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Materials and Methods 
Surface elevation data 
 
Aerial photographs - GR96 ground control - 1985 DEM 
Between 1978 and 1987, the Danish National Survey and Cadastre (KMS, then 
Geodætisk Institut) covered all ice-free areas of Greenland, including nunataks, 
with black-and-white aerial stereo-photography.  The photography extended 
across wide parts of the GrIS, as well. Later, the photographs were aero-
analytically triangulated using a subset of the geodetic stations of the GR96 
reference system(31).  
 The Greenlandic reference system GR96 is the fundamental 3D-reference 
system in Greenland and is determined from a global reference system used in 
conjunction with GPS-surveying. 
In the 1990s the need for a more accurate reference system in Greenland became 
evident through the common use of GPS. Thus the new reference system REFGR 
was established(32,33). This reference network is measured using GPS and 
defines the official geodetic reference system in Greenland. GR96 is determined 
in practice by the points in the reference network REFGR which have been 
surveyed by GPS and the coordinates then calculated from international 
permanent GPS reference stations. The coordinates for these stations are given in 
the global reference frame 15/8 1996 ITRF94 (International Terrestrial Reference 
Frame). GR96 covers Greenland in its entirety. 
 This reference frame and this time were chosen since the first points were 
surveyed in august 1996 and the current reference frame at that time was ITRF94. 
Thus, the coordinates for the REFGR points are “fixed” to the time 15/8 1996 in 
ITRF94, defining the reference system GR96, which is the fundamental reference 
system in Greenland. More than 6000 points have been surveyed in Greenland, 
mainly using terrestrial methods. At a few of these points, astronomical 
observations were made to locate the reference system in relation to the centre of 
the earth. 
 The GR96 reference system was expanded to the triangulation network. 
Approximately 100 points in the triangulation network have also been surveyed 
by GPS. The coordinates determined by GPS are far more accurate than the 
coordinates determined from the triangulation. 
When the GPS-surveyed coordinates are introduced into a recalculation of the 
triangulation network a far better determination of the points is provided, just as 
GR96 is transferred to the triangulation points. The result is a net of c. 6000 
points updated to the latest reference system GR96. 
 The accuracy of GPS determined points is 1-2 cm for the oldest points, while 
the rest have an expected accuracy of 3-4 cm. The accuracy of the recalculated 
triangulation points is c. 25 cm for points in the central parts of the network and 
points on the edge have an accuracy of c. 75 cm. 
There is at least two REFGR points in each of the 85 towns and hamlets, however 
a number of points have also been established on selected sites away from 
inhabited areas. 
 In winter, 2006 all Doppler observations included in the first aero-triangulation 
were recalculated, new were added and the aero-triangulation was recalculated, 
resulting in coordinates in the new datum GR96. A subset of the geodetic stations 
was used for the aero-analytical triangulation, supplemented with a number of 
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same heights and zero heights for additional control. The weights in the 
adjustment are in general 8 m for coordinates and 3.5 m for heights.  
 Photographs covering our region of interest - northwest Greenland – were 
recorded in 1985 to a scale of 1:150,000. These were scanned to a resolution of c. 
15 µm on the film roll, which means a pixel corresponds to a ground resolution of 
c. 2 m. This was done on a photogrammetric scanner with a geometric error of 1-
3 µm RMS. We used a total of 210 photographs of scale 1:150,000 to cover the 
study area and to produce a DEM (Digital Elevation Model) for 1985. This 
coverage enabled us to model 16729 km2 of the GrIS margin (Fig. S1a). Thus, 
the source material for the 1985 DEM was the precision-scanned aerial photos 
with their respective camera calibration reports, and GR96 coordinate lists with 
corresponding image observations. We carried out the work with the softcopy 
photogrammetric application SOCET SET 5.5 from BAE SYSTEMS.Interior 
orientation of the images (image to sensor registration) was done with the 
corresponding calibration data. We obtained a priori camera positions and 
attitudes (exterior orientation) with the flight line maps as the primary source. 
We organized photographs and supporting data in the Multi-Sensor Triangulation 
module of SOCET SET, then bundle block adjusted/triangulated using a rigorous 
simultaneous solution. For automated measurement and collection of elevation 
points to a gridded DEM, the NGATE (Next Generation Terrain Extraction) 
module of SOCET SET was employed(34). The adaptive (ngate.strategy) and low 
contrast (ngate_low_sp.strategy) strategies were used with a ground sample 
distance (GSD) of 25 m. The latter strategy is better at sampling elevations in 
low-contrast areas (snow). Both strategies have c. three dozen adjustable 
parameters, two of which will be mentioned here: image correlation window size 
and image correlation cutoff value. The image correlation window size is the 
dimension of the correlation bitmap; the two strategies have default window sizes 
of 13 and 15 pixels (26 m and 30 m). Thus, the elevation is measured with 
windows of 26 m x 26 m and 30 m x 30 m size for every pixel, and the 25 m grid 
cell elevation is calculated from these. BAE SYSTEMS claims NGATE DSMs 
and LIDAR DSMs have similar accuracy for natural [bare earth] terrain, though 
dependent on relative flying heights of image and LIDAR acquisition 
missions(34). The elevation with the best quality from the two strategies is 
retained.  The cutoff image correlation value is 0.70 for both strategies. All the 
settings in NGATE were set for obtaining the best quality at the expense of 
computing time. The DTM filters were set to DSM (Digital Surface Model) as 
there are virtually no man-made structures, nor significant vegetation in 
Greenland. Thus, no post-processing is needed, since the DSM is the DEM. We 
manually cut areas out of the model where the collection of elevation points 
failed, as did we cut out all nunataks including a 100 m buffer zone around these. 
Ortho-mosaics of the region were produced using the registered 1985 photos and 
the gridded 1985 DEM for reprojection. 
 
