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Abstract: Traditional glaciological mass balance measurements of mountain glaciers are a
demanding and cost intensive task. In this study, we combine data from the Ice Cloud and
Elevation Satellite (ICESat) acquired between 2003 and 2009 with air and space borne
Digital Elevation Models (DEMSs) in order to derive surface elevation changes of the
Grosser Aletschgletscher in the Swiss Alps. Three different areas of the glacier are covered
by one nominal ICESat track, allowing us to investigate the performance of the approach
under different conditions in terms of ICESat data coverage, and surface characteristics. In
order to test the sensitivity of the derived trend in surface lowering, several variables were
tested. Employing correction for perennial snow accumulation, footprint selection and
adequate reference DEM, we estimated a mean mass balance of —0.92 +0.18 m w.e. a .
for the whole glacier in the studied time period. The resulting mass balance was validated
by a comparison with another geodetic approach based on the subtraction of two DEMs for
the years 1999 and 2009. It appears that the processing parameters need to be selected
depending on the amount of available ICESat measurements, quality of the elevation
reference and character of the glacier surface.
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1. Introduction

Worldwide rapid retreat of mountain glaciers has been reported by numerous authors for the past
few decades (e.g., [1,2]). Glacier fluctuations are regarded as a good indicator for climate variability.
This holds true especially for changes in ice volume rather than in glacier extent as glacier area
changes tend to show a delayed signal to a changing climate [3]. Precise estimates of glacier volume
changes are still challenging and, especially for inaccessible mountain glaciers, remote sensing is a
promising data source. In this study, we used data from the Ice Cloud and Elevation Satellite (ICESat)
to derive surface elevation changes and volume changes of the Grosser Aletschgletscher in the Swiss
Alps. This is the first time that ICESat data was used to estimate changes in geometry of a glacier in
the European Alps.

The ICESat mission, which was primarily dedicated for the observation of polar ice sheets, provides
precise elevation measurements along nadir tracks acquired between 2003 and 2009. The major
obstacle in deriving a time series of elevation changes between consecutive ICESat tracks is that the
individual repeated tracks do not match exactly but can be horizontally separated by several hundred
meters. This is especially the case in mid-latitudes between 59<5 and 59N for which ICESat’s
precision spacecraft pointing control was not used [4]. In order to circumvent this problem, several
methods have been developed lately, however they have mostly been of value for the large polar ice
sheets and ice caps [5-9]. Compared to mid-latitude mountain glaciers, polar ice sheets and ice caps
feature an enormous size, good data coverage in terms of satellite orbits, and relatively homogeneous
surface characteristics and slope. Due to these characteristics, several methods of analysis exist. One
method makes use of crossover points between ascending and descending satellite tracks (e.g., [10]).
This method yields accurate results at the cost of sample density. However, the number of crossovers
decreases as the distance to the equator decreases and no crossovers exist over the Grosser
Aletschgletscher. Another method compares overlapping repeat tracks by projecting a younger profile
onto an older one [6,7]. For this method, the tracks must be spatially close which is a limiting factor
for the amount of available data. A third method uses the average slope derived from neighboring
ICESat tracks in pre-defined boxes (e.g., [5,7]) to account for the cross-track slope. This method is
restricted to a relatively gentle and homogeneous surface structure and is therefore not suitable for the
mountainous topography in our study area. However, three recent studies proved the suitability of
ICESat data in also deriving elevation changes for mountain glaciers [11-13]. Similar to them, we used
a DEM as reference surface on which we compare the acquired ICESat data. In these studies [11-13],
ICESat measurements are integrated over a large number of glaciers of different orientation and
elevation in order to derive a statistically valid region wide mass balance estimate. Although slightly
different approaches were applied by these authors, the results in the overlapping areas are in good
agreement. In contrast to these studies, we aim at the derivation of detailed elevation changes for a
single mountain glacier. Therefore, in this study, several data processing approaches and various
reference DEMs were investigated in terms of their influence on the derived trend in elevation change
and on the resulting mass balance. A number of ICESat footprints were re-measured by DGPS and
serve as ground truth for the derived surface elevation changes.
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2. Study Area and Data
2.1. Study Area

