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ABSTRACT
Greenland’s peripheral glaciers and ice caps are key indicators of climate change in the Arctic, but
quantitative observational data of their recent evolution are sparse. Three recently released high-
resolution digital elevation models (DEMs)—AeroDEM (based on images from 1978 to 1987),
ArcticDEM (2012–2015), and TanDEM-X (2010–2014)—provide the possibility to calculate eleva-
tion changes spanning almost four decades along the margins of the Greenland Ice Sheet. This
study explores the potential of these DEMs by calculating elevation changes for the Holm Land Ice
Cap (865 km2), northeast Greenland. Co-registration indicated no significant shifts between the
DEMs but we encountered localized vertical offsets in AeroDEM. The data quality of ArcticDEM
and TanDEM-X is high, but AeroDEM suffers from 19 percent low-quality data, which were treated
as data voids. Applying two approaches to fill the data voids in the difference grid between
ArcticDEM and AeroDEM, mean surface-elevation change over the Holm Land Ice Cap and a
period of approximately 35 y is in the range of −8.30 ±0.30 m. Comparing ArcticDEM and
TanDEM-X reveals a glacier elevation difference of 2.54 m, which may be partly related to the
different retrieval techniques (optical and SAR). Overall, the DEMs have good potential for large-
scale and long-term assessment of geodetic glacier mass balance.
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Introduction

Greenland peripheral glaciers and ice caps cover only about
5 percent of the glacierized area of Greenland but they are
responsible for a substantial fraction (14–20%) of the total
ice loss from Greenland between October 2003 and March
2008 (Bolch et al. 2013). These glaciers respond faster to
climate change than the ice sheet and are key indicators of
the climate in the Arctic. Additionally, their potential con-
tribution to sea-level rise makes detailed studies of their
spatial and temporal evolution essential (Machguth et al.
2013; Noël et al. 2017). Mass-balance studies of individual
glaciers indicate substantial variability across Greenland,
ranging from pronounced mass loss (e.g., Mittivakkat
Glacier, Mernild et al. 2011) to near-equilibrium (Flade
Isblink Ice Cap, Rinne et al. 2011). These contrasting results
call for a large-scale assessment of the current state of
Greenland’s periphery (Bjørk et al. 2018).

In situ mass-balance measurements on Greenland’s
peripheral glaciers are essential for model calibration
and validation (e.g., Noël et al. 2017) but they are sparse
and often limited to short-lived measuring programs

(Machguth et al. 2016). Therefore, it is also worthwhile
to assess mass-balance changes of Greenland’s peripheral
glaciers with the geodetic method.

Geodetic surveys of glacier thickness change are
based on subtracting two digital elevation models
(DEMs) from two different dates. The method has the
advantage of being applicable to extended areas. Also, it
can be applied retrospectively, provided historical
DEMs exist or become available. To present,
Greenland’s peripheral glaciers have seen the applica-
tion of the geodetic approach either on small individual
glaciers (Marcer et al. 2017; Yde et al. 2014) or over
relatively short time periods (e.g., 2002–2009; Rinne
et al. 2011). Bolch et al. (2013) used satellite altimetry
from ICESat to assess ice-thickness change for all per-
ipheral glaciers of Greenland but the survey period is
short (2003–2008). Furthermore, the scanning charac-
teristics of the ICESat laser altimeter with large hori-
zontal gaps between the scanning tracks are not optimal
to measure changes on smaller glaciers, requiring a
substantial amount of interpolation and introducing
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potentially large uncertainties. A study by Bjørk et al.
(2018) provides valuable long-term observations, cover-
ing a time period from 1890 to today, but focuses on
glacier length fluctuations in east (70.5–75.0 °N) and
west (71.0–72.5 °N) Greenland.

Recently, three new DEMs became available, opening
up the possibility to geodetically measure the volume
changes of Greenland’s peripheral glaciers during the
past approximately forty years. The AeroDEM model
(Korsgaard et al. 2016) dates to the time period
1978–1987 and covers all of Greenland’s periphery.
The ArcticDEM model (Polar Geospatial Center,
Morin et al. 2016) comprises the time period
2012–2015 and covers most of the Arctic. The
TanDEM-X DEM (hereafter TanDEM-X, German
Aerospace Center) is available globally and dates from
2010 to 2014. In contrast to other DEMs that cover
northern Greenland (e.g., GIMP DEM, Aster GDEM
v2), AeroDEM, ArcticDEM, and TanDEM-X offer
higher spatial resolution and their time stamps are better
constrained.

Here, we make use of the newly available data to
calculate glacier elevation changes over the Holm Land
Ice Cap, northeast Greenland, and evaluate the poten-
tial and limitations of the newly available DEMs. We
aim at creating knowledge on long-term ice-volume
changes in a part of Greenland that lacks such studies.