1985 DEM accuracy assessment 
We assessed the accuracy of the 1985 DEM elevations using airborne laser 
altimetry data from the period 1993 to 2010 as the reference. These were 
collected with the Airborne Topographic Mapper (ATM) mounted on a NASA P-
3 and have an elevation uncertainty of σATM = 0.1 m. However, up to 1995 they 
had an uncertainty of σATM = 0.2 m(35), though only a fraction of the data were 
recorded prior to 1995. This makes the ATM data suitable as reference data, as 
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they are an order of magnitude more accurate than that expected from a DEM 
produced from scale 1:150,000 black-and-white aerial photos scanned to a 2 m 
ground resolution. Recommendations from the National Digital Elevation 
Program (NDEP)(36) are that the reference data should be an independent source 
of at least three times greater accuracy than the data tested. The ATM spot 
diameter is c. 1 m which is also an order of magnitude less than the spatial extent 
of the 25 m x 25 m grid cells.  
 We filtered the ATM data, so that only observations on stable terrain (e.g. 
bedrock) were kept in the analysis: observations on ice, snow, oceans and lakes 
were manually deleted by visually inspecting the ATM data superimposed on the 
orthophoto-mosaics. Furthermore, we included only ATM observations with a 
corresponding measured observation in the 1985 DEM. Finally, we manually 
inspected the observations with the largest residuals for gross errors, which were 
typically due to errata in the ATM data, and to a lesser extent in  the 1985 DEM 
measurements; the inspected group was  small, totaling c. 500 observations, most 
of which were removed. The largest residuals caused by random errors seem to be 
c. 55 m, while gross errors are in the hundreds of meters. Only 186216 of the 
available 337783 observations were retained for further analysis, most of which 
were deleted due to not full-filling the requirement of not being sampled on 
bedrock. NDEP(36) emphasizes  that check points should never be located in 
terrain with slopes greater than 20 degrees, because in that case  the horizontal 
positional errors would  unduly influence the vertical error assessment. Filtering 
to remove observations with slopes greater than 20 degrees left 170884 sample 
points. 
The 1985 DEM-ATM test results are presented in Figs. S2a-f; these are the 
residuals which have not been filtered for slope, but only generalized into 
statistics on 500 x 500 m cells . At Wolstenholme Fjord (Thule AFB) the 
distribution of ATM flight paths is atypical, because Thule AFB was one of the 
three base sites for the survey aircraft (Søndre Strømfjord and Kulusuk were the 
other two). Additionally, the ramp and tarmac were used to validate the survey 
instrument; note the extreme point density on the ramp and tarmac in Fig. S2c; 
more than half the testing points of the study area are shown in this figure. 
To find the best representative vertical uncertainty, a correction for this spatial 
skewing or bias is applied; the slope-filtered data were spatially normalized by 
summarizing the means and standard deviations of 500 m cells, thereby removing 
most of the spatial bias of the sample point distribution.  We reduced the 170884 
observations to 2862 (500 m cells). The result for the non-slope-filtered and non-
spatial bias corrected test is: minimum -51.2 m; maximum 50.2 m; mean -0.7 m; 
standard deviation 5.6 m. The result for the slope-filtered, spatial bias corrected 
test is: minimum – 32.8 m; maximum 30.8 m; mean -0.5 m; standard deviation 
5.5 m (fig. S3a; S3b). 
 For the region of interest the fundamental vertical uncertainty becomes σterrain = 
5.5 m, with a bias of -0.5 m to be applied to dh calculations. This corresponds to a 
correction of +9.0 km3 for the entire 16729 km2 when synthesized with 
observations and results derived independently from the 1985 DEM. Although 
this fundamental vertical uncertainty could be considered a supplementary 
uncertainty by virtue of its well-defined land coverage definition, it will be shown 
