation difference 

Figure 2. (a) Mean monthly temperature and precipitation values from 2005 to 2019 recorded on
AWS Barentsburg; (b) Mean temperature values of the warmest months from 2005 to 2019.

2.2. Glaciological Method

Net, summer and winter glaciological mass balance was calculated using stakes
observations and snow measurements.

The mass balance of the entire glacier is estimated as a sum of weighted mean mass
balance values of separate elevation bands. We set the interval of 50 m elevation difference
and then calculated a mean mass balance (bj) for each individual zone using Topo To Raster
interpolation in ArcGIS software (Esri, Redlands, CA, USA) (© ESRI). The interpolation
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then was checked to avoid artefacts caused by the interpolation method. The mass balance
value (bj) is multiplied by the area (Aj) of each zone, summed and then divided by the total
glacier area (Aglacier) to obtain the glacier mass balance (B):

B =
n

∑
i=1

(
bj × Aj

)
/Aglacier (1)

The total glacier area (Aglacier) is estimated for each year by available satellite images.

2.3. Geodetic Mass Balance

The geodetic mass balance of Austre Grønfjordbreen was calculated for two peri-
ods: 2008–2017 and 2013–2017. The digital elevation models (DEMs) 2008–2017 were
co-registered using a procedure suggested by Nuth and Kääb [25], and then DEMS of 2008,
2013 and 2017 were subtracted by pairs (2008–2017 and 2013–2017) to derive the difference
in surface elevation for these two periods. The geodetic mass balance for 2008–2013 was
calculated after deriving the values for 2013–2017 and 2008–2017.

In this study we used DEMs for three years:

• ArcticDEM v3.0 (©Polar Geospatial Center, University of Minnesota: Minneapolis,
MN, USA [26]) of 2 m resolution and dated by 30 June 2017 and 2 August 2017

• ArcticDEM v3.0 of 2 m resolution and dated by 17 August 2013
• DEM 2008 provided by © Norwegian Polar Institute (npolar.no) [27] of 5 m resolution

Elevation change values were obtained for the 2013–2017 and 2008–2017 periods.
The geodetic mass balance for 2008–2013 was calculated as a difference between these
two values.

The latest ArcticDEM of 2 August 2017 mainly extends to the glacial part of the scene
and weakly covers stable topography areas, which are necessary for DEM co-registration.
ArcticDEM on 30 June 2017 has more complete coverage of stable relief. The data for 2
August 2017 model cover almost the entire surface within the glacier boundaries of 2013,
with insignificant (~50 m) data gaps along the glacier edge. We built a raster mosaic from
these layers to get more complete coverage of the glacier surface and stable relief.

To calculate the geodetic mass balance for 2013–2017, both rasters were subtracted
(Figure 3a). According to the elevation differences (dH) distribution histogram of 2017
and 2013 DEMs, 97% of the pixels are within ±10 m deviation range (Figure 3b). Larger
differences (3% of pixels) are due to rough DEM errors caused by cloudiness and survey
errors on steep slopes. The standard deviation (σ) for a stable relief is ±2 m (sample
variance is 4.1 m, which is σ squared); 91% of pixels are in the 2σ interval, 80% are in the
1σ interval. For calculation of average values by elevation zones and over the flat surface
where a normal distribution of deviations is minimized, the error in the elevation difference
can be considered as negligible.

To calculate the geodetic mass balance for 2008–2017, both rasters first were resampled
to 10 m resolution, aligned and subtracted (Figure 3c); 96% of dH pixels are in the range
of ±10 m, which is caused by rough DEM errors (Figure 3d). After co-registration, σ for
a stable relief with the slope >20◦ is ± 2.5 m. For the stable relief where the slope <20◦,
which is close to glacier steepness, σ decreases to ±1.9 m; 90% of pixels are in 2σ interval
and 74% are in 1σ interval. As in the previous case, the error of the elevation difference of
average values by elevation zones on the flat glacial surface is considered as negligible.

2.4. Temperature-Index Modeling

Temperature was found to be one of the main drivers of ice/snow ablation. A
simple degree-day model is widely used to determine ablation sensitivity to climate
parameters [28,29]. It is assumed that the relationship between melt and temperature is
linear for every elevation band. This approach simulates snow and ice surface melt from
the sum of positive degree-days (PDD is the sum of daily mean temperatures above the
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melting point over a given period of time) and melt coefficients for ice and snow (DDFi
and DDFs, respectively, in mm ◦C–1 d–1).

 
Figure 3. Elevation difference distribution before and after co-registration. (a) Elevation difference 2013–2017. The shift 
between two DEMs was considered as negligible. Then co-registration procedure was not applied; (b) dH distribution 
2013–2017; (c) elevation difference 2008–2017. Sinusoidal shift approximation line shows the necessity of co-registration 
application; (d) dH distribution 2008–2017. 
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positive degree-days (PDD is the sum of daily mean temperatures above the melting point 
over a given period of time) and melt coefficients for ice and snow (DDFi and DDFs, re-
spectively, in mm °C–1 d–1). 