The Grosser Aletschgletscher located in the Bernese Alps in the central part of Switzerland is the
longest (22.6 km) and largest (83.0 km?) glacier in the Swiss Alps (Figure 1) [14]. It features a rich
archive of glaciological records and climate data dating back to 1841 when the first ablation
measurements on this glacier were carried out [15]. The accumulation area, which is located on the
southern slopes of the main mountain range, is marked by the two prominent summits of Jungfrau and
Mdnch. The main tongue is formed by the confluence of three tributaries (Grosser Aletschfirn,
Jungfraufirn and Ewig Schneefeld) at the so-called Konkordiaplatz. The Grosser Aletschgletscher
reaches an ice thickness of 890 m in its central part [16]. The glacier has been losing volume since the
Little Ice Age [14] with a considerably increased speed since the late 1980s [14,17]. Its mean annual
mass balance in the period from 1880-1999 has been estimated as —0.42 mw.e. a - which corresponds
to more than 50 m mean thickness loss [14]. A mass balance monitoring program was set up in the
1960s in the framework of a hydropower project but the data was too sparse to obtain an area-averaged
mass balance [18]. Point based surface mass balance has been measured on one site in the
accumulation area at the Jungfernfirn since 1920 [18].

Figure 1. Ground tracks of ICESat cross the surface of Grosser Aletschgletscher in three
separate places: Ewig Schneefeld (A1), Konkordiaplatz (A2) and the lower part close to the
terminus (A3). ICESat measurements on the glacier are highlighted in violet. Outlines of
the DEMs with only partial coverage of the area are in yellow. The points used as ground
control for the airphoto DEMs are shown as black crosses. In the background is a Landsat
TM image from 28 August 2011.
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2.2. Data
2.2.1. ICESat/GLASS Data

NASA’s Ice Cloud and Elevation Satellite (ICESat) mission provides accurate along-track elevation
measurements derived from the two-way travel time of the emitted laser pulse. Measurements are
acquired in nadir every 172 m with a footprint diameter of 70 m [19]. The instrument was operational
in the period 2003-2009. The launch of ICESat-2 with an improved instrument is planned for early
2016 [20]. Data acquisitions were carried out every 3—6 months during 18 one-month campaigns. In
the ideal case of no cloud cover, each campaign typically resulted in one repeat-pass track for a
nominal track. In this study, we used the ICESat/GLAS product L2 Global Land Surface Altimetry
Data, release 33 [21] denoted as GLA14, provided by the National Snow & Ice Data Center (NSIDC).
It contains information on land surface elevation, geolocation, reflectance as well as geodetic
atmospheric and instrument corrections.

The Grosser Aletschgletscher is crossed by one nominal ICESat track which yields 14 ground
tracks out of which one track provides only sparse measurements. The ground tracks run parallel in a
stripe of 1.37 km width and cross the glacier in three separate areas (Figure 2). The first area with a
mean elevation of 3400 m a.s.l. called Ewig Schneefeld, denoted here as Al, belongs to the
accumulation area of the glacier. The second area (A2) which is located in the relative flat glacier
confluence called Konkordiaplatz belongs to the ablation area of the glacier. This area with a mean
elevation of 2800 m a.s.l. is crossed by a number of crevasses and by distinct medial moraines. The
third area (A3) is located close to the terminus at a mean elevation of 2100 m a.s.l., some 1600 meters
lower than the highest ICESat measurements of area Al. These three areas (Al, A2 and A3) which
represent different units in terms of slope, surface roughness and glacier dynamics were treated separately.

Figure 2. Terrain slope at ICESat points in the three areas Al (a), A2 (b) and A3 (c) on the
Grosser Aletschgletscher. Red crosses indicate canceled points with erroneous elevations
due to cloud cover. Glacier outlines are from the Global Land Ice Measurements from
Space (GLIMS) dataset. The red squares mark the points for which the waveforms are
shown in below.
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2.2.2. SRTM DEM

The Shuttle Radar Topography Mission (SRTM) conducted during 11 days in February 2000
provided data for two high resolution digital elevation models [22,23] acquired at C- and X-band. The
data was interferometrically processed by the National Aeronautics and Space Administration (NASA)
and the German Aerospace Center (DLR), respectively. The homogeneous freely available DEMs
cover the entire land mass of the Earth between latitudes 60N and 57S. However, the SRTM-X DEM
was acquired with a swath width of 45 km leading to larger data gaps [22]. Due to the gaps between
the acquisition stripes, the SRTM-X DEM is only available for area A3. In this study, we use the
SRTM-C DEM version 3 which is available via the U.S. Geological Survey (USGS) with a grid
posting of three arc seconds and the SRTM-X DEM which is available via the German Aerospace
Center (DLR) with a grid posting of one arc second. The vertical accuracy of the SRTM-C DEM as
specified in the mission requirements is =16 m at 90% confidence [22]. It has been repeatedly
confirmed that these requirements were met [24-26]. A mean and standard deviation of 0.60 £3.46 m
between ICESat and SRTM C elevations were found by [27] in a low relief area with sparse tree cover
in the Western United States. However, Gorokhovich and Voustianiouk [26] showed that the error of
the SRTM values have a strong correlation with slope and aspect, particularly for slope values >10<