Data and study site

Digital elevation models

We used three different DEMs covering the peninsula of
Holm Land. (1) The AeroDEM represents surface eleva-
tions over Holm Land in 1978 at 25 m spatial resolution
and is based on aerial photographs. AeroDEM heights
are given relative to the WGS 84 ellipsoid and are
externally validated using ICESat altimetry from the
GLA12 Release 31. Co-registration to the ICESat data
revealed an accuracy of 10 m horizontally and 6 m
vertically (Korsgaard et al. 2016). (2) The ArcticDEM
(Polar Geospatial Center, Morin et al. 2016) has a spatial
resolution of 5 m and has been compiled from approxi-
mately 0.5 m resolution WorldView optical satellite
images. The strips of the ArcticDEM used are based on

satellite images taken on August 23, 2013, and on June
17, 2012 (Table 1). Data voids in these two base files
were filled during the DEM creation with information
from images taken between 2012 and 2015. Because
those former voids are not indicated to the user, they
prevent a more exact dating of the ArcticDEM than 2013
±2 y. Height is stated relative to the WGS 84 ellipsoid.
Internal (pixel to pixel) accuracy is high (0.2 m, Noh and
Howat 2015), and absolute accuracy is better than 4 m in
the presence of ground control. The files used for this
study were co-registered using ground-control points
from ICESat altimetry from the GLA12 Release 34. (3)
The TanDEM-X represents surface elevation at 12 m
resolution and is derived from SAR-processed X-band
satellite imagery that was taken between 2010 and 2014.
Heights represent weighted height averages of all data
contributing to a scene, weighted inversely to their
respective error (Gruber et al. 2016). We therefore date
the TanDEM-X to 2012 ±2 y. The heights are stated
relative to the WGS 84 ellipsoid. The TanDEM-X was
validated using tie points (overlapping areas of neighbor-
ing scenes). A correction based on ICESat was not
applied on ice caps in Greenland to avoid an uplift
resulting from the different scattering planes. The abso-
lute horizontal and vertical resolution of the TanDEM-X
is specified as less than 10 m (Wessel 2016). The data
used in this study are summarized in Table 1.

Holm Land, northeast Greenland

The choice of our study site is based on identifying
regions of Greenland’s periphery with high-quality
data. Depending on the retrieval technique, the quality
of DEMs suffers from low contrast (snow cover), atmo-
spheric obstructions such as clouds, and geometrical
effects of the viewing geometry such as shadows
(Korsgaard et al. 2016). TanDEM-X and ArcticDEM
are built of data from multiple overflights, increasing
the chance of a successful retrieval and resulting in
almost complete data sets. Therefore, limitations in the
sense of limited data quality were mainly given by the
AeroDEM. Looking at the entire periphery of
Greenland, 50 percent of the surface could not be suc-
cessfully resolved in the AeroDEM (Korsgaard et al.
2016). One of the exceptions is Holm Land, a peninsula

Table 1. Overview of DEMs used in this study. Base file refers to the main satellite scenes that were used to establish the strips of the
ArcticDEM used in this study.
DEM Name Reference Date Grid Size (m) File Names of Strips Used Accuracy (m) Horizontal/Vertical Validation

AeroDEM 1978 25 aerodem_1978_utm27N 10/6 ICESat
ArcticDEM 2012–2015 5 < 4/4 ICESat
Base file 08/23/2013 31_45_2_1, 31_45_2_2
Base file 06/17/2012 31_46_1_1, 31_46_1_2
TanDEM-X 2010–2014 12 04_N80W020_DEM < 10/10 Tie points
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of approximately 1,300 km2 located in northeast
Greenland (80 °N, 18 °W, Figure 1) that is named after
Danish naval officer and Arctic explorer Gustav Frederik
Holm. The AeroDEM over the study area has relatively
few low-quality values (19 percent of the glacier surface).
Its proximity to the ice cap of Flade Isblink, for which
mass-balance estimates have been established recently,
enables meaningful comparisons (Rinne et al. 2011).

Two-thirds of the peninsula is covered by the Holm
Land Ice Cap, which has an area of 865 km2 (Rastner
et al. 2012). The Greenland glacier inventory by Rastner
et al. (2012) lists twenty-five glaciers and glacierets on
Holm Land that extend from sea level to 1,100 m a.s.l.,
with a median elevation of 465 m. The Greenland
glacier inventory divides the main ice cap into ten
larger glaciers.

Here we use modified glacier outlines from the
Greenland glacier inventory by Rastner et al. (2012) as
available through GLIMS and the Randolph Glacier
Inventory (RGI) as glacier mask. We compared original
outlines (based on glacier extent in 2001) from Rastner
et al. (2012) to a Sentinel-2 image from August 26, 2016
(Figure 1), and noticed an offset of approximately 70 m
between the shapefiles and the actual glacier extent

according to the Sentinel-2 image. The reasons for
this shift (also found when comparing to the original
Landsat imagery) are unknown. Therefore, for this
study we manually shifted the outlines from Rastner
et al. (2012) to the glacier extent as visible on the
Sentinel-2 image.