Here we applied a degree-day model together with an accumulation model to calcu-
late mass balance. Ablation is related to the positive degree-day sum and accumulation is 
estimated from the sum of solid precipitation. Snow accumulation at any particular alti-
tude is estimated by assuming that precipitation is split between rain and snow near the 
threshold temperature (1 °C). Rain and meltwater are assumed to run off the glacier and 
not to contribute to the mass balance. Accumulation is the most inaccurate value due to 
the fact that distribution of snow on the glacier can be complex and not directly dependent 
on the amount of precipitation. Therefore, the coefficient Cprec was adopted until the dif-
ference between winter precipitation sum winter mass balance was minimized. Cprec was 
set as 0.95. 

Ablation A and accumulation C in this model are calculated by: 𝐴 = 𝐷𝐷𝐹 /   𝑇 ∶ 𝑇 > 0 °𝐶 0                         ∶  𝑇 ≤ 0 °𝐶 
(2)

Figure 3. Elevation difference distribution before and after co-registration. (a) Elevation difference 2013–2017. The shift
between two DEMs was considered as negligible. Then co-registration procedure was not applied; (b) dH distribution
2013–2017; (c) elevation difference 2008–2017. Sinusoidal shift approximation line shows the necessity of co-registration
application; (d) dH distribution 2008–2017.

Here we applied a degree-day model together with an accumulation model to calculate
mass balance. Ablation is related to the positive degree-day sum and accumulation is
estimated from the sum of solid precipitation. Snow accumulation at any particular
altitude is estimated by assuming that precipitation is split between rain and snow near
the threshold temperature (1 ◦C). Rain and meltwater are assumed to run off the glacier
and not to contribute to the mass balance. Accumulation is the most inaccurate value
due to the fact that distribution of snow on the glacier can be complex and not directly
dependent on the amount of precipitation. Therefore, the coefficient Cprec was adopted
until the difference between winter precipitation sum winter mass balance was minimized.
Cprec was set as 0.95.

Ablation A and accumulation C in this model are calculated by:

A =

{
DDFice/snow T : T > 0 ◦C

0 : T ≤ 0 ◦C
(2)

C =

{
Cprec P : T ≤ 1 ◦C

0 : T > 1 ◦C
(3)

The determination of air temperature lapse rate is crucial for analysis related to degree-
day factors. The fixed temperature lapse rate of 0.6 ◦C/100 m was estimated from available
AWS data and temperature sensor data. The lapse rate was applied to temperature data
from Barentsburg AWS for the calculation of sums of positive temperatures on every
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elevation band of the glacier. It should be noted that the air temperature lapse rate can
change with the season and within the study area.

Degree-day factors range was estimated during field measurements (Figure 4). DDFs
for ice and snow were calculated separately as a relationship of measured ablation to the
sum of positive temperatures during the corresponding time interval. Values were derived
from different integration periods ranging from a few days up to one month. The DDFs
were treated as tuning variables within the measured range.

𝐶 = 𝐶  𝑃 ∶ 𝑇 ≤ 1 °𝐶0            ∶ 𝑇 > 1 °𝐶 (3)

The determination of air temperature lapse rate is crucial for analysis related to de-
gree-day factors. The fixed temperature lapse rate of 0.6 °C/100 m was estimated from 
available AWS data and temperature sensor data. The lapse rate was applied to tempera-
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every elevation band of the glacier. It should be noted that the air temperature lapse rate 
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Figure 4. The variety of observed DDFs for snow and ice measured from the stakes. Blue and red 
lines show the DDFs for snow and ice that were used after the model was calibrated. 

During the calibration procedure, tuning parameters are varied simultaneously until 
the root mean square error (RMSE) between modeled mass balance and glaciological mass 
balance is minimized. The mass balance reconstruction was obtained for the period 2006–
2020 based on the calibration with DDFs = 6.0 and 2.0 mm °C−1 d−1 for ice and snow, corre-
spondingly. Then an additional reconstruction was done for the period 2006–2013 with a 
small change in the DDF for ice (5.0 mm °C−1 d−1), which allowed for a better agreement 
with the geodetic mass balance that is treated as independent. DDF for snow was kept 
unchanged (2.0 mm °C–1 d–1). The parameters used in the model are listed in Table 2. Using 
modeled point mass balance at the stakes location, we calculated mass balance of the en-
tire glacier as sum of weighted mean value of separate elevation bands. We set the interval 
of 50 m elevation difference and then calculated a mean mass balance for each individual 
zone by linear interpolation. 