Figure 3. The area A2 (Konkordiaplatz) on different DEMs shown as shaded relief.
(a) The SRTM-C DEM features a smooth surface with little detail. Artifacts are clearly
visible on the glacier surface in the case of the ASTER GDEM (b) while the Airphoto
DEM (c) has a smooth surface with a distinct medial moraine.

2.2.3. ASTER GDEM

The Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation
Model (ASTER GDEM) covers the land mass of the World between 83N and 83<S with a resolution
of 30 m. It was produced by feature matching techniques using optical stereo-pairs acquired by
nadir- and backward-looking infrared cameras of the ASTER instrument onboard the Terra Satellite
between 2000 and 2010. Multiple stereo pairs were processed for each point. The vertical accuracy is a
function of the number of used stereo pairs and is specified as 17 m at the 95% confidence level [28].
For the Grosser Aletschgletscher, between four and 19 stereo-images were employed. A visual
comparison of a shaded relief calculated from GDEM version 2 with high resolution DEMs revealed
that the GDEM over Grosser Aletschgletscher contains a high level of noise (Figure 3) which
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corresponds to the findings of [29]. To account for the noise, we used a smoothed version obtained by
a5 x5 low pass filter besides the original dataset.

2.2.4. Airphoto DEM

Two DEMs were derived from aerial photographs from 2009 and 1999 [14] by means of digital
stereo-photogrammetry whereas the former was used further as an elevation reference for the ICESat
data processing. A two-phase procedure with automatic terrain extraction and manual post-processing
for blunder elimination was applied. As a ground control, 50 permanently marked geodetic points were
used (Figure 1). The resulting DEMs cover the glacier and its immediate surroundings and have a
spatial resolution of 25 m. The expected accuracy is in the order of <0.3 m which was confirmed by a
cross validation using independent check points outside the glacier.

2.2.5. Glacier Outlines

Glacier outlines from 1998 are available via the Global Land Ice Measurements from Space
(GLIMS) database [30] and were used for the selection of ICESat footprints on the glacier. The glacier
outline was provided to GLIMS by F. Paul who used a band ratio of Landsat Thematic Mapper data for
the delineation of the ice body.

3. Methods

To ensure that the ICESat elevation measurements are comparable between the non-identical tracks
on the tilted and irregular shaped glacier surface, this method, similarly to [11-13], makes use of a
static elevation reference. Therefore, the surface elevation for each ICESat point was extracted from
existing DEM data using bilinear interpolation of the four closest cells in the DEM following [25]. The
elevation difference between both datasets (ICESat-DEM) is further denoted as AH.

First of all, the DEMs had to be checked for horizontal shifts with respect to the ICESat profiles.
Following [31], all values of AH in off-glacier regions were normalized by the local slope inclination
and were plotted against the terrain aspect. The horizontal shift was estimated by the amplitude of a
fitted sinusoid and then removed by an adjustment of the reference coordinates of the DEMs (Table 1).
The Airphoto DEM did not provide enough AH values for the fitting as it is limited mainly to the
glacier area. Its shift with respect to the ICESat measurements could be derived by calculating the
displacement between the Airphoto DEM and the adjusted SRTM-C DEM (Table 1).

Table 1. Horizontal shifts of the reference DEMs with respect to the ICESat measurements
which had to be removed before the extraction of AH values.

