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Abstract
Climate change causes a global temperature rise, with Svalbard being among the fastest warming
regions in the world. Global glacier mass losses account for 30% of the global sea-level rise. Research
to the health state of Svalbard’s glacier is important to know their contribution to the rising sea level.
Field measurements to calculate the mass balance of Etonbreen on Austfonna ice cap, one of the
largest ice masses in the Eurasian Arctic, have been taken place annually since 2004. In this thesis, the
field-based calculated mass balance is compared with new geodetically calculated mass balance from
remote sensing data. Laser altimetry data from the ICESat satellites and digital elevation models from
the ArcticDEM project and from photogrammetric mapping by the Norwegian Polar Institute are used
to calculate the mass balance for four timespans within the period of 2005 to 2019. For the timespans
2005-2016, 2011-2019 and 2014-2017, the geodetic mass balance was positive, indicating mass gain.
The timespan 2016-2019 indicated a minor mass loss. The field calculated mass balance is negative for
all timespans. Within the errors, the field-based calculations consistently under-estimate the mass
balance as compared to geodetic calculations. This could be caused by insufficient representability of
the field measurements for the whole Etonbreen basin or by the refreezing of meltwater. An additional
field measurement transect crossing Etonbreen from northwest to southeast is suggested to improve
the field-based mass balance calculation.

Keywords: Glacier modelling, Austfonna, Etonbreen, Arctic, Svalbard, mass balance, elevation changes,
ICESat, ArcticDEM
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Introduction
Context and background
In the current times of climate change and global warming, glaciers are an important contributing
factor in the global sea-level rise (e.g. Vaughan et al., 2013; Oppenheimer et al., 2019). The difference
between the accumulation (c) and ablation (a) of the glacier is summarized in the glacier mass balance
(b), with b = c + a (Cogley et al., 2011). A negative balance means the glacier is shrinking, whereas a
positive balance means that the glacier is growing. For an ocean-terminating glacier, the ablation is the
sum of melting and calving. The surface mass balance is typically derived from seasonal or annual field
measures of stakes and snow pits (Dyurgerov & Meier, 1997) but nowadays remote sensing techniques
enable calculating the mass balance also in remote areas (Zemp et al., 2013) while in situ GNSSs and
Automatic Weather Stations could provide more detailed data.
For the Etonbreen glacier, a glacier on the Austfonna ice cap on Svalbard (Figure 1), annual field
measurements of the surface mass balance have been made since 2004 (Schuler et al., 2007), ( Figure
2). By measuring the height of the stake, probing the length to the last summer layer and digging snow
pits, the yearly accumulation and ablation could be derived. To check if the derived glacier-scale mass
balances are consistent with geodetic data, they should be compared with available elevation data
from the last ~15 years to estimate glacier volume changes. The mass change is calculated by
multiplying the volume change with an assumption of the ice density (Huss, 2013). The results of the
geodetically calculated climatic mass balance could then be used to calibrate the field-based mass
balance estimate of Etonbreen.

Figure 1: Svalbard with the Austfonna ice cap and the Etonbreen
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Figure 2: The surface mass balance on the Etonbreen from 2004 – 2018 (Norwegian Polar Institute, University of Oslo, 2020).

Problem definition
Climate change is causing a global temperature rise, with Svalbard being among the fastest warming
regions of the world (Nordli et al., 2014). The recent increase in Arctic temperatures is going twice as
fast as the global average (e.g. Arctic Monitoring and Assessment Programme, 2012). With Svalbard
containing 5% of the global glacier area (Pfeffer et al., 2014) and glacier mass losses accounting for
30% of the global sea-level rise (Gardner et al., 2013), research to the health state of Svalbard’s glaciers
is important to know their contribution to the rising sea level (Deschamps-Berger et al., 2019).
An important measure for the glacier’s health state is the glacier mass balance (Deschamps-Berger et
al., 2019). The mass balance is simply put a sum of the snow accumulation taking place in winter, the
meltwater runoff in summer and calving of the glacier into the ocean. A more detailed overview of the
components of the mass balance can be found in Figure 3. The mass balance can be calculated as the
surface mass balance or as the climatic mass balance. The surface mass balance is the sum of the
surface accumulation and surface ablation, whereas the climatic mass balance is the sum of the surface
mass balance and the internal (surface + subsurface) mass balance (Cogley et al., 2011). There are
three ways to calculate the mass balance (Schuler et al., 2019): (1) from field measurements of stake
and snow pit measurements (Dowdeswell et al., 1997), with this data it is possible to calculate the
surface mass balance. (2) from glacier climate modelling, where weather data is used to model the
surface energy balance, melting, density and water content. This type of models uses field
measurements for calibration (Van Pelt & Kohler, 2015). (3) from geodetic data acquired via for
example altimetry, photogrammetry or synthetic aperture radar (Moholdt et al, 2010), where the
overall volume change is calculated by subtracting elevation models of different years. Combined with
density assumptions and the discharge by calving, it is possible to calculate the climatic mass balance
(Deschamps-Berger et al., 2019).
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Annual field measurements have been taken on Etonbreen since 2004, deriving the surface mass
balance in winter and in summer. The net mass balance has been more or less around 0, with
exceptions in 2004, 2008 and 2013. In 2004 and 2013 there was a big decline in the net mass due to
mass loss during the summer, while in 2008 there was only very little mass loss during summer,
resulting in a positive net mass balance that year. In general, the yearly variations in the mass balance
are caused more due to variations in the summer balance than to variations in the winter balance
(Figure 2).
To calculate the surface mass balances on Etonbreen, an extrapolation of the measurement points on
Etonbreen has been performed using hypsometry. Here it is assumed that the ablation and
accumulation rates change as a function of elevation (Moholdt et al., 2010). Comparison of the field
mass balance with the geodetic mass balance gives an indication on the representability of the field
measurements and the accuracy of the overall calculated field mass balance.