that σterrain = 5.5 m is larger than the result for the one major excluded land 
coverage type:  glacier ice, which is the land coverage component of interest in 
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this paper. Thus, it is a conservative error estimate, and we adopt it as the 
fundamental vertical uncertainty.  
 Based on the same series of scale 1:150,000 aerial photos and digital 
photogrammetric software (Socet Set and NGATE), but using alternate field 
surveyed ground control, Motyka et al.(37) estimated the uncertainty to be 2.8 m 
with a positive bias of 0.7 m. This was done with ATM data filtered for slope as 
the reference. However, they chose a conservative estimate of 5.6 m in their 
subsequent analysis. 
  The uncertainty deteriorates with high slope and abrupt changes in the 
landscape, or large surface roughness, which is clearly recognizable in Fig. S2a. 
Escarpments along coasts or glacier carved valleys are prominent with values 
greater than 3σ. Large means are evident at this location as well (Fig. S2b). The 
uncertainty also varies greatly in the eastern region, where Fig.  S2b, suggests a 
fairly large systematic bias. This, however, can be rejected based on the large 
variation of uncertainty and mean (Figs.  S2a; S2b), which most likely indicates a 
challenging topography for this method of evaluating uncertainties (fig S3c; S3d). 
 Tasiusaq Bugt is a region where the ATM-tracks on the ice-free terrain are 
clearly discernible and the point distribution is typical (Figs. S2d-f), the latter 
contrasts highly with the high sample density in Wolsteholme Fjord. The 
variation in the uncertainty is less, and locally uniform. Higher uncertainties can 
be observed on escarpments on coasts and nunataks. Local means are gently 
undulating from south to north, from intervals of [-5.6; -2.9] m to [2.9; 5.6] m 
(Fig. S2e). The gradual shift of the mean (bias) and the small variation in the 
uncertainties indicate that this is a systematic error, or bias. Such undulations are 
to be expected in large-scale aero-analytical triangulations. Applying the bias 
correction of -0.5 m removes most of the error introduced from this phenomenon 
in calculations pertaining to the GrIS coverage in the study area.  
The fundamental vertical uncertainty was found to be σterrain = 5.5 m for the study 
area. The residuals are determined by subtracting the ATM reference data from 
the interpolated surface of the 1985 gridded DEM, and are valid for the ice- and 
snow-free areas used in the test.  Yet a supplemental vertical uncertainty for the 
land coverage category of glacier ice is desirable for our study, and it is this result 
which will be used as the uncertainty of the 1985 DEM on glacier ice in this 
study.  
 No practical reference data exist for such a test, though it can be modeled from 
the expectation that the uncertainty is a function of slope(38,39). This is also the 
case for the 1985 DEM (Fig. S3e). Briefly, the supplementary uncertainty was 
estimated by applying the relationship between slope/uncertainty, which was 
found by testing the ice-free land coverage, to the slope frequency distribution of 
the glacier ice land coverage (Figs. S3e). In practical terms, this is a 
normalization of the two land coverages, eliminating the variable effect from 
different slope distributions. This supplementary vertical uncertainty is found to 
be σice = 4.1 m, which has been applied to our uncertainty estimates of volume 
change, σDEM1985. 
 The above transformation excludes all slopes of 20 degrees or more, but still 
accounts for 98.5% (Fig. S3e) of the glacier ice area investigated; the final 1.5% 
can be considered outliers, though they still present a good fit. Our frequency 
distribution of the slope of the GrIS margin is much different compared to 
existing analysis, which show maximum slopes in the single digits(40). In this 
case, the modus of Yi et al.(40) uses the roughness to describe the variability of 
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the margin. This roughness is reflected in our much higher resolution data as 
higher slopes.  
 