DEM Horizontal Shift (m) Azimuth of the Shift (deg.)
SRTM-C 70.8 124.2
SRTM-X 40.0 72.1
Airphoto DEM 55.1 -106.3

ASTER GDEM 17.1 200.6
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Figure 4. Waveforms of ICESat pulses recorded on 24 October 2003 over (a) flat glacier
surface in Al (slope = 1.7, (b) steeper glacier surface (slope = 14.99, (c) rough glacier
surface marked by a number of crevasses that form between Ewig Schneefeld and
Konkordiaplatz and (d) steep off-glacier slope south of Konkordiaplatz. The raw waveform is
in red and the fit is in blue. One hundred ns corresponds to 15.1 m of the elevation difference.
Positions of the points labeled as W1, W2, W3 and W4, respectively, are shown in Figure 2.
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Since the ICESat data is referenced to the TOPEX/Poseidon ellipsoid [19], the ICESat
measurements were converted to WGS-84 heights following [32,33]. In the next step, the ellipsoidal
elevations were recalculated to heights above the EGM2008 geoid using information on geoidal
heights contained in the GLA14 records. Then, the ICESat points were filtered based on the distance to
the reference DEM. The threshold of 100 m appears to effectively sort out all measurements affected
by clouds. In order to sort out short tracks with too high variation of AH which can provide no
meaningful elevation information, a threshold for the in-track standard deviation of AH was set to
20 m. Since the vertical error of ICESat elevations increases with the incidence angle between the laser
vector and the surface normal [27,34], an upper limit of terrain slope of 10°suggested by [34] was
applied to account for the effect of the inaccuracy induced by the Gaussian fitting of the wide
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waveforms (see Figure 4b). Further, the effect of the slope threshold on the resultant trend was
investigated. The effect of terrain slope and surface roughness is illustrated by waveforms recorded
over different surfaces (Figure 4). Furthermore, the impact of smoothing of the AH values along the
track and the elimination of outliers on the derived surface lowering trend was explored. Outliers were
replaced by the average of two neighboring values, and for the smoothing, a running mean was
applied. To exclude the influence of a systematic bias in the ICESat data (differences between the
lasers used during different ICESat campaigns, instrument drift, etc.), off-glacier measurements from
the surrounding area were checked for a possible trend.

In order to estimate trends in surface elevation change, assuming a linear trend of surface lowering
of the glacier, a linear function was fitted through all AH values per ICESat track and area. This way,
the trend is independent of the absolute elevation of the reference. The statistical significance of the
estimated trends was checked with an f-test and the error of the regression was shown by its standard
deviation. Irregularities in glacier surface changes caused by variation in albedo, debris cover and glacier
flow together with processing artifacts of the DEM introduce a noise to the derived values of AH.
However, the variation of AH along the tracks can also indicate the quality of the reference data set. A low
variation indicates a good match between the ICESat profiles and their vertical projection on the DEM.
Various DEMs were used as a reference and were compared in terms of variation of AH for all three areas.

Seasonal snow cover introduces a variation into the time series of glacier elevations measured by
ICESat. For testing of the snow pack correction of ICESat elevations, we used snow depths for days of
ICESat flyovers measured at Eggishorn Station (2495 m a.s.l.) which is located 1.7 km to the SE from
the lower part of the glacier (Figure 1). The multi-seasonal ICESat measurements were corrected for snow
pack depth by subtraction of the snow depth measured at the station. The resulting trend was compared to
the trend derived from measurements acquired after the ablation period (i.e., autumn trends).

4. Results
4.1. Trends in the Surface Lowering

The surface lowering of the Grosser Aletschgletscher observed from ICESat elevations appears to
be nearly zero in the accumulation area (A1) (Figure 5). The lowering in the upper part of the ablation
area (A2) is 2.2 m/a and it increases towards the terminus (area A3) where it approximately doubles
(Table 2). This is a common pattern observed at alpine glaciers in the last decade [14,18]. The analysis
of AH for the surrounding area not covered by the glacier did not produce any statistically significant
trend (Figure 6), which is in an agreement with [11-13], and it confirms that the use of different lasers
for the ICESat campaigns or a possible instrument drift did not affect the trends extracted on the glacier.

In area A1, no elevation changes could be detected by ICESat because the derived low trends are
not statistically significant (Table 2). The in-track variation in AH over this area appears to be high.
The application of a slope threshold of 5<led to a strong reduction of measurements (Figure 5). The
best results in terms of AH variations are achieved when using the Airphoto DEM. When comparing the
two global DEMs, the SRTM DEM outperforms the ASTER GDEM which confirms the superiority of
the INSAR technique in snow covered areas due to a lack of features for stereo-processing.
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Table 2. Mean surface lowering for areas Al, A2 and A3 using different DEMs as
elevation reference. The snow pack correction and the threshold of the terrain slope were
applied. F-values in italics indicate a statistically non-significant trend.