Figure 3: The components of the glacier mass balance (Cogley et al., 2011), the arrow widths do not represent the relative
mass transfer of the processes

Study Area
Etonbreen is a glacier located on the Austfonna ice cap, in northeast Svalbard (Figure 1). With a total
size of 8500 square kilometre, the Austfonna ice cap is among the biggest in the Arctic and the second
largest of Europe. With a velocity of generally less than 10 m y-1, the glacier is slow-moving
(Dowdeswell et al., 1999). The glacier is about 635 km2 big, reaching from the sea up to 800m altitude.
Most of the snowfall on Austfonna falls in the southeast and least in the northwest, where Etonbreen
is located (Taurisano et al., 2007).
A glacier basin east of Etonbreen, named Basin 3, is currently surging, meaning it is moving at high
velocity and transporting a lot of mass from the higher part to the lower part of the glacier. In this
surge, Basin 3 takes up the eastern part of Etonbreen and causes a changed glacier divide for
Etonbreen. When looking at the aspect of the glacier basins in Austfonna, the northern border of
3

Etonbreen polygon differs from the natural (ice-dynamical) divides. For this research, an updates
version of Etonbreen polygon has been created based on the DEM aspect, the surge of Basin 3 and the
retreated front on the west side of Etonbreen (Figure 5). In the aspect map of 2016, it is visible that
the eastern border of Etonbreen still faces west The velocity map of 2019 however shows an increased
velocity for the eastern border, meaning the ice has started moving down to Basin 3 and is therefore
classified as surge area. The new outline excludes the surge area and uses the front of 2019 as western
outline. The old and new outlines are shown in Figure 4. Note that the surge is not accounted for in
the mass balance calculations of the field data, since the stake transect is not covering the surge area.
A more detailed description on the calculation of this new outline can be found in Annex 1. In this
thesis there was solely worked with the updated Etonbreen polygon, also the fieldwork results got
transformed to the new polygon to avoid biases.

Figure 4: The old and new (2019) Etonbreen divides
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Figure 5: Decisive factors for changing the Etonbreen outline

Research objective and research questions
The objective of this research is to determine the difference between geodetic mass balance
calculations and field-based mass balance estimates for the period of 2004-2019.

Research questions:


Are the mass balance calculations based on field measurements consistent with geodetic
calculations within the period of 2004-2019?



What are the estimated errors of the geodetic and field-based calculations?



How can geodetic data be used to calibrate the field-based calculations?

Traditional mass balance calculations
The traditional surface mass balance is calculated by extrapolating point measurements based on
hypsometry. The methodology for these mass balance measurements are described in detail in Glacier
mass balance measurements, by Østrem and Brugman in 1966. The balance can be divided into a
winter balance, a summer balance and a net balance. The winter balance shows the maximum mass
for the year, which is usually reached at the end of the accumulation period. The summer balance
shows the minimum balance, reached at the end of summer. The net mass balance is the summation
of the winter balance and the summer balance and can be written as:
5

𝑏𝑛 = 𝑏𝑤 + 𝑏𝑠 = 𝑐 + 𝑎,
in which bn is the net mass balance, bw the winter mass balance, bs the summer mass balance, c the
accumulation and a the ablation.
The measurement locations ideally cover the glacier uniformly over the entire area. Since this is often
not possible due to crevassed glacier zones or limited resources, it is most important to have a
longitudinal profile from the lowest to the highest point of the glacier. For the Etonbreen, the
measurement points are shown in Figure 6. Due to crevasses in the front of the glacier, there are no
measurements taken at the front. The highest measurement location is laying outside of the
catchment area of the Etonbreen, but because it is on the summit it still gives valuable information for
the extrapolation of the Etonbreen mass balance.
The measurements are usually referred to stakes, on the Etonbreen these are from aluminum but they
could be from for example bamboo as well. The advantage of aluminum is that it is stronger. The stakes
are drilled in the ice and should be long enough above the glacier surface to not get buried in the
accumulation zone during winter time. In the ablation area the stakes need to be drilled deep enough
in the ice to not melt out in summer. At each stake location, the stake height above the snow surface
and the sounded snow depth are measured yearly.
Fieldwork on the Etonbreen takes place each year at the end of the April / beginning of May, which is
the end of the winter and thus the accumulation is at its highest. The mass balance is calculated as a
summer mass balance and a winter mass balance. The winter balance (accumulation) of year x is
measured by measuring the sounded snow depth of that year, which is determined by probing from
the surface down to the first icy layer. This icy layer indicates the surface melt of the previous summer.
Since some years have snowfall in summer and multiple melting cycles, it is helpful to dig some snow
pits to get more understanding of the snowpack and to ensure that the correct icy layer is measured
as the summer melt layer. Multiplying the sounded snow depth with the depth-averaged density of
the snow layer gives the winter accumulation in meters water equivalent (m w. eq.), see the formula
below. Note that a capital B is used here, to indicate that this is the balance for a point and not for the
complete glacier.
𝐵𝑤 = ℎ𝑠𝑜𝑢𝑛𝑑𝑒𝑑 ∗ 𝜌𝑠𝑛𝑜𝑤
To calculate the summer balance, the measurements of the next year are needed to calculate the
difference in stake height compared to year x. Firstly, the stake height over the ice layer (hice) is
calculated for both year x and year x+1. This is the sum of the stake height from the top of the stake
to the snow surface (hstake) and the sounded snow depth:
ℎ𝑖𝑐𝑒 = ℎ𝑠𝑡𝑎𝑘𝑒 + ℎ𝑠𝑜𝑢𝑛𝑑𝑒𝑑
The change in snow/ice is then calculated by subtracting hice of year x from the hice of year x+1. If this
number is positive, it indicates the melting of ice (hmelt). If this number is negative, there is snow
accumulation (hacc). Multiplying hmelt with the ice density (𝜌𝑖𝑐𝑒 ) gives the mass loss of ice at that stake,
whereas multiplying hacc with the remaining snow density (𝜌𝑟𝑒𝑚𝑎𝑖𝑛 ) gives the mass gain of snow at that
stake. The total summer balance looks like:
𝐵𝑠 = −𝐵𝑤 − ℎ𝑚𝑒𝑙𝑡 ∗ 𝜌𝑖𝑐𝑒 + ℎ𝑎𝑐𝑐 ∗ 𝜌𝑟𝑒𝑚𝑎𝑖𝑛
The net balance (Bn) of each individual stake is a summation of the winter and the summer balance:
𝐵𝑛 = 𝐵𝑤 + 𝐵𝑠

6

Two polynomial regression curves are fit through the mass balances of all stakes, one for Bw and
another for Bs. This regression is then used to calculate the Bw and Bs (in m w. eq.) for 17 elevation
bins, covering the complete glacier from 0 to 850 meter altitude in 50 meter intervals (see Figure 6) .
By summing Bw and Bs again for each bin the total Bs and Bw of Etonbreen are calculated for each year.
The sum of the total Bw and Bs finally results in the total mass balance for the whole glacier, Bn.