We manually mapped glacier extent as seen in the
Sentinel-2 image from 2016 and in the orthorectified
photos from 1978 and compared it to the total area as
indicated by the glacier mask (in 2001). Area changes
were less than 2 percent (2001–2016) and 0.6 percent
(1978–2001) of the total glaciarized area. No large eleva-
tion changes are observed outside of the glacier outlines of
2001, indicating that they are a valid mask to assess glacier
volume changes over the full time period. For distinction
the glaciers were given numbers according to their RGI
identification number (RGI Consortium 2017).

Methods

Preprocessing

All three DEMs (AeroDEM, ArcticDEM, TanDEM-X)
were re-projected to WGS 1984 UTM zone 27N.
Subsequently, the DEMs were re-sampled to a common

Figure 1. The Holm Land Ice Cap as seen from Sentinel-2 (ESA) on August 26, 2016. The approximate outlines of the peninsula are
overlain with glacier outlines modified from the Greenland glacier inventory by Rastner et al. (2012). The largest glaciers are
numbered according to their identification in the Randolph Glacier Inventory (RGI Consortium 2017).
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resolution; that is, 25 m for the comparison of
AeroDEM and ArcticDEM and 12 m for ArcticDEM
and TanDEM-X, respectively. As the interpolation
method, bi-linear interpolation was used following
Nuth and Kääb (2011).

Although the quality of AeroDEM over Holm Land
(19 percent low-quality data) is better than for other
parts of Greenland, the DEM suffers from frequent
low-quality values mainly in the accumulation area of
the glaciers (Korsgaard et al. 2016). To assess the qual-
ity of the data points, a reliability mask (RM) is avail-
able that contains the Figure of Merit (FOM) value that
differentiates between measured and interpolated pix-
els. As recommended for elevation changes, all inter-
polated pixels were masked out and assigned a “no
data” value (Korsgaard et al. 2016).

An initial examination of DEM quality was done
using hillshade DEMs, visual inspection along transects,
shifts in contour lines, and analysis of Δh grids.
Figure 2a shows artifacts in the AeroDEM on the
example of a Δh grid. We observed sudden changes in
surface elevation ranging from 5 m to 9 m (Figure 2b).
These artifacts appear to coincide with the extent of
some of the aerial photographs used to calculate the
AeroDEM. We assume that small errors in the image
alignment in the automated photogrammetric work-
flow have caused the artifacts.

Co-registration

Co-registration is essential before assessing differences
between DEMs (e.g., Pilgrim 1996), because any offset
can lead to flawed estimates of glacier volume changes.
To compensate for those misalignments, Nuth and
Kääb (2011) describe a universal method based on a
trigonometric relation that is present in two DEMs that
are not perfectly aligned.

We performed co-registration using the approach by
Nuth and Kääb (2011) implemented in a Python-based
semiautomatic toolbox (personal communication by P.
Rastner and N. Pieczonka, 2017). Stable terrain is well
distributed across Holm Land, exept for areas located in
the center of the ice cap, but lacks steep terrain. For all
three DEM pairs and over the stable terrain of Holm
Land, co-registration indicates shifts between the DEMs
that are in the range of 0.1–9 m (x/y-direction) and a
few decimeters in z-direction (Table 2). The residuals
in the order of decimeter indicate that the error range
of the shift is in a similar order of magnitude as the
shifts themselves. Since a shift as suggested by the co-
registration did not improve the height difference over
stable terrain, we chose not to apply it. Related to the
respective grid sizes of the DEM pairs (25 m for
AeroDEM/ArcticDEM and AeroDEM/TanDEM-X and
12 m for ArcticDEM/TanDEM-X) these values are all

Figure 2. Analysis of artifacts in the AeroDEM. (a) Elevation-change grid (Δh, ArcticDEM minus AeroDEM) with step-wise changes in
Δh highlighted in red and numbered transects. (b) Transects of the Δh grid with values indicated at the sudden Δh changes.
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substantially smaller than one pixel, and were thus
considered insignificant. Because there is no lateral
dependency of Δh in the differentiated product, a tilt
between the DEMs was ruled out. However, co-regis-
tration cannot deal with the artifacts in the AeroDEM,
as illustrated in Figure 2. Hence, such artifacts might be
responsible for the larger shifts for AeroDEM/
ArcticDEM as well as the geometrical inconsistency
between the three performed shifts. Overall, co-regis-
tration indicated no systematic and significant shifts
larger than one pixel between the DEMs. We thus
assumed that the extent of the artifacts is too small to
significantly influence our Δh calculations.