Table 2. Model parameters used for mass-balance modeling. 
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DDF ice 6.0; 5.0 mm °C−1 d−1 

Figure 4. The variety of observed DDFs for snow and ice measured from the stakes. Blue and red lines show the DDFs for
snow and ice that were used after the model was calibrated.

During the calibration procedure, tuning parameters are varied simultaneously until
the root mean square error (RMSE) between modeled mass balance and glaciological mass
balance is minimized. The mass balance reconstruction was obtained for the period 2006–
2020 based on the calibration with DDFs = 6.0 and 2.0 mm ◦C−1 d−1 for ice and snow,
correspondingly. Then an additional reconstruction was done for the period 2006–2013
with a small change in the DDF for ice (5.0 mm ◦C−1 d−1), which allowed for a better
agreement with the geodetic mass balance that is treated as independent. DDF for snow
was kept unchanged (2.0 mm ◦C–1 d–1). The parameters used in the model are listed in
Table 2. Using modeled point mass balance at the stakes location, we calculated mass
balance of the entire glacier as sum of weighted mean value of separate elevation bands.
We set the interval of 50 m elevation difference and then calculated a mean mass balance
for each individual zone by linear interpolation.
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Table 2. Model parameters used for mass-balance modeling.

Parameter Value Unit

DDF ice 6.0; 5.0 mm ◦C−1 d−1

DDF snow 2.0 mm ◦C−1 d−1

Threshold temperature for snow/rain 1 ◦C
Threshold temperature for melting 0 ◦C

Temperature lapse rate 0.6 ◦C /100 m
Precipitation coefficient 0.95 -

2.5. Energy-Malance Model A-Melt

A distributed energy-balance model (A-Melt) [18,19,21] was used to estimate mass
balance component dynamics and their spatial distribution. The heat balance of the surface
of snow or ice or debris was defined at every time step in every grid cell (100 m) in the
study area as

w = Sdown(1 − A) + Elrd − Elru ± LE ± H ± Qm ± Qsnp ± Qact (4)

where w is the net energy flux on the surface, W m–2; Sdown is the downward shortwave
radiation flux, W m–2; A is surface albedo; Elru is outgoing long-wave radiation, W m–2;
Elrd is the counter radiation of the atmosphere, W m–2; LE is the turbulent latent heat flux
density, W m–2; H is the turbulent sensible heat flux density, W m–2; Qm is the molecular
thermal conductivity through the debris cover, W m–2; Qsnp is energy change due to
snowpack processes and processes on the snow–ice boundary; and Qact is molecular
thermal conductivity in the active layer. A grid with 100 m cells was built using ArcGIS
software. The spatially distributed input and output data were bound to the grid cells.

To distribute downward beam shortwave radiation flux across the area, the model
calculates shading and the sun angle between at every time step in every grid cell based
on an input DEM and solar ephemeris. The downward diffuse shortwave radiation is
distributed according to sky view in every grid cell based on the DEM and albedo of the
surrounding area. The counter radiation of the atmosphere Elrd was assumed to be constant
across the study area. The outgoing long-wave radiation Elru— was calculated for every
grid cell according to its surface temperature at the time step using Stefan-Boltzmann
equation [21]. We used the nearest available data on solar radiation measurements from
Adventdalen weather station located in Longyearbyen.

The turbulent latent and sensible heat flux density is calculated by the A-Melt model
using Kuzmin’s formula [30], which is a variant of a bulk aerodynamic but with con-
stant coefficients determined by P. Kuzmin [30] on the basis of 357 series of observation
of 2–24 hours in different climatic zones of the USSR and 115 hourly observations by
Kohler [30].

The air temperature is distributed according to the lapse rate profile obtained from
observations or a constant altitudinal temperature gradient [21]. In this study, after calibra-
tion of the modeled point mass balance by the stakes measurements, we used a derived
lapse-rate of 0.8 ◦C/100 m, which is higher than the measured 0.6 ◦C/100 m. The tempera-
ture shift for the transition from non-glacial to glacial surface was set as 0 ◦C. We also used
the precipitation gradient as a calibration parameter. It was estimated from the field snow
measurements and set to be 28%/100 m. The snow cover thickness rises with altitude.

The heat transfer from debris block was deactivated as there is no significant debris
cover on Austre Grønfjordbreen surface.

The snowpack in the model is divided into layers. The snow layer depth was set as
150 mm in this study. Snowpack processes considered in the model included molecular
heat flux through the snow; water movement through the snow; reduce of gravitational
water content in a snow layer due to irreducible water content; regelation of water in a snow
layer with subsequent increase in snow density and change in snow layer temperature;
and refreezing of water on the snow-ice boundary [21].
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The main input data are listed in Table 3.