Figure 6: Elevation bins and measurement locations of the Etonbreen fieldwork
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Material and Methods
All calculations and visualizations have been performed in ArcGIS Desktop 10.6.1.

Data
To calculate the geodetic mass balance, various free satellite services were used, as listed in Table 1.
The NP DEM is created by stereo photogrammetry in the end of summer to best capture the elevation
over areas with as little snow cover as possible. This DEM is adjusted by coincident CryoSat-2 altimetry
(Wesselink et al., 2017).
The ICESat-1 and ICESat-2 datasets consist of points measured with a space-born LiDAR on the ICESat1 and ICESat-2 satellites (Wang et al., 2011). Whereas the ICESat-1 had a single beam laser, which had
trouble separating slope effects from true elevation changes on orbit-by-orbit basis. The ICESat-1
mission started in 2003 and retired in 2009. Because ICESat-1 was operated in campaign mode to save
energy, the laser was turned off for long periods and therefore not frequently performing
measurements of Etonbreen. Clouds could disturb the measurements when ICESat-1 was performing
measurements, and therefore the amount and distribution of points of the ICESat-1 data is limited.
Within the operation time of ICESat-1, the summer data of the years 2005 and 2006 gave the best
distribution of measurements over the Etonbreen. The ICESat-2 mission followed up the ICESat-1
mission in 2019. It has a multi-beam laser, an improved spatial and temporal resolution and a smaller
footprint (Neumann et al, 2017). It follows a different orbit than ICESat-1, making it difficult to directly
compare the two datasets with each other. Its repeat time is shorter than that of ICESat-1 (91 versus
183 days) because ICESat-2 is in continuous operation, resulting in a denser measurement distribution
for ICESat-2 (Neumann, 2017), see Figure 7.
The ArcticDEM (ADEM) project uses optical stereo imagery and photogrammetry to create high
resolution (2 to 8 meter) DEMs for the Arctic areas, from 2013 up to now (Morin et al., 2016). Their
main product is a DEM mosaic that covers the whole arctic, created by merging the separate ADEM
strips (with each strip being an overlapping area of the stereo pair image swaths, of about 17x115 km).
For this research a DEM created by merging multiple years of data is not wanted, so instead of using
the merged mosaic, separated ADEM strips of each year were combined to create ADEM’s for each
year. If multiple strips were available for the same area within a year, the median value was taken.
These yearly ADEMs got co-registered to the NP DEM over land areas to reduce potential elevation
biases. Most data however was from the same period; May, although some parts of the ADEM are
filled up with other months. To speed up the processing the yearly ADEMs were rescaled to a resolution
of 50 meter using the median cell value of the contributing cells. The years 2014 to 2017 are used
because the 2013 data had large holes due to clouds and the 2018 and 2019 data is not released yet
(Porter et al., 2020).
GPS data from fieldwork is used for calibration of the height difference. This GPS data is acquired while
driving with the snow mobiles over the stake transect. Every year during the fieldwork in May, the
transect is driven with no more than ~20 meter distance between the snow mobile tracks of different
years.
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Table 1: Used data

Name
ICESat-2

Year
2019

Months used
Jan to Sep

Resolution Data type
Point

ArcticDEM 2014 to Mostly May
2017
NP DEM
2011
Sept

50 m

Raster

10 m

Raster

ICESat-1

-

Point

-

Point

GPS

2005,
Feb, May, Oct
2006
2005 to May
2019

Download source
https://nsidc.org/data/
ATL06/versions/3
https://www.pgc.umn.edu/
data/arcticdem/
https://data.npolar.no/dataset/
dce53a47-c726-4845-85c3a65b46fe2fea
https://nsidc.org/data/
GLAH06/versions/34
Unpublished

The ADEM datasets all have some NoData areas due to missing data caused by cloud cover (Figure 7).
From the used ADEM datasets, ADEM 2016 has the least NoData, ADEM 2014 has most. The difference
in coverage between the ICESat-1 and ICESat-2 data is clearly visible in Figure 7. The NP DEM is having
no holes in the DEM, but has some errors at the borders of the original DEMs that are mosaicked
together. In the Artefact and outlier reduction section it is described how to account for these errors.

Figure 7: All original source data projected on Etonbreen
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Methodology
Timespans
Since the used data differs in the season of acquisition, not all of them are directly comparable with
each other when calculating the net mass balance over years. To avoid seasonal snow-level biases,
winter data should be compared with winter data, and summer data with summer data. The geodetic
mass balance timespans are listed in Table 2. Long timespans are preferred to reduce the effect of
measurement errors.
Table 2: Geodetic mass balance timespans

Name
Timespan 1
Timespan 2
Timespan 3
Timespan 4

Dataset 1
ICESat-1, winter 2005+2006
NP DEM, 2011
Arctic DEM, 2014
ArcticDEM, 2016

Dataset 2
ArcticDEM, 2016
ICESat-2, summer 2019
Arctic DEM, 2017
ICESat-2, winter 2019

Years difference
10,5
8
3
3

The winter season refers to the period of the year at what the accumulation is at a maximum, which is
for Etonbreen around April/May. To get more input data from the ICESat datasets and thus better
coverage, the winter period is chosen as first of January up to the end of May. The summer season
refers to the period with least snow cover, for Etonbreen around September. As summer period the
months July, August and September are used. Timespan 1 and 4 use the ADEM of 2016 because this
ADEM has the least holes in the coverage (<1% of the total Etonbreen area has no data in the ADEM
of 2016). The ICESat-1 data is a combined dataset of the winters from 2005 and 2006 to have a more
complete coverage of the Etonbreen.
The data was first checked on artefacts and outliers. Then the height difference between two datasets
was calculated, from which the mass balance could be estimated.

Artefact and outlier reduction
The raster datasets were checked on artefacts by looking at their hillshades. Since the glacier is on an
icecap, the topography is very smooth. High values in these square shapes in the hillshade raster are
very likely to be artefacts. As an example the NP DEM: In Figure 8 on the left the NP DEM is visualized:
a seemingly smooth DEM. On the right side the hillshade of this DEM is shown, which is much less
smooth. Borders of individual DEM stripes that are mosaicked together are visible. In the east and
south-west are two areas with high variability in the hillshade value, due to a poor mosaic. These areas
are visualized in a red square, and need to be masked out. They are then filled with the average value
of the surrounding cells (in ArcGIS raster calculator: Con(IsNull("RasterName"),
FocalStatistics("RasterName", NbrRectangle(40,50, "CELL"), "MEAN"),"RasterName")).
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Figure 8: hillshade of NP raster and the main artefacts

The point (ICESat) datasets were checked for outliers by excluding values with higher values than three
times the standard deviation of the geodetic height standard deviation, resulting in Figure 9b. The
geodetic height standard deviation is chosen for the outlier exclusion because the orthometric height
is calculated as the ellipsoidal height (the measured height) plus the geoid height. The geoid height
model is not exactly known, and therefore the standard deviation of the geoid height is a good
indicator of the quality of the geoid height estimation (Kenyon et al., 2012). The leftover outliers are
recognizable by their deviating values and not being aligned to any of the ICESat tracks (see Figure 9c
for a close-up of the square from Figure 9b). These outliers were removed manually, resulting in Figure
9d.