DEM differencing

We calculated changes in glacier surface elevation over
a time span of 35 ±2 y (1978–2013 ± 2 y) by subtracting
AeroDEM from ArcticDEM. In order to align the
DEMs in the vertical dimension, the residual difference
between both DEMs over stable terrain was subtracted
from the glacier surface-elevation change.

Subsequently, we also subtracted TanDEM-X from
ArcticDEM to study similarities between these two
DEMs that have very similar time stamps (cf.
Table 1). Averages over the entire ice cap or mean
values for individual glacier catchments are based on
the shifted outlines from Rastner et al. (2012).

Void filling

All three DEMs were inspected for data voids that account
for “no data” values and those points in the AeroDEM that
have been masked out. The AeroDEM shows reliable data
across 81 percent of the Holm Land Ice Cap according to
the reliability mask; the remainder are data voids. The
ArcticDEM and the TanDEM-X are both nearly gap free
(missing data across less than 1 percent of the ice cap).

Void filling was applied to the Δh grids rather than to
the original DEMs (e.g., Magnússon et al. 2016; McNabb,
Nuth, and Kääb 2017) and two interpolationmethods were
used to fill the voids (cf. Reuter, Nelson, and Jarvis 2007).
The first approach assumes that elevation changes are
mainly determined by physical parameters such as tem-
perature and precipitation, which are functions of

elevation. The same assumption underlies the elevation-
profile method that is commonly applied in inter- and
extrapolating glaciological mass balances (e.g., Escher-
Vetter, Kuhn, andWeber 2009). Hence, a linear regression
between elevation and Δh is computed and used to fill the
data voids. This was done twice, once considering data
from the entire ice cap and once considering each glacier
with its individual elevation–Δh relationship. In the follow-
ing we call this method elevation-based void filling.

The second approach is based on the principle of
spatial autocorrelation of local surface-elevation change
near data voids. Hereafter, we refer to this approach as
local interpolation. Local interpolation fills voids using
the ArcGIS function “elevation fill voids.” The function
replaces small voids (one pixel) with the average of the
eight neighboring values and applies a plane-fitting
method to larger voids. If the error of the plane fitting
exceeds a threshold not quantified in the ArcGIS doc-
umentation (Environmental Systems Research Institute
2017), an inverse distance weighted (IDW) algorithm is
applied. Modifications of both approaches have been
applied successfully on glacier elevation changes by
Magnússon et al. (2016).

Error assessment

Errors in DEMs are related to data acquisition (e.g.,
sensor instabilities and challenging surveying condi-
tions such as clouds, shadows, low contrast) and
representation of data (e.g., limitations in the accu-
racy of georeferencing, projection, co-registration,
and post-processing artifacts; Nuth and Kääb 2011).
Because of sparse information on the merging of
ArcticDEM and TanDEM-X, we here apply a statis-
tical approach to estimate the relative instead of
absolute zonal errors among the three DEMs (cf.
Nuth and Kääb 2011).

The relative errors among the DEMs can be either
systematic (e.g., two DEMs are shifted with respect to
each other) or random (e.g., one or both DEMs are
subject to spurious artifacts). We tried to quantify and
eliminate systematic errors through co-registration
(Table 2). Errors related to the native accuracy of the
DEMs cancel each other out during this step.
Furthermore, we quantified the influence of using dif-
ferent void-filling approaches. Large standard devia-
tions over stable terrain (±6.72 m for individual grid
cells when differencing AeroDEM and ArcticDEM)
indicate the presence of substantial random errors. In
the following, we quantify these types of random errors
(zonal errors) and analyze their influence in the context
of uncertainties resulting from systematic error sources.

Table 2. Shifts between DEMs as suggested by automated
co-registration. Shifts are given in meters and in the format
(dx|dy|dh).
Master/Slave (DEMs) Shift in Meters Spatial Resolution

AeroDEM/ArcticDEM (–4.3 | –9.3 | –0.3) 25 m
ArcticDEM/TanDEM-X (0.29 | 0.15 | 0.44) 12 m
AeroDEM/TanDEM-X (0.03 | 0.04 | 0.11) 25 m
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To assess the zonal error of the mean elevation
change, we calculate the standard error (σΔh: total)
based on the standard deviation σΔh.point and the num-
ber of independent (i.e., spatially un-correlated) mea-
surements (Nindp):

σΔh: total ¼
σΔh:pointffiffiffiffiffiffiffiffiffi
Nindp

p (1)

Because values of individual DEM grid cells are spa-
tially autocorrelated, Nindp is smaller than the total
number of grid cells in a DEM. We use both the
ordinary variogram approach and Moran’s I coefficient
(cf. Gardelle et al. 2013) to estimate Nindp.