Table 3. The input data used for mass-balance modeling.

Input Data Data Source

Glacier area Landsat imagery
Glacier topography ArcticDEM (Release 7)

The type of surface (ice/firn/snow/debris) Landsat imagery
Snow thickness/snowline dynamics Field snow measurements/Landsat imagery

Meteorological parameters (temperature/wind speed/relative
humidity/precipitation) Barentsburg weather station

Longwave and shortwave radiation (downwards) Adventdalen weather station
(© The University Centre in Svalbard) [31]

Albedo (ice/firn/snow)
The pyranometric data provided by Arctic and Antarctic

Research Institute (Russian Scientific Arctic Expedition on the
Spitsbergen Archipelago)

Solar ephemeris © Institute of Applied Astronomy of the Russian
Academy of Sciences [32]

3. Results
3.1. Surface Mass Balance Estimated by the Glaciological Method
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Measured values of mass balance are shown in Table 4. The annual mass balance was
negative between 2014 and 2019, while the strongest loss was observed in 2016, caused by
extremely high ablation due to high temperatures that stayed positive from May to Novem-
ber. The average summer temperature (Jun, July, August) in 2016 registered on Austre
Grønfjordbreen was 5.9 ◦C, which is higher by 1 ◦C compared with the average summer
temperatures from 2013 to 2019. The mass balance values including point measurements
can be found in [11].

Table 4. Surface mass balance of Austre Grønfjordbreen.

Surface Mass Balance, m w.e.
Year Net Summer Winter

2019 −1.51 −2.04 0.53
2018 −1.41
2017 −1.51
2016 −2.40
2015 0.77
2014 −1.10 −1.65 0.54
2013 0.62

3.2. Geodetic Mass Balance

The geodetic mass balances of Austre Grønfjordbreen after DEM subtraction for 2013–
2017 and 2008–2013 are as follows: 1) −1.45 m w.e.a–1; and 2) −0.97 m w.e. a–1. From 2008
to 2 August 2017, surface elevation decreased by −1.18 m w.e. a–1. The distribution of the
surface elevation differences for 2013–2017 and 2008–2017 is shown on Figure 6.
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To make glaciological, geodetic and modelled mass balance comparable, we re-
calculated the actual geodetic mass balance by adding the melting through the ending
intervals of 2013 and 2017 ablation periods. These intervals are (1) from August 2, 2017
to 15 September 2017; and (2) from 17 August 2013 to 15 September 2013. The total melt
in these two periods was estimated by the combination of stake observation data and
DDF-approach. Thus, re-calculated geodetic mass balances for 2013–2017 and 2008–2013
were −1.54 m w.e. a–1 and −1.15 m w.e. a–1, correspondingly, which gives −1.34 m w.e.
a–1 for the entire period. Our results are comparable with the results of Aldegondabreen
and Vøringbreen geodetic mass balances. Aldegondabreen (~ 6 km2; 100–450 m a.sl.) is
located 9 km northwest of Austre Grønfjordbreen. The mass balance from 2015 to 2018 was
−1.76 m w.e. a–1 [33]. Vøringbreen (~0.75 km2; 180–400 m a.s.l.) is located 17 km northwest
of Austre Grønfjordbreen, and its geodetic mass balance in 2013–2019 was −1.30 m w.e.
a–1 [34].

3.3. Mass-Balance Reconstruction by DDF Model

Modeled and measured annual mass balances for 5 years are compared in Figure 7.
The temperature index modelling for 5 years was performed to match the exact dates
of the field surveys (Table 1). The differences became larger as a function of elevation.
Our results indicate that modeled and measured mass balances were in good agreement,
with a correlation coefficient of R = 0.96 (p < 0.001) and root mean square error (RMSE) of
0.22 m w.e.
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We also reconstructed the annual mass balance of Austre Grønfjordbreen for a longer
period, namely from 2006 to 2020 (Figure 8). The model started on 16 September and
ended on 15 April yearly from 2005 to 2019 for winter balance. Summer mass balance was
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simulated for the 16 April to 15 September period from 2006 to 2020. The reconstruction
was done using unchanged DDFs and then separately for two periods, 2006–2013 and
2013–2020, with slightly different DDFs for ice.

 
Figure 8. Reconstructed summer, winter balance and net balance of Austre Grønfjordbreen from 
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Figure 8. Reconstructed summer, winter balance and net balance of Austre Grønfjordbreen from 2006 to 2020.

Annual mass balances of Austre Grønfjordbreen were negative during the whole
period and were the most negative in 2016 (−2.05 m w.e.) and 2020 (−2.39 m w.e.). It is
worth noting that the highest temperature (21 ◦C) throughout the time series was recorded
in July 2020. The least negative mass balance was found for 2008 (−0.76 m w.e) and 2010
(−0.83 m w.e.). The winter mass balance stayed within the interval from 0.36 to 0.71 m w.e.