Figure 9: Outlier removal
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Height difference calculation
The geodetic mass balance is calculated by comparing two DEMs of different timespans. However, the
ICESat data is point data, not a continuously covered DEM. To fill up unknown values between the
ICESat points, interpolation by kriging is used.
Kriging estimates a function for each unknown point based on the values of the (known) sample points.
Usually a threshold is chosen for the number of data points taken into account for the function, in this
study the 30 closest data points are used. Kriging takes into account distances between the sample
points to assign a weight value, closer-by points are assigned higher weights than points further away.
A variogram shows how different the variable that gets calculated becomes over an increased distance
(Matheron 1965, 1971; Hock & Jensen 1999). This might be different in different directions
(anisotropy), which on the large scale is the case for Etonbreen. From west to east there is more change
expected in the mass change than in the north to south direction, due to the elevation going up from
west to east. Since a maximum of 30 used data points is not covering a significant amount of elevation
difference, this anisotropy effect is neglected for Etonbreen. The variogram has a nugget, indicating
variability between close-by data points or a measurement error. The range of the variogram shows
up to which distance data points are related to the variable. ArcGIS calculates the variogram
automatically when using the kriging function.
Timespan 1
The height values of the ADEM 2016 were extracted from the points of the ICESat-1 winter data of
2005 and 2006. The difference between the orthometric height values between the ADEM and the
ICESat data was calculated, subtracting the earlier year from the later year. The result is a point dataset
with the elevation change (dh) values. Ordinary kriging with a spherical variogram and a minimum of
30 points was used to transform this dataset into a dh raster. From the dh raster the total mass change
(∆𝑀) was calculated using:
̅̅̅̅ ∗ 𝐴 ∗ 𝜌 ,
∆𝑀 = 𝑑ℎ
̅̅ is the average dh value of the dh raster, A is the area of Etonbreen (641,5471km2) and 𝜌 a
In which ̅̅
𝑑ℎ
density assumption for the volume change (850 kg m-3, following Huss 2013).
Kriging ideally needs a uniform data cover of the area to deliver a trustworthy result. Because the
ICESat-1 points do not form a uniform cover of the Etonbreen area (see Figure 7), the mass balance is
calculated as well by using hypsometry in the same way as the fieldwork-based mass balance
calculations. Here, the average dh value is calculated for 16 elevation bins. Each elevation bin has an
interval of 50 meter, ranging from sea level to the summit at 800 meter altitude. A logarithmic
regression line was fit and used to fill bins without dh data. The dh per elevation bin (as calculated by
the regression curve) got multiplied with the area of that bin to get the dV per bin. The dV got
multiplied by the density of 850 kg m-3 to result in the total dM.
Timespan 2
The same methodology as for timespan 1 was used, but now using the NP DEM 2011 and the ICESat-2
2019 summer data. Because the ICESat-2 points have a more uniform cover over Etonbreen (see Figure
7), the kriging is expected to give a reliable result of the mass change so it is not compared with a
hypsometric calculation.
Timespan 3
The ADEM datasets are almost completely covering Etonbreen, so direct subtraction of the ADEM
2014 and ADEM 2017 is possible. This resulted in a dh raster. Values with a dh of more than 30m
(equals 10 meter height gain/loss per year) were considered unrealistic and filtered out since weather
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stations never indicted these amounts of snowfall or melt. Gaps in the dh raster either due to gaps in
the input ADEM datasets or due to unrealistic dh were filled up using the raster calculator and a similar
expression to that was used for the artefact reduction of the NP DEM: Con(IsNull("RasterName"),
FocalStatistics("RasterName", NbrRectangle(20,20, "CELL"), "MEAN"),"RasterName"). Since the gaps
are smaller than the gaps of the NP DEM, the rectangle size for calculating the focal statistics is
decreased to 20x20 pixels.
Timespan 4
The same methodology as for timespan 1 and 2 was used, but now using the ADEM2016 and the
ICESat-2 2019 winter data. As for timespan 2, the coverage of ICESat-2 is good, so no hypsometric
calculations were performed.

Statistics
The geodetic mass change uncertainty is caused by uncertainties for the estimated dh values (that are
caused by uncertainties in the measured height), uncertainties in the snow/ice density assumption,
kriging uncertainties and errors in the determination of the glacier basin (Kohler et al., 2020).
The total mass change uncertainty 𝜀∆𝑀 can be given by:
𝜀∆𝑀 = √𝜀∆𝑀,𝜌 2 + 𝜀∆𝑀,𝑑ℎ 2 + 𝜀∆𝑀,𝜇 2 (Taylor 1997)
With 𝜀∆𝑀,𝜌 the mass change uncertainty due to density uncertainty, 𝜀∆𝑀,𝑑ℎ the mass change
uncertainty due to dh uncertainty (indicating the precision of the data) and 𝜀∆𝑀,𝜇 the mass change bias
due to systematic errors (indicating the accuracy of the data). These uncertainties are calculated as
followed:
𝜀∆𝑀,𝜌 =