Results

Glacier thickness change (from 1978 to 2012–2015)

Comparing AeroDEM and ArcticDEM over stable ter-
rain reveals a mean vertical offset of 1.28 m.
Differencing AeroDEM and ArcticDEM over the
Holm Land Ice Cap and subtracting the difference
over stable terrain yields a mean change in surface
elevation of −8.57 m and −8.02 m for elevation-based
void filling and local interpolation, respectively
(Figure 3, Table 3). For the entire ice cap, the uncer-
tainties resulting from the presence of the data voids
are about one order of magnitude larger than caused by
the zonal random errors (σΔh: total ¼ 0:01 m for the
ordinary variogram approach and σΔh: total ¼ 0:02 m
for Moran’s I coefficient). This can be explained by

the high number of independent observations on the
ice cap. For individual glaciers, the zonal error is often
in the same order of magnitude as the error related to
the different void-filling approaches.

Consequently, over the course of 35 ±2 y from 1978 to
2012–2015, surface elevation has changed at an annual
rate of −0.25 ±0.01 m a−1 (elevation-based void filling)
and −0.23 ±0.01 m a−1 (local interpolation). Here, the
uncertainty is estimated using error propagation of the
random error in elevation change and in time (2 y).
Figure 3 shows that the strongest ice loss is found in
low-lying areas, especially at the glacier tongues in the
southern sector. The higher elevations of the ice cap are
dominated by surface lowering, but they reveal an inho-
mogeneous picture ranging from strong to moderate loss.

Elevation changes of individual glaciers range
between −15.67 m and −4.22 m (see Table 4). Glaciers
located in the southeast face stronger loss (RGI60-
05.10000, RGI60-05.09998), whereas glaciers in the
northeast reveal smaller elevation changes (RGI60-

Figure 3. Elevation changes over the Holm Land Ice Cap as calculated from subtracting AeroDEM (1978) from ArcticDEM (2012–
2015), using two different interpolation methods for void filling. Enlarged details show differences over void-filled areas.

Table 3. Mean elevation change over the Holm Land Ice Cap
between 1978 and 2012–2015. Mean elevation changes are
given excluding all areas of data voids and for two void-filling
approaches.

Void-Filling Approach
Mean Elevation Change

(m)

No void filling −8.33
Elevation-based void filling (entire ice cap) −8.57
Elevation-based void filling (individual
glaciers)

−8.56

Local interpolation (entire ice cap) −8.02
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05.09994, RGI60-05.09992). No significant dependency
between surface-elevation change and glacier area
could be found.

We averaged surface-elevation change over 100 m
elevation bands and plotted the relationship of Δh to
elevation z for individual glaciers (Figure 4) as well as
for the entire ice cap (Figure 4, bottom-right panel).
For the entire ice cap, loss in ice thickness is almost
uniform with elevation. Standard deviation increases
toward lower elevations because the glacier tongues
show both thickening and thinning.

The mean elevation changes of the two void-filling
approaches differ by 0.55 m or 6 percent of the total
elevation change (Table 3). Therefore, the elevation-
based void filling suggests more loss than the local
interpolation. When applying the elevation-based
method, voids were filled using a relationship of Δh
to elevation z calculated for each glacier individually.
This has the advantage that differences in elevation
change among the glaciers are considered, which are
especially pronounced at lower elevations. However,
most of the voids are located in the upper-most eleva-
tion bands that can contain up to 70–95 percent voids.
Especially areas above ∼600 m a.s.l. are strongly

Table 4. Individual elevation change at the ten major glaciers
that cover 98 percent of the Holm Land Ice Cap and the
respective random error.

Elevation Change (m)

Glacier

Elevation-
Based Void

Filling
Local

Interpolation
Area
(km2)

RGI60-05.09992 −4.98 ±0.04 −6.40 ±0.04 141
RGI60-05.09993 −8.32 ±0.08 −9.77 ±0.08 38
RGI60-05.09994 −4.22 ±0.13 −5.55 ±0.13 14
RGI60-05.09995 −7.40 ±0.03 −8.64 ±0.03 215
RGI60-05.09996 −10.99 ±0.04 −12.44 ±0.04 153
RGI60-05.09997 −9.24 ±0.08 −10.67 ±0.08 39
RGI60-05.09998 −12.74 ±0.09 −14.02 ±0.09 26
RGI60-05.09999 −7.38 ±0.05 −8.75 ±0.05 112
RGI60-05.10000 −14.33 ±0.07 −15.67 ±0.07 43
RGI60-05.10001 −9.20 ±0.06 −10.71 ±0.06 68

Entire ice cap (mean of all
twenty-five individual glaciers)

−8.56 ±0.02 −8.02 ±0.02 865

Figure 4. Hypsometry (from ArcticDEM) and the mean elevation change between AeroDEM (1978) and ArcticDEM (2012–2015) per
100 m elevation bins for the largest eight glaciers and the entire ice cap (bottom right, gray shading). Error bars indicate one standard
deviation. For glacier numbering refer to Figure 1.
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affected. In order to increase the total number of valid
data points in the upper elevation bands when applying
the elevation-based void filling, a second calculation
was performed where the relationship of Δh to z is
based on the entire ice cap. The results of both calcula-
tions, however, differ only by 0.01 m a−1.