ICESat and ATM data 
We use ICESat GLA12 Release 31 data(14), to resolve elevation changes relative 
to 1985 (Fig S1). The Geoscience Laser Altimeter System (GLAS) instrument on 
ICESat provides measurements of ice sheet elevations(14). We obtained ICESat 
elevations (release 31) from the National Snow and Ice Data Center. The ICESat 
elevations are provided on the TOPEX/Poseidon ellipsoid, and were converted to 
the WGS84 ellipsoid. The satellite laser footprint diameter is 30-70 m and the 
distance between footprint centers is approximately 170 m. 
 
The dominant biases on ICESat elevations come from pointing errors and 
saturation errors. However, pointing errors are now largely corrected in 
calibration(41,42). Signal saturation can cause heights to be biased low by up to 
1.5 m (42). Applying a saturation correction to the height reduces these 
errors(14). A further bias can appear as prominent height anomalies that vary 
locally when clouds are present (-0.16 m through thick cirrus clouds(14)). We use 
the difference between the shape of the return signal and a Gaussian fit (the 
IceSvar parameter) to reject less reliable data. Large differences indicate less 
reliable surface elevation estimates. Measurements for which the misfit is large 
(IceSvar > 0.03) are rejected. Multiple peaks can be caused by cloud reflection. 
Waveforms that contain more than one peak in the return signal are rejected from 
the analysis. For ICESat elevations that have been corrected for pointing errors 
and saturation errors, and that have been filtered for surface roughness and 
atmospheric scattering, the single-shot accuracy is σICESat = 0.2 m(5,14,43). As a 
complement to the ICESat data, we use ATM observations taken along flight-
lines in this region for 2005 and 2010. The ATM measurements have an elevation 
accuracy of σATM = 0.2 m (35).  
 
Elevation difference 
To estimate elevation changes, we use ICESat and ATM track points that are less 
than 17 m from the nearest 1985 DEM point. Consequently, errors caused by the 
surface slope can be ignored. Each thinning value between an ICESat (or ATM) 
track point and the nearest 1985 DEM point has an uncertainty of: 
 

σ�������� = �σ�	
���� + σ��	����  = 4.1 m 

 
Figure 2a-b shows interpolated thinning values (on a 25x25 m grid) during 1985-
2005 and 1985-2010. The interpolation is performed using the kriging 
method(44) and using the GRAVSOFT software package(45). We use the 
observed thinning values with their associated uncertainty of 4.1 m to interpolate 
thinning values on a 25 x 25 m grid. For each grid point, i, we interpolate a 
thinning value �ℎ�������  and estimate an associated uncertaintyσ������� . Figure S4 
shows predicted uncertainties associated with the interpolated thinning values 
shown in figures 2a-d. 
  
Catchment-wide ice loss 
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We use time-dependent gravity data from the GRACE satellite mission, to 
estimate the rate of mass loss across Greenland.  The gravity data are available in 
the form of monthly sets of spherical harmonic coefficients.  We use coefficients 
provided by the Center for Space Research at the University of Texas.  We 
replace the GRACE C20 coefficients with those estimated from satellite laser 
ranging(46), and include degree-one terms computed as described by Swenson et 
al.(47) (provided by Sean Swenson).  We use methods described in Wahr et 
al.(25) to transform the gravity coefficients into surface mass coefficients, and 
use those coefficients to compute surface mass on a 0.5 x 0.5 degree grid, 
smoothed with a Gaussian smoothing function with a 250-km half-width. 
The GRACE(48,50) and InSAR data(51) shows that a considerable increase in 
the mass loss rate and glacier speed occurred in southeast Greenland in late 2003, 
attributed both to enhanced melting and increased dynamic ice loss(6). Even 
though GRACE observations show that the mass loss of the entire ice sheet is still 
accelerating(9), they also indicate a deceleration occurred in 2006 in the southeast 
(Fig. 1). The deceleration is further confirmed by GPS observations(8) and 
ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) 
data from the TERRA (EOS AM-1) satellite mission(7) suggesting this 
deceleration in ice loss and glacier speed was synchronous for several outlet 
glaciers along the southeast margin. A similar, but later, speed-up has been noted 
along the northwest margin(10).  
 