𝐴 ∗ 𝜀𝜌 ∗ 𝑑ℎ
⁄𝑡

𝜀∆𝑀,𝑑ℎ =
𝜀∆𝑀,𝜇 =

𝐴 ∗ 𝜌 ∗ (𝜎𝑑ℎ ∗

1
)
√𝑛 ⁄

𝑡

𝐴 ∗ 𝜌 ∗ 𝜇𝑑ℎ⁄
𝑡

In which A is the Etonbreen area, 𝜌 is the density of the changed volume, dh the elevation change, t
the length of the timespan, n the number of uncorrelated observations, 𝜀𝜌 the uncertainty of the
density, 𝜎𝑑ℎ the random uncertainty of the dh and 𝜇𝑑ℎ the systematic uncertainty of the dh.
In summer, 𝜇𝑑ℎ and 𝜎𝑑ℎ can be estimated by using dh values over bare land areas. For these areas,
there is no snow that could melt thus the dh should be zero. The standard deviation and the mean of
the spread in dh values over bare land areas were used to determine the uncertainty of dh (Figure 10).
This method cannot be used for winter data, when the ground is all snow-covered.
In winter, 𝜇𝑑ℎ and 𝜎𝑑ℎ is estimated by comparing the DEM elevations to field GPS tracks of the same
year. For this, the GPS tracks were converted from the WGS elevation system to the orthometric
system by adding the geoid height to each GPS point. The GPS points are transformed to a raster with
50x50 meter cell size. The rasters of the GPS data were subtracted from each other using the same
timespans as for the geodetic calculations. To compare with the geodetic data, the geodetic elevation
difference is subtracted from the GPS-track elevation difference. A histogram is created from this dh
difference between the field and geodetic calculations, and the mean and standard deviation are
calculated.
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The density of the mass change for a glacier using geodetic glacier volume change is variable due to
changes in the firn density (Reeh 2008). The firn density is influenced by temporal variation in both
melt and accumulation rates (Huss 2013): compaction of firn is caused by pressure of accumulation
and aging. The density also gets higher when water in the firn refreezes (Schneider and Jansson 2004).
In general, the density of firn is about 490 kg m-3 for the upper annual firn layer, which gets compacted
over time with about 10 kg m-3 per year. When working with multi-year periods, the volume change
consists of multiple annual firn layers with different densities than ice (which has the density of 900 kg
m-3). Averaging this, a mean value of the density of the volume change has been found as 850 kg m -3.
An uncertainty of 60 kg m-3 is assigned to this density, although this might be bigger for timespans
shorter than 5 years (Huss 2013). Since timespan 2 and 3 of this thesis are only 3 year long, it is likely
that the density is rather lower than the proposed 850 kg m-3. Huss 2013 calculated an average density
for the volume change over a period of 2 years as 740 kg m-3, differing 110 kg m-3 from the proposed
850 kg m-3. Taking into account the 10 kg m-3 density increase per year, an uncertainty of 100 kg m-3 is
chosen for timespan 3 and 4. Timespan 1 and 2 are 10,5 and 8 years respectively, both long enough to
go with the proposed uncertainty of 60 kg m-3.
The number of pixels n that are not correlated to each other is calculated by dividing the Etonbreen
area with the area size at which pixels are still correlated. The area size at which pixels are correlated
is taken as the distance between the ICESat tracks for timespans 1, 2 and 4. For timespan 3 (using
ADEM2014 and ADEM 2017), there are no ICESat tracks that influence the correlation of pixels. For
this timespan, the same correlation area as for timespan 4 is taken since these two timespans show
very similar spatial patterns.
Holger and Jensen (1999) showed that the uncertainty caused by varying kriging parameters is about
0,1 m. Since the kriging uncertainty is accounted for in the dh uncertainty (because the kriged raster is
used for the estimation of 𝜇𝑑ℎ and 𝜎𝑑ℎ ), this uncertainty is not taken as extra uncertainty value in the
total mass uncertainty calculation.
Uncertainties in the glacier basin area are neglected in the error calculations, but discussed later in the
discussion section.
To get from the total mass uncertainty to the uncertainty in unit meter water equivalent, the total
meter water equivalent volume needs to be divided by the area and the density of water (1000 kg/m3).
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Figure 10: Statistics over bare land area, timespan 2
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Results
The geodetically calculated mass balance provides mostly positive values, in contrast to the field
calculations that show negative mass balances for the timespans (Table 3). Timespan 1 (2005/2006 to
2016) has the biggest mass increase with a gain of on average 2,682 m w. eq. per square meter (m w.
eq. m-2) when calculated with kriging.
Timespan 4 (2016-2019) is the only timespan indicating a mass loss, although very minimal with only
an average of -0,005 m w. eq. per square meter. Timespans 2 (2011-2019) and 3 (2014-2017) both
show mass gains of respectively 1,626 and 0,272 m w. eq. per m-2.
Translating this into yearly mass change, timespan 1 still has the highest mass accumulation rate, of
0,255 m w. eq. / m2yr-1. This equals an average elevation change of 30 centimeter over the entire
Etonbreen (in reality there still is ablation in the lower elevation areas and accumulation values higher
than 30 centimeter in accumulation areas. Timespan 4 has the smallest mass change, with a yearly
mass decrease of 0,002 m w. eq. / m2. This equals an average height difference of -2 millimeter per
year (Table 4).
The yearly averaged mass change difference between the geodetic calculations and the field
calculations is highest for timespan 2, with a difference of 0,285 m. w. eq m-2 per year. The smallest
difference is for timespan 3, with 0,179 m. w. eq m-2 per year. On average the dM difference between
the field and the geodetic calculations is 0,2285+-0,05 m. w. eq m-2 per year (Table 4).
For all timespans, there is mass gain in the eastern parts of Etonbreen, while the mass loss is
concentrated in the west (Figure 11).
Table 3: Total kriging results of dh and dM, compared with field data

Timespan

Start year

End year

2005,5
2011
2014
2016

1
2
3
4

2016
2019
2017
2019

dh min [m]

dh max [m]

dh mean [m]

-28,023
-11,597
-20,449
-23,517

10,933
10,255
26,682
8,740

3,155
1,913
0,320
-0,006

Geodetic
dM Field
dM
2
[m w eq / m ]
[m w eq / m2]
2,682
0,281
1,626
-0,656
0,272
-0,265
-0,005
-0,668

Table 4: Yearly kriging results of dh and DM, compared with field data

Timespan

1
2
3
4

Start year

End year

2005,5
2011
2014
2016

2016
2019
2017
2019

dh mean
[m/y]
0,301
0,239
0,107
-0,002

Geodetic dM
[m w eq / m2 yr-1]
0,255
0,203
0,091
-0,002
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Field dM
[m w eq / m2 yr-1]
0,027
-0,082
-0,088
-0,223

dM difference
[m w eq / m2 yr-1]
0,229
0,285
0,179
0,221

Figure 11: Averaged yearly mass change per square meter for all timespans

Timespan 1
The highest thinning values are found just along the frontline in the northwest, with values of more
than 2 meter per year. Most thickening is taking place in the southeast of Etonbreen, with
accumulation values up to 10,93 meter in the period of 2005/2006 to 2016 (Figure 12). This equals an
elevation gain of about 1 meter per year in that area. The elevation contour lines show that the highest
accumulation areas are not at the highest elevation areas of Etonbreen. The total mass balance results
in a mass gain of 2,682 m w. eq m-2.