Glacier length change (from 1978 to 2016)

Length changes inferred from comparing glacier extent
as seen on the orthorectified photos from 1978 and on
the Sentinel-2 image (2016) provide additional infor-
mation. The majority of the large glaciers (seven out of
ten) have retreated, but only by about 100–200 m, and
their average surface elevation has decreased. An excep-
tion is the retreat by 1.2 km of the northwest-facing
tongue of glacier RGI60-05.100001. Meanwhile,
advances of glaciers differ from a few hundred meters
(glacier RGI60-05.09993, glacier RGI60-05.09999) to
more than 600 m (northern outlet of glacier RGI60-
05.09995) and coincide with elevation gain. Glacier
RGI60-05.09995 shows pronounced thinning just
upstream from a thickening tongue (cf. Figure 3).

Differencing TanDEM-X and ArcticDEM

Subtracting TanDEM-X from ArcticDEM yields a mean
elevation difference of 0.08 ±2.78 m over stable terrain and
2.54 ±1.40 m over the Holm Land Ice Cap (Figure 5).
Because the ArcticDEM dates to 2012–2015 and the
TanDEM-X to 2010–2014, their acquisition periods could
overlap. The very small difference over stable terrain indi-
cates that the two DEMs are virtually identical. The eleva-
tion difference over the ice cap, however, is clearly different
from zero. Elevation difference is rather uniform and there
is no clear relationship between surface-elevation differ-
ence and elevation. An exception is observed at glacier
RGI60-05.09995, where a negative elevation difference
upstream of the tongue is found, relative to the surround-
ing changes. This signature resembles the one that is pre-
sent in the differentiated AeroDEM/ArcticDEM at the
same location. Other pronounced features seen in the
differentiated AeroDEM/ArcticDEM, such as the strong
decrease in surface elevation at the tongues of the glaciers
RGI60-05.10000 and RGI60-05.0999, cannot be found in
the Δh of TanDEM-X and ArcticDEM (Figure 3).

Elevation differences between ArcticDEM and
TanDEM-X appear to be dependent on exposition.
The values of Δh, adjusted for outliers and averaged

Figure 5. Elevation differences over the Holm Land Ice Cap calculated from subtracting TanDEM-X (2010–2014) from ArcticDEM
(2012–2015).
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over eight expositions, reveal that the south-facing
slopes of the ice cap show lower elevation differences
than the north-facing areas. The largest difference of
0.74 m is found between south-facing (mean 2.08 m)
and northwest-facing slopes (mean 2.82 m). A two-
tailed Student’s t-test using only valid pixels corrected
for autocorrelation confirms that the difference is sta-
tistically significant. Calculations over stable terrain
could not reproduce the same pattern.

Discussion

Uncertainties differentiating AeroDEM and
ArcticDEM

Calculated standard errors of the elevation change
between 1978 (AeroDEM) and 2012–2015
(ArcticDEM) quantifying random errors are small for
both calculations of Nindp. The influence of systematic
uncertainties, such as those resulting from the presence
of data voids, is one order of magnitude larger. Because
of the dominance of systematic errors, we provide a
range of possible changes in surface elevation (between
1978 and 2012–2015) that covers both void filling meth-
ods. This range is given by –8.30 ± 0.28 m. Adding the
random uncertainty (±0.02 m) yields to −8.30 ±0.30 m.
Accordingly, mean surface-elevation changes at a rate of
−0.24 ±0.02 m a−1. The error of the surface-elevation
change again quantifies a range and was estimated by
error propagation of elevation and time uncertainty.

We identified both co-registration and void filling as
main sources of systematic errors in mean elevation
change. Co-registration suggests only subpixel shifts,
but has an uncertainty in the same order of magnitude.
This might be related to the lack of steep, high-eleva-
tion stable terrain in the study region that is required
for optimal co-registration (Nuth and Kääb 2011).

Considering that 19 percent of the 1978 to
2012–2015 Δh grid of the Holm Land Ice Cap is subject
to data voids, the influence of the choice of the two
interpolation methods on the rates of surface-elevation
change is small (−0.25 ±0.01 m a−1 and −0.23 ±0.01 m
a−1, respectively). While the choice of interpolation has
limited influence on the scale of the entire ice cap,
prominent deviations occur on a local scale:
Elevation-based void filling tends to create spurious
artifacts when the function of Δh(z) is based on the
entire ice cap (see enlarged details in Figure 3). These
artifacts appear because the Δh(z) function for the
entire ice cap differs from the functions for individual
catchments (Figure 4). Better results are achieved by
calculating and applying Δh(z) functions for individual

catchments, but sudden changes in Δh still appear
across borders between individual catchments.