Mean Surface Canceled Canceled
. Mean o of AH . .
Elevation Reference Area Lowering f-Value Points Tracks
AH(m)  (m)
(m/a) (%) (No)

SRTM-C Al 8.1 4.7 -0.2 +£0.32 0.41 55.8 1
ASTER GDEM original Al -13.4 12.9 0.2 +1.05 0.02 76.1 2
ASTER GDEM smoothed Al -12.7 10.2 0.1 +0.67 0.04 58.9 1
Airphoto DEM Al 55 3.9 —0.0 +0.30 0.02 54.3 1
SRTM-C A2 -6.1 2.8 —2.5+0.13 380.6 14.9 1
ASTER GDEM original A2 -3.8 4.2 -2.2+0.20 125.9 33.2 1
ASTER GDEM smoothed A2 -3.3 35 -2.1+0.15 183.8 15.9 1
Airphoto DEM A2 10.7 19 —2.6 0.10 759.8 16.8 1
DGPS A2 15.0 0.9 —2.6 +0.08 788.5 7.5 1
SRTM-C A3 —25.6 4.4 -5.1+0.35 209.06 28.2 2
ASTER GDEM original A3 —-18.2 4.6 -4.3 £0.52 68.32 56.4 2
ASTER GDEM smoothed A3 -17.1 4 -5.1+0.34 217.44 30.8 2
Airphoto DEM A3 17 3.8 -3.3+0.36 84.77 39.7 2
SRTM-X A3 —22.6 4.4 -5.3+0.39 189.23 33.3 2

Figure 5. Linear trend of the surface lowering in area Al fitted through multi-seasonal
ICESat data. Snow corrections and a threshold for the local terrain slope of 10°(above) and
5<(below) were applied to reduce the high in-track variation of AH.
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The trend in surface lowering derived for A2 (Figure 6) based on the Airphoto DEM (2.6 +0.10 m/a)
is equal to the one based on the DGPS measurements (Table 2). Very similar results were also
achieved using the SRTM-C DEM. The trends derived using the ASTER GDEM slightly
underestimate the rates of the surface lowering. The smoothing reduces the variation of AH but does
not affect the trend significantly. The estimation of surface lowering in this area benefits from long
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intersections of ICESat tracks with the glacier surface (Figure 2). The smooth surface topography leads
generally to a relatively low variation of AH (Figure 6).

Figure 6. Linear trend of the surface lowering in area A2 fitted through multi-seasonal
ICESat data using the Airphoto DEM as elevation reference. A terrain slope threshold of
10°and snow pack corrections were applied. Values of mean AH for off-glacier area
(in grey) do not show a statistically significant trend.
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The use of the DEMs provided by space borne platforms led to similar results in case of A3. Both,
the trend and the variations in AH are almost identical when comparing the SRTM-X DEM with the
SRTM-C DEM. Nevertheless, they differ from the results which use the Airphoto DEM as elevation
reference (—3.3 £0.36) (Figure 7). This difference is probably due to changes of the surface geometry
between different acquisition dates taking into account the high dynamics of the retreating glacier
terminus. A number of ICESat measurements acquired in winter were sorted out due to erroneous
elevations caused by the presence of low clouds (Figure 2).

Figure 7. Linear trend of the surface lowering in area A3 fitted through multi-seasonal
ICESat data using the Airphoto DEM as elevation reference. A terrain slope threshold of
10<and snow pack corrections were applied.
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It appeared that different approaches in data processing of the ICESat data as listed in Table 3 have
only a limited effect on the resulting mass balance. The difference is in all cases within 6% (Table 3).
When looking at the differences in surface lowering (Table 3), it can be seen that the listed processing
approaches affects also the error ranges and the statistical significance. For instance, the application of
the slope threshold of 10<has little effect on the surface lowering but it leads to an increase of the
statistical significance of the trend and to a narrowing of the error range in A2. In this area, this
threshold leads to cancelation of the points over the highly dynamic inflow of Ewig Schneefeld, where
the surface velocity reaches 90 cm/day [35] which is likely the reason for this improvement. A weak
contrary effect can be observed for A3. In Al, the f-value more than doubles but the trend
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remains non-significant. The correction for snow pack depth using the in-situ data results in an
increase in the statistical significance of the derived trend in surface lowering for A2. The effect is less
strong in A3. The trend in both A2 and A3 stays almost unaffected. Finally, the selection of autumn
measurements led to a change in trend of 18.9% in A3 resulting in a trend value of 2.6 m/a, which
diverges substantially from the value obtained by the DEM subtraction. This is connected to a high
increase in the error range and a substantial decrease in the statistical significance. Only small changes
were observed for area A2 in which the flat surface and abundance of measurements ensure a robust
result. The high variations in Al between the tested approaches are caused by the fluctuation of
the non-significant trend near zero. The results for A1 were shown for completeness. The smoothing of
the AH values along the tracks did not significantly affect the trend in both regions, A2 and A3.
However, its effect on the error ranges and the statistical significance is contradictory.