17

Figure 12: The kriged result of the mass change for timespan 1

As an alternative to kriging, the hypsometric approach was also used to calculate the mass balance of
Etonbreen because the ICESat-1 points do not cover the elevation gradient of Etonbreen in its entity.
The data was plot and a logarithmic regression curve was fit through the data (Figure 13), resulting in
the formula:
𝑑ℎ = 7,65 ln(ℎ) − 44,9
In which dh is the elevation difference and h is the elevation. The total mass change for the hypsometric
balance is 0,982 m. w. eq., which is about 63% less than the 2,682 m w. eq. m-2 as calculated with
kriging.
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Figure 13: The hypsometry result of the elevation difference for timespan 1
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Timespan 2
By having the highest thickening values in the southeast and the highest thinning values in the
northwest (Figure 14), timespan 2 (2011 to 2019) shows the same trend as timespan 1. Also here, the
highest thickening values are not found in the highest elevation areas of the glacier and the highest
thinning values do not occur at the front line but about a kilometer more land inwards.

Figure 14: The kriged result of the mass change for timespan 2

Timespan 3
For timespan 3 (2014-2017) most mass loss takes place in the southwestern end of the glacier, differing
from timespan 1 and 2 where most mass loss takes place in the northwest (Figure 15). Most mass gain
takes place in the southeast, comparable to timespan 1 and 2. Since timespan 3 uses two ArcticDEMs
as input, no kriging had to be done and the result looks smoother than for the other timespans.
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Figure 15: The kriged result of the mass change for timespan 3

Timespan 4
Also timespan 4 (2016-2019) follows the same trend as timespan 3, with most mass loss in the
southwest and most gain in the southeast (Figure 15).

Figure 16: The kriged result of the mass change for timespan 4
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Error analysis
The uncertainty for the mass change depend on the random and systematic uncertainties of the
elevation change measurements, density and interpolation. As described in the methodology, the
following formulas are used for calculating the total mass uncertainty:
𝜀∆𝑀 = √𝜀∆𝑀,𝜌 2 + 𝜀∆𝑀,𝑑ℎ 2 + 𝜀∆𝑀,𝜇 2
𝜀∆𝑀,𝜌 =

𝐴 ∗ 𝜀𝜌 ∗ 𝑑ℎ
⁄𝑡

𝜀∆𝑀,𝑑ℎ =
𝜀∆𝑀,𝜇 =

𝐴 ∗ 𝜌 ∗ (𝜎𝑑ℎ ∗

1
)
√𝑛 ⁄

𝑡

𝐴 ∗ 𝜌 ∗ 𝜇𝑑ℎ⁄
𝑡

The uncertainty in the density 𝜀𝜌 is 60 kg/m3 for timespan 1 and 2, and 100 kg/m3 for timespan 3 and
4. The uncertainty in the elevation difference 𝜎𝑑ℎ is respectively 2.317; 0.597 and 0.607 meter for
timespan 1, 3 and 4. The accuracy of the elevation difference 𝜇𝑑ℎ for timespan 1, 3 and 4 is respectively
0,062; 0,497 and -0,469 meter (Figure 17). For timespan 2, the 𝜎𝑑ℎ is 1,984 meter and the 𝜇𝑑ℎ -1,567
meter.

Figure 17: dh uncertainty, field GPS tracks compared with geodetic calculated dh

The value for n, the number of uncorrelated observations, is the Etonbreen area divided by the area
at which pixels still correlate to each other. For ICESat-2 (timespan 4), pixels between tracks were
correlated to each other. The average distance between tracks was 1,2 kilometer (Figure 18). The total
area of Etonbreen is 641,55 km2, the correlation area 1,44 km2 (1,2 x 1,2) and thus the n 445,52. For
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timespan 3 there are not ICESat tracks that indicate a correlation distance. Here the same value as for
timespan 4 was taken since they are very similar in spatial pattern.

Figure 18: Correlation distance of cells, example for timespan 4

All variable parameters values and the total mass uncertainty for the geodetic calculations are listed
in Table 5. Timespan 1 has the lowest mass uncertainty with a 𝜀∆𝑀 of 0,065 m w. eq. m-2 per year.
Timespan 3 has the highest mass uncertainty of 0,141 m w. eq. m-2 per year.
Timespan

𝜺𝝆 [kg m-3]

𝝈𝒅𝒉 [m]

𝝁𝒅𝒉 [m]

𝒕 [yr]

𝒏

1
2
3
4

60
60
100
100

2,317
1,984
0,597
0.607

0,062
-1,567
0,497
-0,469

10,5
8
3
3

10,778
99,050
445,519
445,519

Table 5: Parameter values for mass uncertainty calculation
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𝜺∆𝑴 [m w.
eq. m-2 yr-1]
0,065
0,168
0,141
0,133

Discussion
The geodetically calculated mass balance is highest for the long timespans (timespan 1 and 2), and
smaller for the shorter timespans (timespan 3 and 4), see Table 6. Timespan 3 (2014-2017) is part of
timespan 2 (2011-2019), yet they have a difference in dM of 0,112 m w. eq. m-2 yr-1. According to the
field data, the summers of 2015 and 2016 were relatively warm, which might have resulted in the
lower mass increase for timespan 3 compared to timespan 2. Timespan 4 has a negative geodetic mass
balance, even though timespan 2, that overlaps a year, indicates a positive geodetic mass balance.
According to the field data, the summer of 2018 was relatively warm, which would make the mass
balance of timespan 4 more negative than that of timespan 3. Timespan 1 has the biggest increase in
mass compared to the other timespans. This is surprising because for this timespan the field data is
rather constant compared to timespan 2 and 3.
The difference between the field calculated mass change and the geodetically calculated mass change
seems far off for all timespans, but when calculated as yearly mass change there is a consistent
difference of 0,2285+-0,05 m w. eq. m-2 per year (Table 6). This means that the geodetic calculations
are typically resulting in a more positive mass balance than the field calculations.
Table 6: Mass change table based on kriged results

Timespan

1
2
3
4

Start
year
2005,5
2011
2014
2016

End
year
2016
2019
2017
2019

Geodetic dM
[m w eq yr-1]

Field dM
[m w eq yr-1]