When using only valid points and no interpolation
at all (no void filling, Table 3) the result falls roughly
halfway between the two void-filling approaches.
Elevation-based void filling leads to a more negative
result because the relationship of Δh to elevation z
shows more loss in the higher elevation bands where
most of the voids have to be filled. The local interpola-
tion, however, suggests on the base of neighboring
points that Δh over voids are more positive than the
overall mean of the ice cap, indicating less loss in
higher areas. It seems that the elevation-based void
filling is not able to capture fine trends to more positive
elevation changes around voids.

In the case of the Holm Land Ice Cap, void filling
from local interpolation appears more suitable than
elevation-based interpolation. This result, however, is
not necessarily valid for other glacier types or spatial
patterns of data voids. In the case of Holm Land,
interpolation is facilitated by most data voids being
surrounded by areas with reliable Δh data. Only on
the western side of the ice cap do the uppermost eleva-
tions lack surrounding valid points. Where this pro-
blem is more widespread, for instance on valley-type
glaciers with extended data voids bordering ice-free
terrain (cf. Marcer et al. 2017) or swath-processed
CryoSat-2 interferometric data with data voids being
concentrated in the ablation areas (Foresta et al. 2016),
local interpolation might result in spurious artifacts.

Restrictions when differentiating ArcticDEM and
TanDEM-X

Over stable terrain, the average Δh between TanDEM-
X and ArcticDEM is virtually zero, but glacier surfaces
are lower by 2.54 ±1.40 m in TanDEM-X compared to
ArcticDEM. The two DEMs have a very similar time
stamp (Table 1), and in the TanDEM-X surface eleva-
tion resembles a weighted average of the overflights
(Gruber et al. 2016). Considering this, the elevation
difference over the ice cap appears too large to be
explained by glacier mass balance alone. In relation to
the 1978 to 2012–2015 surface-elevation change of
−8.30 ±0.30 m, the average difference between the two
DEMs is substantial. While we did not use TanDEM-X
in the calculation of surface-elevation change from
1978 to 2012–2015, the example shows that DEM off-
sets established over stable terrain are not necessarily
representative for glacier surfaces.

It appears less likely that the offset is caused by issues
in the ArcticDEM, which would directly affect the accu-
racy of the calculated glacier thinning between 1978 and
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2012–2015. Instead, the difference is likely related to the
penetration of radar waves into snow and firn. Evidence
for this assumption is given by the fact that south-facing
slopes exhibit lower elevation differences. This might be
related to more frequent melt on southern slopes, which
leads to the presence of more ice in the glacier firn and
reduces the penetration of X-band electromagnetic
waves (cf. Nilsson et al. 2015). The SAR X-band signal
penetration for TanDEM-X data (9.65 GHz) depends
strongly on the water content of the snow. A study
from the European Alps found a 4 m mean penetration
depth at an elevation of 4,000 m a.s.l., with limited
melting during the melt season (Dehecq et al. 2016).
Similar conditions are found at the Antarctic margin,
where penetration depths of 3.7–5.7 m were estimated
(Groh et al. 2014). A physical model based on the water
content of snow shows that penetration depths of the
TanDEM-X radar signal can range between 69.4 m and
0.04m, varying from dry, freshly fallen snow to wet snow
with a liquid water content of 3 percent (Rossi et al.
2016). Therefore, the observed deviation might be
related at least partly to the penetration of the X-band
signal into the subsurface.

A second issue when interpreting Δh is the unknown
time relation between ArcticDEM and TanDEM-X that
might also be spatially inconsistent over the Holm Land
Ice Cap. Certain changes, such as the thinning of glacier
RGI60-05.09995, at high elevations are observed in both
DEM pairs, others are reversed. Consequently, some parts
of the signal likely reflect changes in ice thickness, but
dating issues prevent us from a definitive interpretation.

Obviously, the calculation of shorter-term surface-
elevation changes requires DEMs with precise time
stamps. The TanDEM-X and ArcticDEM mosaics,
with their blurred time stamps, have their strengths in
application over longer time periods. However, our
comparison of ArcticDEM and TanDEM-X mosaics
shows a deviation over glacier surfaces that is large,
even in the context of long-term glacier changes.
These strong deviations between the two DEM pro-
ducts warrent further investigation as they point to
error sources that are likely unrelated to the blurred
time stamps.