3.4. Spatially Distributed Mass Balance and its Components

The net mass balance and its components were modelled for 6 balance years using the
A-Melt model. Model calibration was run over the observation period at spatial grid points
where observational data existed (Figure 9). The modeled and measured mass balances
were in the good agreement, with a correlation coefficient of R = 0.96 (p < 0.001) and
RMSE = 0.13 mm w.e. The mass balance, solid precipitation, amount, melt and refreezing
of Austre Grønfjordbreen are presented in Table 5. Figure 10 shows spatial distributions of
precipitation, melt, refreezing and climatic mass balance for one of the modelled balance
years (2019). Austre Grønfjordbreen was shown to have less snow accumulation on the
north side compared with its southern and south-western part of higher elevations, while
overall melt rates were lowest in the south. The modelled mean net mass balance was
negative (−1.41 m w.e) for 6 years, and there was no zone with positive values.
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Figure 9. Relation between observed stake measurements and modelled melt after the calibration 
of A-Melt model. 
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Table 5. The mass balance, solid precipitation amount, melt and refreezing of Austre Grønfjordbreen modelled for 4
balance years.

Balance Year Net Mass Balance, m w.e. Solid Precipitation, m w.e. Melt, m w.e. Refreezing, m w.e.

2019 −1.73 0.66 2.38 0.18
2015 −1.53 0.86 1.87 0.25
2014 −0.93 0.64 1.65 0.12
2013 −1.52 0.81 2.37 0.21
2012 −1.19 0.81 1.59 0.18
2011 −1.56 0.73 1.91 0.31

Averaged refreezing comprised 28% of the total accumulation from precipitation
and amounted to 0.21 m w.e. a−1. For comparison, a mean value for total refreezing
of 0.30 m w.e. a−1 was found on Holtedahlfonna and Kongsvegen by Van Pelt [35],
and 0.24 m w.e. a–1 for Kongsfjord basin was found in [36]. Refreezing varied spatially,
with lower values in the north (0.15 m w. e. a−1) than the south and south-west part
(0.25 m w.e. a−1). The firn layer was not considered because at the present state of the
glacier, the firn thickness was negligibly thin.
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Figure 10. Spatially distributed mass balance components: (a) solid precipitation; (b) melt; (c) refreezing and (d) net mass 
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4. Discussion
4.1. Differences in Mass Balance Assessment Approaches

The latest published work on Austre Grønfjordbreen mass balance [15] provides data
measured by the glaciological method since 2004 and modeled using the empirical temper-
ature approach. The latest published work on Austre Grønfjordbreen mass balance [15]
provides data since 2004 as measured by the glaciological method and by modeling using
the empirical temperature approach originally suggested by Krenke and Khodakov [37], in
which the argument is the average summer air temperature with the parabolic dependence
of the exponent of 3.25. (Figure 11).
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2015 −1.53 0.86 1.87 0.25 
2014 −0.93 0.64 1.65 0.12 
2013 −1.52 0.81 2.37 0.21 
2012 −1.19 0.81 1.59 0.18 
2011 −1.56 0.73 1.91 0.31 
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Figure 11. Mass balance estimates by different methods from this study and Chernov et al. [15].

Regarding the mass balance values obtained by the glaciological method in different
studies, the discrepancy may be caused by several factors: the approach used to interpolate
mass balance over the entire glacier area, the values of ice and snow density that is used
for calculating accumulation and ablation into a water equivalent and averaging the
winter mass balance value over several years, accounting for glacier area change. In [15],
calculation of mass balance was carried out for four altitude zones. Surface ablation values
were averaged in each altitude zone based on the stakes data. The density of ice was taken
to be equal to 0.88 kg m−3. The snow accumulation was also averaged for each altitude
zone, and four values were used for the entire period of mass balance record. All the
values of net mass balance were calculated assuming that the balance year ends on 15
August. In this study we accounted for the glacier area decrease in each altitude zone,
while in [15], it was considered constant. The glacier area recession was 15% in 2014–2020,
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and when such a change is not taken into account, a difference in mass balance calculation
of 0.55 m w.e. a–1 is obtained.

The model and reconstruction results were calibrated according to the stake mea-
surements. Thus, the glaciological and modeled mass balances are in agreement for the
calibration period. The reconstructed values of annual mass balance from 2014 to 2019
by day-degree method are 0.02 m w.e. a–1 more negative than what was estimated using
the glaciological methods. If using the DDFs = 6.0 and 2.0 mm ◦C−1 d−1 for ice and snow,
correspondingly, the geodetic balance is less negative than reconstructed by the DDF model.
The mean difference is 0.33 and 0.10 m w.e. a–1 for 2008–2013 and 2013–2017, respectively.
Therefore to make a better fit with geodetic results for 2008–2013, we calibrated DDFs again
and used DDFice = 5.0 mm ◦C−1 d−1 and DDFsnow = 2.0 mm ◦C−1 d−1 (the mean difference
is 0.01 m w.e. a–1).