0,255
0,203
0,091
-0,002

0,027
-0,082
-0,088
-0,223

dM difference
[m w eq yr-1]
0,229
0,285
0,179
0,221

Geodetic
uncertainty
[m w. eq.]
0,021
0,168
0,141
0,133

The uncertainty of the field mass balance calculations is difficult to determine exactly, but estimated
to be 0,1 - 0,2 m w. eq. m-2 yr-1, which is smaller than the dM difference between the geodetic and the
field-based mass balance calculations. Taking into account the uncertainty of the geodetic calculations,
it is possible that the difference between the geodetic and the field-based calculations is caused purely
to uncertainties. However, it is more likely that there are other factors playing a role as well.
A potential reason for the difference between the field and geodetic calculations could be that the
field measurement locations are not representative for the whole Etonbreen. Accumulation areas in
the southeast and south of Etonbreen are showing higher accumulation than areas at similar altitude
in the north, where the transect for the field measurements is (Figure 19). This means that the field
measurements do not capture the increased accumulation towards the south. However, the stake
transect also misses out on the high ablation values along the coast. Looking at an ablation and an
accumulation polygon for timespan 4 (2016-2019), the average ablation difference between the
geodetic and the field mass balances is -0,83. The average value of the accumulation polygon is 0,33.
Compensating for the difference in polygon size by multiplying the average accumulation and ablation
values with the polygon size, and dividing this by the Etonbreen size gives the contribution of the
ablation and accumulation areas to the total mass difference between the geodetic and field mass
calculations. The ablation area has a contribution of -0,10 m w. eq. m-2 per year to the mass difference.
The accumulation area has a contribution of 0,13 m w. eq. m-2 per year to the mass difference, thus
0,03 m w. eq. m-2 more than the ablation. This is about 13% of the difference between the geodetic
and the field mass balance calculations. The accumulation area in the south/southeast is therefore
only a small contributing factor to the difference in the mass balances.
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Figure 19: The difference between the geodetic and the field mass balances for Timespan 4 (2016-2019)

Another potential explanation for the difference between the geodetic and the field mass balance
calculation is the rebound of Svalbard. The big mass of ice on Svalbard during the last ice age pressed
the land down. After the ice age the decrease of ice causes a rebound of the land. For whole Svalbard,
this rebound is estimated to be on average of 5mm per year (Sato et al., 2006). However, the surge of
Basin 3 is causing a fast removal of mass and therefore the rebound of Basin 3 is expected to be more
than 5 mm per year. This will cause some increased rebound on Etonbreen as well. The rebound is
measured by the geodetic measurements as a difference in elevation, but not changing the field
measurements. It therefore contributes for an increase of 5-7 mm per year to the geodetic elevation
change, equaling 0,004-0,006 m w. eq. m-2 per year. This is only ~2% of the difference between the
geodetic and the field calculations.
The main explanation for the difference between the geodetic and the field mass balance calculation
could be the refreezing of meltwater in deeper firn layers. The field-based mass balance is only
measuring the surface layer of the glacier. Melting in this layer is assumed to leave the glacier as runoff
water. It is however possible that this water refreezes in deeper firn layers and forms ice. The geodetic
mass balance takes this into account with the averaged density for the whole glacier (instead of the
density for only the surface layer). This causes a more negative mass balance for the surface mass
balance compared to the geodetic mass balance.
For timespan 1, the geodetic mass balance is calculated as well using hypsometry because the ICESat1 data is not covering the whole Etonbreen. The total mass change for timespan 1 using hypsometry is
0,982 m w. eq. m-2, which is 0,094 m w. eq. m-2 per year. This is about 63% smaller than the kriged
geodetic mass change for this timespan. In contrast to the field data, this hypsometric approach takes
into account points in the southern accumulation area. Since the ICESat-1 data is covering the
accumulation area better than the ablation area, there is a bias in the kriging and the hypsometric
calculation might for this timespan offer a more reliable result. Using the hypsometric calculated value
for timespan 1, the mass change rate is similar to that of timespan 3.
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The high ablation rates at the southwest front for timespan 3 and 4 could be explained by the
appearance of crevasses in those zones. As is visible in Figure 20, the mass change follows the
crevassed zone, meaning that crevasses cause the ice to melt quicker. This is likely due to the increased
surface contact that air or water can have when the glacier is crevassed. Enhanced energy absorption
by crevasses due to their lower albedo (Pfeffer & Bretherton, 1987) plays also a role, just as their
geometry that prevents cooling of subsurface layers. Lastly, (melt)water runoff through and
underneath the crevasses causes the glacier to move downwards at higher velocity (Sergienko &
Macayeal, 2005). Timespan 1 and 2 do not show this pattern, because they have earlier starting years,
in which the glacier front was about 1400 meter more west and with that the crevassed zone was also
located more west than its current location. The field measurements are not capturing the increased
mass losses in crevasse zones since for safety reasons no measurements are taken in crevassed areas.
If the field-based mass balance would take this into account, the field-calculated mass balance would
be more negative (and the difference between the geodetic and the field calculations would be bigger).