Table 3. The effect of various approaches in the processing of ICESat data on the trend in
AH, the error range, the statistical significance and the resulting mass balance are
expressed in percentages. The calculation is based on the Airphoto DEM for 2009.

Tested Change Area Surface Lowering Sigma f-Value Mass Balance
Al 50.0% 0.0% 120.5%
threshold for terrain slope 10 A2 3.2% —30.8% 119.7% 1.74%
A3 0.0% 9.1% -15.1%
Al -15.7% 2.6% -33.3%
snow pack correction A2 -1.9% 22.2% -33.7% 0.44%
A3 3.0% 5.6% -5.3%
. Al —70.6% 34.2% —95.2%
selection of autumn
A2 6.8% 7.7% 0.3% -5.8%
measurements
A3 —18.9% 63.6% —75.4%
Al 58.8% -15.8% 237.3%
smoothing of AH profiles A2 —0.4% —23.1% 71.0% -4.8%
A3 0.9% 60.6% -59.1%

4.2. Estimation of Mass Balance

Since no surface lowering was detected for the accumulation area, the interpolation of the trend was
limited entirely to the ablation area using solely the surface lowering tends in the areas A2 and A3. The
trend was interpolated in elevation bands of 100 m by piecewise linear interpolation in an altitude
range from 1800 to 3000 m a.s.l., the upper one being an approximate position of the equilibrium line.
The volume change was then obtained by multiplication of these trends by the area delimited by the
elevation range of each band and summing up of the products. The volume to mass conversion was then
calculated assuming an ice density of 850 %60 kg-m > following [36]. The utilization of the Airphoto DEM
as elevation reference produced a total mass balance of —0.92 +0.18 m w.e. a ' using the snow corrected
multi-seasonal data and a slope threshold of 10< The use of the different DEMs resulted in a range of
mass balances from —0.90 +0.17 m to —1.04 +0.19 m w.e. a * (Table 4). The error of the mass balance
was quantified as a combination of the following contributions: error of derived trends, uncertainty of
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the glacier outlines and the error of the ice density. Following [11,12], the accuracy of the glacier area
delimited by the GLIMS outlines was estimated to be 10%.

Table 4. Mass balance of the Grosser Aletschgletscher estimated from ICESat
measurements for the period 2003-2009 using different DEMs as elevation reference and
from the subtraction of the DEMs for the years 1999 and 2009.

DEM Mass Balance (m w.e. a™)
Airphoto DEM —0.92 £0.18
SRTM-C —-1.04 +£0.19
GDEM ASTER original -0.90 +0.17
GDEM ASTER smoothed —0.94 £0.18
subtraction of DEMs -1.02 £0.34

4.3. Validation

In order to get a high accuracy elevation reference for comparison with the DEMs, elevations of
ICESat footprints were measured in-situ by Differential Global Positioning System (DGPS) during a
four day field campaign in July 2012. Elevations of 57% of the footprint center points in area A2 were
obtained in static mode with a relative accuracy in the order of centimeters. To provide a comparison
with the DEMs, the DGPS measurements were used as clevation reference and values of AH were
calculated for each point. The resulting surface lowering (Table 2) is almost identical to the surface
lowering obtained when using the Airphoto DEM. The AH has considerably lower standard deviation
in comparison to the use of all the DEMs. This shows that an analysis of ICESat data of flat areas well
sampled by ICESat measurements leads to a highly accurate result when using a good quality DEM.