The mean mass balance differences between the geodetic and energy-balance ap-
proaches for the periods 2013–2017 and 2008–2013 are 0.22 m w.e. a–1 and 0.16 m w.e. a–1,
respectively. We assume that a more accurate result can be reached using a more complex
energy-balance model, compared to a DDF-approach using one set of parameters for the
entire period of reconstruction. The DDF-approach requires the regular calibration of
parameters and comparison with other methods, but it is useful as an approximation, and
such meteorological parameters as temperature and precipitation are still more accessible
for calculation.

4.2. Comparison with the Other Olaciers of the Archipelago

According to various authors cited in the IPCC report from 2006 to 2015, annual loss of
Svalbard glaciers ranges from −250 ± 160 to −400 ± 230 kg m–2 y–1 [5]. The latest relevant
review of the mass balance of Svalbard glaciers was carried out by Schuler et al. [10,38].
In particular, in this paper the comparison of several Svalbard-wide estimates of annual
glacier mass balance using different methods is given. Summarizing the available data
on the mass balance of Svalbard, authors in [10] estimated that Svalbard loses annually
−7 ± 4 Gt (2000–2019) (the climatic mass balance) and −8 ± 6 Gt as the total mass balance.

Here we present the results of mass balance reconstruction of Austre Grønfjordbreen
in comparison with 11 other glaciers of the archipelago. The most continuous mass balance
series longer than 20 years exist for Austre Brøggerbreen, Midtre Lovénbreen, Kongsvegen
Hansbreen and Waldemarbreen (Table 6).

Table 6. The list of Svalbard glaciers with glaciological mass balance measurements considered in this study.

Abbreviation Elevation Range,
m a.s.l. Area, km2 Investigation

Period
Mass Balance

Data Reference

Austre Brøggerbreen AB 50–600 6.1 1967–2018 [39]
Austre Grønfjordbreen AG 70–550 6.2 2013–2019 this study

Austre Lovénbreen AL 100–550 4.5 2008–2018 [11]
Etonbreen (Austfonna) E 0–800 880.0 2004–2018 [39]

Hansbreen H 0–510 56.7 1989–2018 [11]
Irenebreen I 125–650 4.0 2002–2017 [11]

Kongsvegen K 0–1050 101.9 1987–2018 [39]
Kronebreen/Holtedalsfonna Kr 0–1361 370 2003–2018 [39]

Midtre Lovénbreen ML 50–600 5.4 1968–2018 [39]
Nordenskiöldbreen 2 N 0–1200 206 2006–2018 [11]

Svenbreen S 155–757 4.5 2010–2018 [40]
Waldemarbreen W 100–570 2.4 1995–2017 [11]

The observed and reconstructed annual mass balance of Austre Grønfjordbreen from
2006 to 2020 is shown in Figure 12a, together with measured annual mass balances for 11
Svalbard glaciers for the same period. The cumulative curves for the entire monitoring
period of all these glaciers are shown in Figure 12b.
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Figure 12. (a) The net balance throughout the monitoring periods for 12 glaciers including mod-
elled annual mass balance of Austre Grønfjordbreen; (b) the cumulative mass balance throughout 
the monitoring periods for 12 glaciers modified from Schuler et al.[10,39]. 

The mass balance of all these glaciers was negative or close to zero for 2006–2018. In 
general, Austre Grønfjordbreen mass balance repeats the mass balance of other glaciers 
but is the most negative one with the mean value of reconstructed annual mass balance of 
−1.44 m w.e. a–1. The western part of the archipelago is mostly influenced by the warm 

Figure 12. (a) The net balance throughout the monitoring periods for 12 glaciers including modelled
annual mass balance of Austre Grønfjordbreen; (b) the cumulative mass balance throughout the
monitoring periods for 12 glaciers modified from Schuler et al. [10,38].