Figure 20: Crevasse effect on mass change

Uncertainties in the glacier basin are related to not knowing exactly up to what extend the ice cap
contributes to the ice flow of Etonbreen. The surge of Basin 3 shows that the extent of the Etonbreen
basin is also variable. The glacier front is changing every year as well, retreating in the case of
Etonbreen. For simplification of the calculations, the most recent documented glacier front is taken as
the western border (2019, the last year of the used datasets). This means that mass change from
before 2019 occurring further west from this frontline is neglected. For the field measurements, there
is in the calculation of this thesis not accounted for ice moving out of the 2019 western border. The
geodetic balance however accounts for the ice-flow out of the border. This results in a slightly more
positive mass balance for the field-based balance compared to the geodetic mass balance. Since the
ice-flow velocities for Etonbreen are generally under 10 meter per year, the effect of ice-flow out of
the system is minor.
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The minimal ablation and the maximum accumulation values for the mass balances are more extreme
for the geodetically calculated mass balance than for the field calculated mass balance (see Figure 19).
The range of yearly mass change for the field calculated mass balance is from around -0,7 (in 2 big
melting years it went down to -2,0) up to 1,6 m w. eq. m-2, whereas the range of the yearly mass change
for the geodetically calculated data is from about -6,7 up to 7 m .w. eq.. This is potentially partly due
to some small local errors in the geodetic data that are difficult to filter out. Another part of the
explanation could be that the coverage of the geodetic data is better than that of the field data, and
therefore better able to measure local extremes.
The used density is a big contributor to the total uncertainty of the geodetic mass balance. For the field
calculations, the measured density is used. For the geodetic calculations, a density of 850 kg/m 3 is
used. Density is not a constant factor over time due to snowfall, compaction of snow to firn and firn to
ice (Huss, 2013). The high difference in uncertainty between timespan 1 and timespan 3 and 4 is partly
due to the density uncertainty. The average density is more stable over longer timespans. Timespan 1,
a period of 10.5 years, has therefore a much lower density uncertainty than timespans 3 and 4 (both
a period of 3 years), respectively the density uncertainty is 60 kg m3 and 100 kg m3.
The high difference in uncertainty between timespan 1 and timespans 3 and 4 is partly due to the
difference in density uncertainty as described above, but also due to the difference in the length of the
timespan. All errors are divided by the length of the timespan, so short timespans have higher
uncertainties than long timespans.
The positive mass balance of Etonbreen is surprising in the current time of climate change, with rapid
glacier shrinkage and Svalbard being one of the fastest warming regions on Earth (Nordli et al., 2014).
A reason for the mass increase of Etonbreen could be the melting of sea-ice, producing a local increase
in precipitation and thus causing higher accumulation values (Raper et al., 2005).However, the
fieldwork data shows no trend of an accumulation increase over the years, so this process probably
plays over a longer timespan or happened before the field measurements started.
The past has shown that Etonbreen is a surge glacier, meaning it accumulates mass over a long time
span (~100-200 years), and then starts moving at a fast pace downwards during a short (~5-10 year)
surge period, transporting a lot of mass to the sea. The last surge of Etonbreen was around 1938
(Schomacker et al. 2019). At this moment, Etonbreen is in an accumulation phase, while for example
the glacier right next to it (Basin 3), is in a surge period and rapidly losing mass (Schellenberget et al.,
2017).
All geodetic uncertainties are smaller than the dM differences between the field and geodetic
calculations, indicating a consistent under-estimation of the mass balance calculated by the field data.
Comparing the field-based mass balance with geodetically calculated mass balances is useful to
determine the bias of the field-calculated mass balance over multiple-year periods.
The great advantage of a field-based mass balance over a geodetic analysis is that it is possible to
calculate the yearly mass balance and see yearly trends, whereas for the geodetic mass balance the
uncertainties are becoming too big when calculating a yearly balance. Knowing there is a consistent
under-estimation of the field-based mass balance, it is important for the Etonbreen mass balance
project to find out why. Improvements of the field calculation could be made by adding a transect to
the field measurements to have a better spatial coverage of Etonbreen. Thermistor strings that
measure the temperature up to 50 centimeter depth can be used to quantify the effect of refreezing
meltwater. This effect could then be compensated for in the field-based mass balance calculation.
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In general, this research highlights the importance of a complete and representative coverage of the
field data. It also shows the value of comparing the field-based mass balance with the geodetic mass
balance. Lastly, this research shows the urge for an ongoing mass balance program, as for Etonbreen
the last timespan (2016-2019) might indicate the start of a period in which the glacier is not able to
keep up with climate change.
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Conclusion
The geodetic calculated mass balance indicates a mass gain of the Etonbreen for three used timespans
in the period of 2005 to 2016. Timespan 1 (2005-2006) has an average yearly mass gain of 0,255 m w.
eq. m-2. Timespan 2 (2011-2019) has an average yearly mass gain of 0,203 m w. eq. m-2. Timespan 3
has an average yearly mass gain of m w. eq. m-2. The most recent timespan, covering 2016-2019,
indicates a slight mass loss of 0,002 m w. eq. m-2 per year.
The yearly geodetically calculated mass change is consistently about 0,2285 m w. eq. m-2 per year
higher than the field calculated mass balance. The associated uncertainties for the geodetic
calculations show a small uncertainty for timespan 1 (0,065 m w. eq. m-2 yr-1), whereas the
uncertainties are bigger for timespan 2 (0,168 m w. eq. m-2 yr-1), timespan 3 (0,141 m w. eq. m-2 yr-1)
and timespan 4 (0,133 m w. eq. m-2 yr-1). This is mainly caused by the difference in period length: a
longer period decreases the overall uncertainty and the density uncertainty. For all timespans, the
mass change uncertainty for the geodetically calculated mass balance is smaller than the difference
between the geodetic and the field mass balance change.
Part of the explanation for the difference between the geodetic and the field calculated mass balance
is the refreezing of meltwater. In the field-based calculations, all measured melt is assumed to be lost.
In the geodetic calculations, refreezing is taken into account in the density assumption. For a small
extend, the difference between the field and geodetic mass balances could be explained as well by an
accumulation area south of the field transect. This means the field measurements are not
representative for the whole Etonbreen. The rebound of Svalbard after the last Ice Age is a small factor
that causes a slight overestimation of the geodetic mass balance.
The Arctic is heating almost twice as fast as other regions on Earth, which makes the positive mass
balance of Etonbreen remarkable. History showed that Etonbreen is a surge glacier that surged about
82 years ago. The glacier is now in its accumulation phase. For timespans 1, 2 and 3 Etonbreen
managed to keep up with climate change and still accumulate mass. However, the most recent
timespan 4 shows a decrease in mass and therefore climate change is becoming a stronger process
than the accumulation of the surge cycle. Global extension of mass balance series is important to see
trends and stay updated on the influence of glacier’s contributions to the global sea level rise.

Recommendations
To improve the representability of the field measurements for Etonbreen as a whole, it would be useful
to perform one transect to the southeast (Figure 21) in addition to the already existing transect. The
mass balance could then be calculated using the original and the new transect. This second transect
could be used as well to analyze the effect of the southern accumulation area on the mass balance.
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Figure 21: Existing and proposed transect

To quantify the contribution of meltwater refreeze on the difference between the geodetic and the
field mass balance calculations, it would be useful to analyze the snowpack up to about 15 meter
depth. There are already two thermistor strings installed on Etonbreen, that measure the temperature
every 50 centimeter up to 15 meter depth. This data can indicate how much meltwater refreezes
(Marchenko et al., 2017).
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Annexes
Annex 1: Update of Etonbreen polygon
The new outline of Etonbreen is designed taking the aspect, velocity, bedrock and basins (derived from
the aspect) into account (Figure 22). The difference in mean elevation change between 2014 and 2017
for the old and the new outline is 1,52 meter, which is the effect of the surge (Figure 23).

Figure 22: Etonbreen outline design parameters
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Figure 23: Elevation difference old/new outline
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