To validate the calculated mass balance, we applied another geodetic method based on the
subtraction of two DEMSs produced by aerial stereo-photogrammetry. For this purpose, the Airphoto
DEMs for the years 2009 and 1999 were co-registered, re-sampled to the same spatial resolution (25 m)
and subtracted from each other under the mask for the whole glacier area. The obtained volume was
converted to mass balance using again the assumption about the ice density of 850 +60 kg-m™>. The
thickness change was then calculated in elevation bands of 100 m and plotted against elevation
(Figure 8). This plot shows a non-linearity between surface lowering and altitude around 2200 m a.s.l.
This non-linearity is not captured by the ICESat data due to the gaps in data coverage along the
elevation range. Another non-linearity occurs in the accumulation area which could be due to
difficulties of optical stereoscopy over snow covered areas. The error estimation of the DEM
subtraction employed the uncertainty of the elevation difference of the two DEMs, error of the ice
density and the uncertainty of the glacier outlines. The uncertainty of the elevation difference of the
two DEMs was calculated after [37] using statistics of an off-glacier area calculated from each 20th
pixel in the sample in order to account for the autocorrelation inherent to the stereoscopically derived
DEMs. The resulting mass balance (-1.02 +0.34 m w.e. a %) is in a good agreement with the values
calculated from the ICESat measurements using different DEMs (Table 4). The lowest and highest
difference is for the SRTM-C (2%) and GDEM ASTER without smoothing (12%), respectively. It
should be noted that the two above mentioned nonlinearities which divert from the lowering rates
derived from ICESat measurements compensate each other which contributes to this good agreement.
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It also has to be noted that different methods of mass balance estimation do not lead to identical results
and that great care has to be taken when comparing them [38].

Figure 8. Glacier hypsometry (upper panel) and surface lowering in elevation bands of 100 m
derived from the subtraction of two Airphoto DEMs (black line) and surface lowering from
ICESat measurements using the Airphoto DEM (red), SRTM-C DEM (green), the ASTER
GDEM original (blue) and the ASTER GDEM smoothed version (magenta) as elevation
reference and from SIMU-Laser (wellow) . The subtraction of the two DEMs and the
ICESat measurements cover slightly different periods: 1999-2009 and 2003-2009,
respectively. The elevation ranges covered with the ICESat data (Al, A2 and A3) are
marked by horizontal lines in the lower part of the image.
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Further, we checked the representativeness of the sparse ICESat sampling distribution using
simu-laser approach proposed by [39]. The simu-laser elevation changes were extracted at the
locations of the ICESat footprints in the areas A2 and A3 from the difference image calculated from
the two airphoto DEMs. These differences were averaged over the studied areas to obtain surface
lowering (Figure 8). These values were then converted to mass balance applying the same method as
for the ICESat measurements. The resulting mass balance 0.81 m w.e. a* is only 3% higher with
respect to the subtraction of the two DEMs if this subtraction is limited to the ablation area. The
resulting lower value of the mass balance is due to the above mentioned non-linearity around the
altitude 2200 m a.s.l. This good agreement shows that the ICESat sampling is representative and it
supports the validity of the approach.
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5. Discussion

The ICESat coverage of the Grosser Aletschgletscher allowed us to test the derivation of the trend
of surface lowering under different conditions. Ground DGPS measurements on Konkordiaplatz
provided an accurate elevation reference which validates the results achieved by various DEMs. Even
though there is a certain variation of AH present when using the DGPS data, it is lower than in the case
of the DEMs. This residual variation can be attributed to terrain undulations in the ICESat footprints
and probably also to the effects of the horizontal component of glacier movements. The trend for
Konkordiaplatz based on DGPS is equal to the one for the Airphoto DEM and very close to the one for
the SRTM-C DEM.

The available DEMs that were used for the analysis differ in terms of detail level, amount of noise
and spatial coverage. The use of the Airphoto DEM for the elevation reference provided results
comparable with the ground truth measurements. When comparing the global DEMs, the use of the
SRTM-C DEM as elevation reference provides a more robust estimate of AH for all three areas than
the ASTER GDEM which provides the worse results, especially in the snow-covered accumulation
area. The different penetration depth of the C-band signal into firn and ice discussed by several
authors [11,40,41] did not affect the results since the accumulation area was treated separately. The
penetration depth of C-band signal during the SRTM data acquisition can be estimated as a difference
between AH values for C- and X-band in the area A3 (Table 2). The resulting value of 3.0 m seems to
be a realistic estimate of the C-band signal penetration. The spatially limited SRTM-X DEM does not
seem to provide a better result than the SRTM-C DEM.