The mass balance of all these glaciers was negative or close to zero for 2006–2018. In
general, Austre Grønfjordbreen mass balance repeats the mass balance of other glaciers
but is the most negative one with the mean value of reconstructed annual mass balance
of −1.44 m w.e. a–1. The western part of the archipelago is mostly influenced by the
warm West Spitsbergen Current. The temperature depends on winter time sea ice; the
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southwest of Svalbard generally remains ice-free due to poleward heat transport through
the current [41,42]. The series of mass balance observations of two glaciers (Irenebreen
and Waldemarbreen) are the most negative besides for Austre Grønfjordbreen (–0.99 and
−1.16 m w.e.a–1, respectively). These glaciers are also situated on the west coast with a
relatively small area. The glaciers of the same size class that are located slightly to the North
(Austre Brøggerbreen, Austre Lovénbreen, Midtre Lovénbreen) have less negative mass
balance (−0.60, −0.51 and −0.48 m w.e. a–1, respectively). Less negative mass balances
are found for larger glaciers, such as Kongsvegen, Etonbreen, Nordenskiöldbreen and
Hansbreen (−0.09, −0.05, −0.07 and −0.31 m w.e. a–1, respectively). Etonbreen is an outlet
from the Austfonna ice cap, and its mass balance is close to zero. Schuler et al. [10] conclude
that small glaciers experience more negative surface mass balances because they lose mass
faster than large glaciers due to their hypsometric distributions of area with elevation.

All cumulative curves show the steady negative trend over the past 16 years. Over the
period from 2006 to 2020, the cumulative mass balance of Austre Grønfjordbreen according
to our modelling results was −21.62 m w.e. This is in agreement with the cumulative
mass balances of glaciers in southern and central Spitsbergen rather than glaciers in the
northwest of Svalbard concerning both small and large sized glaciers [10].

According to multi-temporal digital inventory of Svalbard glaciers by Nuth [6] and
the original glacier inventory of Svalbard by Hagen [43], which followed the identification
and parameter definitions outlined in the World Glacier Inventory [44], the largest relative
area changes between the periods of these two inventories occurred in Nordenskiöld Land
area. The results from [22] showed that the reduction of valley glaciers of Nordenskiöld
Land is inversely proportional to their size. The elevation range is an important factor since
it is directly related to the ablation. At higher altitudes, an increase of solid precipitation
amount is usually observed if not taking into account orographic factors and precipitation
distribution that can be complex. This increase can somewhat compensate the summer
melting. However, the equilibrium line altitude (ELA) on Austre Grønfjordbreen is above
the highest point of the glacier now.

The process of mass balance evolution varies in terms of the climatic regime and local
meteorological conditions. The simulations made by Van Pelt et al. [42] for 2012–2016
include a long-term mean distribution of air temperature on Svalbard. The area nearby
Austre Grønfjordbreen experienced relatively high temperature rates during the simulation
period. At the given simulation based on the reanalysis the precipitation rate was minimal,
and at the same time snow onset started relatively late and the disappearance was relatively
early. The snow depth was minimal, but the rate of rainfall was relatively high [42], and
these factors negatively affected glacier mass.

Available long-term mass balance observations on Svalbard show the impact of re-
gional climatic aspects as well as the hypsometric differences. Austre Grønfjordbreen mass
balance is the lowest among other observed glaciers due to a combination of factors: low
elevation range, location on the western part of Central Spitsbergen and a small area with
the absence of an accumulation zone.

4.3. Degree-Day Factors Variations

Temperature and precipitation are not the only factors affecting the glacier mass
balance, though the role of air temperature is explained by the fact that it is a universal
characteristic of almost all components of the heat balance [37]. In fact, the overall mass
change is determined mainly by the energy balance at the glacier surface. Thus, as a
simplification, DDFs physically parameterize energy balance components that have an
influence on melting. Individual energy components that provide energy for melting vary
in space and time, and thus DDF meanings are different for individual glaciers [29], and
therefore the degree-day approach does not accurately represent the spatial variability
of melt over the entire glacier surface. Reported values of degree-day factors of glaciers
and snow-covered basins can be found in [28,29]. At the same time, the DDFs used at a
century timescale and that remained stable until the mid of 1970s have decreased by 7%



Geosciences 2021, 11, 78 20 of 23

per decade [45]; therefore, DDFs must be used with caution and only for reconstructing
changes over short periods of time.

For Svalbard, a variability of degree-day factors for snow and ice has been overviewed by
Möller and Kohler [12]. The degree-day factors for snow are in the range of 3−24 mm C–1 d–1,
and 9–13.8 mm C–1 d–1 for ice [12]. On Kongsvegen, the 21 year stake record results in a
DDF of 3.0 mm C−1 d−1 for snow and 3.5 mm C−1 d−1 for ice [46]. On Kronebreen, the DDF
for snow is 3.1 mm C−1 d−1 and 4.7 mm C−1 a−1 for ice [46]. Hence, our calibration results
of 5.0 and 6.0 mm C−1 d−1 for ice and 2.0 mm C–1 d–1 for snow surfaces are reasonable and
are in good accordance with the previously reported DDFs for Svalbard.

4.4. Sensitivity Tests

Assessment of glacier mass-balance sensitivity to climate change enables interpretation
of the glacier–climate interaction. Surface mass balance sensitivity to air temperature, solar
radiation, precipitation and topographical variables is necessary to calibrate/validate the
numerical models used to simulate the evolution of glaciers [47].