Glacier thickness changes

To our knowledge, this is the first glaciological study
focussing on the Holm Land Ice Cap. A study from
Flade Isblink, which is the largest ice cap of the
Greenland periphery (approximately 8,000 km2) and
located only about 90 km north of Holm Land, reported
mean elevation changes of 0.03 ±0.03 m a−1, measured by
EnviSAT (2002–2009), and 0.17 ±0.23m a−1, measured by

ICESat (2004–2008; Rinne et al. 2011). Detailed spatial
analysis reveals that although the western half of Flade
Isblink thickened (0.5 m a−1), the eastern half thinned at
rates of up to 1 m a−1, mainly in the lower ablation areas
(Rinne et al. 2011).

Compared to Flade Isblink, average rates of ice-
thickness loss on Holm Land are higher at −0.25
±0.01 m a−1 and −0.23 ±0.01 m a−1, respectively.
Thinning rates, however, are difficult to compare
because our study covers a time period that is nearly
ten times as long as the one offered by ICESat.
Interestingly, Rinne et al. (2011) found a relatively
consistent thickening in the interior of Flade Isblink,
while we observe widespread thinning in the accumula-
tion area of the Holm Land Ice Cap.

Marcer et al. (2017) studied surface-elevation change
on a small (approximately 3 km2) glacier in southwest
Greenland during a time period (1985–2014) similar to
our study. Observed rates in surface-elevation change
(−0.6 m a−1) double the thinning rates determined for
Holm Land. This is expected, because the glacier stu-
died by Marcer et al. (2017) is located in a climatic
setting that is warmer and moister. Such glaciers tend
to react more sensitively to a given perturbation in
climatic parameters, such as temperature and precipita-
tion (e.g., Kuhn 1981; Oerlemans 1992).

Accounting for these regional differences, Bolch
et al. (2013) divided Greenland into different regions
to calculate mean elevation changes. For the central-
north they found a mean change of −0.28 m a−1 for
land-terminating glaciers. Including marine-terminat-
ing glaciers, their elevation change decreased to
−0.18 m a−1, which is mainly caused by Flade Isblink,
which shows almost no change in elevation. The mean
annual change rate of the Holm Land Ice Cap falls
between both values.

Using our estimated mean surface-elevation change
for 1978 to 2012–2015, we obtain an ice-volume change
at Holm Land of -7.18 ± 0.26 km3. When converted to
mass change (assuming an average density of 850
±60 kg m−3; cf. Huss 2013), this yields a mass loss of
−6.1 ±0.5 Gt.

The change in glacier volume found by this study
spans approximately thirty-five years and documents a
long-term, climate-induced signal. Geodetic glacier-
volume changes covering a climatological time period
are relatively rare and especially valuable in the context
of global glacier-change assessment (Zemp et al. 2015)
Hence, the results feed well into the framework of other
studies and add knowledge on the variability of mean
elevation changes in Greenland. Furthermore, the high
spatial resolution of the data sets allows the individual
assessment of glaciers and could help identify surging
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glaciers. For example, glacier RGI60-05.09995 shows
thinning upstream of a thickening tongue that might
indicate surge-type behavior (e.g., Murray et al. 1998).
So far, no surges on Holm Land have been reported
(Sevestre and Benn 2015).

Conclusions

On the Holm Land Ice Cap, subtracting AeroDEM
from ArcticDEM yielded an overall elevation change
of −8.30 ±0.30 m for 1978 to 2012–2015. Covering
approximately thirty-five years, the mean ice thinning
of −0.24 ±0.02 m a−1 represents a long-term signal and
complements the results from other studies about
Greenland’s peripheral glaciers. Besides mean rates of
elevation changes for the whole ice cap, the changes in
individual glaciers, including potential surge-type beha-
vior, are well resolved. Consequently, AeroDEM and
ArcticDEM provide a valuable source of information
on the evolution of Greenland’s peripheral glaciers,
with the following constraints:

● AeroDEM suffers from artifacts that can be
masked out successfully using its reliability mask.
In areas considered to be of optimal quality (such
as the area of this study), data voids still make up
19 percent of all data. Additionally, AeroDEM
suffers from local offsets on the order of a few
meters that are not detected by its reliability mask
and are difficult to correct.

● Co-registration suggests that there is, if any, only a
subpixel shift between the three DEMs. However,
the study area might not be optimally suited for
co-registration based on Nuth and Kääb (2011),
because there is a lack of steep, high-elevation
stable terrain.

● The uncertainty originating from random errors is
at least one order of magnitude smaller than sys-
tematic errors that are introduced by the interpo-
lation method. Applying different void-filling
techniques, we show that the spatial interpolation
of the voids results in less negative estimates than
the interpolation based on elevation gradients of
Δh. The estimates differ by 0.55 m or 6 percent of
the total elevation change.

Differencing ArcticDEM (2012–2015) and TanDEM-
X (2010–2014) yields an elevation difference of 2.54
±1.40 m, which probably reflects a mixed signal from
penetration of the SAR X-band signal into snow and firn
and actual ice-thickness loss. Uncertainties related to the
unknown acquisition dates prevent additional
interpretations.
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