Although the snow cover depth of alpine glaciers, especially in the accumulation area, can be highly
variable [42], the use of in-situ snow depth measurements led to suppression of a seasonal signal in the
data. This allowed us to take multi-seasonal ICESat measurements which can be essential in areas with
only few ICESat tracks. Multi-seasonal data was similarly used by [12,13]. The representativeness of
snow depth measurement from a close meteorological station is biased by the spatial irregularity of
precipitation, the redistribution of snow cover by wind and a depth gradient with elevation. Regardless,
in our case, the application of the snow correction leads to a higher statistical significance of the
derived trends.

A recent study of [34] showed that ICESat measurements tend to be inaccurate for slope values
higher than 10< The comparison of waveforms over various glacier surfaces in terms of slope and
roughness in Figure 4 showed that higher slope and higher roughness results in a wider and more
complex waveform which can in turn lead to an error in elevation estimation. The application of a
threshold for terrain slope seems to be an effective approach in areas with complex topography as was
shown for area Al. It leads to a reduction of error ranges and to an increase of statistical significance
even over the relatively flat surface of Konkordiaplatz. However, this approach did not bring any
improvements in area A3. Moreover, a trade-off between this positive effect and the reduction of
number of measurements has to be considered.

Unfortunately, there are no glaciological mass balance measurements for the studied period that
could be used for a comparison. However, the mass balance derived from the combination of ICESat
data with the SRTM-C DEM matches well to the results of another geodetic method based on the
subtraction of two DEMs from the years 1999 and 2009 (Table 4) and to a detailed reconstruction of
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mass balance by [43]. Certain underestimation of trends derived from ICESat measurements for areas
A2 and A3 and a non-linearity of the surface lowering with altitude revealed by the DEM subtraction
lead to an underestimation of the mass balance due to the sparse ICESat sampling (Figure 8). This
suggests that proper attention has to be paid to the distribution of ICESat data over the elevation range
when considering this method for a single glacier. The differences of the trend in surface lowering in
area A3 (Table 2) are difficult to explain. As this area is close to the terminus, a high variability of the
surface shape can be assumed between the different DEMs acquired at different times. It is evident
from Figure 8 that the ICESat-derived trend in AH using the Airphoto DEM as an elevation reference
is the best match to the subtraction of DEMs. Nevertheless, the impact of these differences on the
resulting mass balance is rather small.

6. Conclusions

In this study, the mass balance of the Grosser Aletschgletscher in the Swiss Alps was estimated
from ICESat laser altimetry combined with a digital elevation model (DEM). This is the first time that
the mass balance of a single mountain glacier was estimated using ICESat measurements. The mass
balance differs only 9.8% when comparing with the result of another geodetic approach based on the
subtraction of two DEMs produced by aerial stereo-photogrammetry. Depending on the DEM used as an
elevation reference, an annual mass balance between —0.90 +0.17 m w.e. a * and —1.02 +£0.34 m w.e. a *
was estimated for the period 2003-2009. Various processing approaches were tested including a
threshold for terrain slope, snowpack correction, selection of autumn measurements and along-track
smoothing of ICESat-DEM elevation differences. Comparison of the various approaches resulted in
differences in mass balance in the range from 0.4% to 5.8%, comparing to the other geodetic approach.
It was shown that even the use of global DEMs as elevation reference can lead to a good estimate of
surface lowering. The use of the SRTM-C and ASTER-GDEM results in differences of 3.8% and
15.3% from the surface lowering based on Differential Global Positioning System measurements as an
elevation reference. However, the use of a higher quality DEM provides better results in terms of
variation of ICESat-DEM elevation differences which in turn leads to a higher significance of the
estimated trends and to a more accurate mass balance. Global availability of a detailed high quality
DEM in the future will indeed improve the accuracy of the derived mass balance of mountain glaciers.
In this context, there are high expectations for the global DEM derived from data of the TanDEM-X
mission and for the ICESat-2 mission. The results of the Grosser Aletschgletscher indicate that, for a
single glacier, surface lowering can be realistically assessed by interpolation across the elevation
range, if the ICESat measurements are favorably distributed over the glacier surface. However, the
actual surface lowering may locally differ due to non-linearities caused by glacier geometry. This
approach indeed cannot compete with a glaciological approach in terms of accuracy; it appears
however that it can lead to a realistic estimate of mass balance of a single glacier. As there is only a
small fraction of mountain glaciers covered by mass balance measurements worldwide, ICESat data in
combination with a DEM can help to fill this gap.
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