The mass-balance sensitivity of Austre Grønfjordbreen to climatic fluctuation was
assessed over the period 2014–2019. The average annual mass balance was recalculated by
re-running the degree-day model with the same parameters, but assuming a 1 ◦C increase
in temperature or a 10% change in precipitation throughout the balance year. Mass-balance
sensitivity to air temperature (dMB/dT) and precipitation (dMB/dP) was calculated as the
difference between the modelled values.

The calculated mass-balance sensitivity to air temperature is −1.04 m w.e ◦C −1, which
corresponds to the highest sensitivity on Svalbard among the assessed by temperature-
index model.

Sensitivity values of net mass balance to temperature change (1 ◦C increase) assessed
by the degree-day approach for Austre Brøggerbreen, Midtre Lovénbreen, Kongsvegen
and Hansbreen are −0.49, −0.48, −0.69 and −0.49 (m w.e. a–1), respectively [48].

The same sensitivity test was also conducted for precipitation. Calculated mass
balance sensitivity to precipitation for Austre Grønfjordbreen is 0.10 m w.e. for a 10%
change. For both Midtre Lovénbreen and Kongsvegen, the sensitivity for 10% change in
precipitation is 0.05 (m w.e. a–1), and a 31% increase of snow precipitation is needed to
compensate for the net mass loss induced by an air temperature increase of +1◦C [48].

In a number of papers on Svalbard glaciers, the mass balance sensitivity to changes
in air temperature and the amount of precipitation is estimated using energy balance
models [35,36,49,50]. For example Van Pelt et al. [49] assessed the sensitivity for Norden-
skiöldbreen as 0.10 m w.e. for a 10% change in precipitation and −0.36 m w.e for a 1 ◦C
increase in temperature. A 1 ◦C temperature change can be offset by a 32% change in
precipitation of a similar sign in cases of seasonally uniform perturbations [49]. For Midtre
Lovénbreen, Kongsvegen and Holtedahfonna, the mass balance will change by 0.13; 0.12;
0.13 (m w.e. a–1), respectively, in case of 10% precipitation change and the rise of 1 ◦C will
lead to mass balance decrease of −0.83, −0.69 and −0.55 (m w.e. a–1), respectively [36].

In order to assess the precipitation amount that is needed to offset the mass loss
due to a 1 ◦C rise, we adjusted the model several times until the increased melting could
be covered by the adjusted precipitation, while the other model parameters were kept
unchanged. The result showed that a two-fold increase in precipitation could compensate
the increased mass loss due to air temperature rise.

5. Conclusions

We estimated the surface mass balance of Austre Grønfjordbreen using the glaciolog-
ical method for 5 years during the period 2014–2020. The average annual value for this
period is −1.59 m w.e. After a negative 2016 balance year (−2.40 m w.e.), the accumulation
area of the glacier disappeared completely.

The geodetic mass balance from 2008 to 2017 is also negative but is within less negative
intervals than observed and modeled by two methods. For the period of 2013–2017, the
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geodetic mass balance is −1.54 m w.e. a–1, including the melting that occurred during the
period of the end of the balance year. For 2008–2013 the mass balance is −1.15 m w.e. a–1.

For the period 2006–2020, the annual, summer and winter mass balances were recon-
structed by the temperature-index model and simple accumulation model. We found that
Austre Grønfjordbreen lost −21.62 m w.e. over the period of 15 balance years.

The calculated mass-balance sensitivity to air temperature is −1.04 m w.e. ◦C−1 and to
precipitation is 0.10 m w.e. for a 10% increase. The sensitivity to temperature change is the
highest among the reported for Svalbard. A two-fold increase in precipitation could offset
the increased mass loss due to a 1 ◦C air temperature rise. The summer air temperature
was found to be a stronger driver of mass balance than the winter precipitation.

We used a surface energy-balance model, A-Melt, to simulate the spatial distribution
of mass balance and its components. The model is forced with meteorological data from
AWS Barentsburg, Adventdalen radiation data and available field snow measurements on
a 100 m × 100 m grid. Calibration is performed by adjusting the temperature lapse rate
and precipitation gradient to match the measured mass balance data. The net mass balance
is estimated to an average of −1.43 m w.e. a−1 over the simulation period.

Comparing the mass balance of Austre Grønfjordbreen with the mass balance of other
glaciers that are monitored on Svalbard, the glacier experiences the highest rate of mass
loss. Among the reasons for this difference is the location in the part of the archipelago that
supposedly has one of the highest rates of the mass loss, its low altitude interval, relatively
small area, as well as the total absence of an accumulation area.

This study provides the information for mass balance estimations in the western part
of Nordenskiöld Land and is a basis for projecting future glacier evolution in this area.
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