 
Surface Mass Balance 
 
The Regional Atmospheric Climate MOdel v.2 (RACMO2) is based on the High 
Resolution Limited Area Model (HIRLAM) with physical processes adopted 
from the global model of the ECMWF. Its adaptation for the Greenland ice sheet, 
including the treatment of meltwater percolation and refreezing, as well as the 
evaluation of the modelled SMB(16-18). The lateral boundary conditions are 
provided by ECMWF re-analyses: a combination of ERA-40 (until 2002) and 
operational analyses (after 2002).The model is run over the 1958-2010 period. 
Based on a comparison with observations, Ettema et al.(16) concluded that the 
model performs very well (N = 265, r = 0.95), yielding a 14 % uncertainty in ice 
sheet integrated SMB. 
 SMB from RACMO was converted to SMB induced elevation change using a 
simple firn model(19).  The model used annual values of temperature, 
accumulation, melt and refreezing from RACMO as input. For every year, SMB is 
calculated as the sum of accumulation and refreezing minus melt, all with units 
[m ice a-1]. The model assumes that all processes take place in the surface layer 
(i.e., no meltwater percolation). The surface layer contains a fraction of snow, 
and, where melt and refreezing occur, a fraction of refrozen ice.  The layer of 
refrozen ice that remains at the end of the melt season (hereafter referred to as 
SIR; Superimposed Ice Remaining) is equal to the refreezing from RACMO, 
albeit constrained to be between zero and SMB. Based on SMB and SIR three 
zones can be distinguished: the ablation zone (SMB < 0, SIR=0), the dry-snow 
zone (SMB > 0, SIR=0) and the percolation zone (SMB ≥ ��� > 0). In the 
ablation zone, the elevation change due to SMB is simply equal to SMB as 
glacier ice is melted. For the percolation and dry-snow zones, the density is not 
equal to that of ice and is modeled as follows. 



 8

Based on near-surface depth density data and firn temperatures, Reeh et al.(20) 
showed that the surface snow density can be calculated by: 

 !" = 625 + 18.7*+ + 0.293*+� 
where Tf is the firn temperature at 10m depth in °C, which depends on the mean 
annual temperature TMA, and SIR(52): 

*+	= */0 + 26.6��� 
 As the surface layer is covered by subsequent layers firn compaction occurs, 
and hence the density of the firn fraction will increase and the thickness of the 
layer will decrease. The thickness of the annual layer D, which is deposited at 
time t0, after t years of compaction, will be(19): 

1(3", 3) = �/6(3")  �
 !"(3", 3) + ���(3")(1 −  �

 !"(3", 3)) 
 
where ρi is the density of ice (917 kg m-3), and ps0(t0,t) is the density of the firn 
fraction of layer D after t years of compaction. To model the firn compaction 
process, the parameterization by Zwally and Li(53) was used: 
 

 !(3", 3) =  � − ( � −  !"(3"))89:� 
 
c is given by: 
 

; = �/6<<<<<< =  � >? @139.21 − 0.542B*+C + 273.15DE (8.36B273.15 − *+C D9�."F� 
 
where ρw is the density of water (1000 kg m-3) and �/6<<<<<< and *+C  are the long-term 
average surface mass balance and firn temperature, respectively. Interannual 
fluctuations temperature and accumulation are thus only taken into account for 
the surface layer and neglected in the modeling of the compaction process.  

The elevation change induced by SMB is taken as the anomaly of the thickness 
of the surface layer D(t0)  with respect to the reference surface layer thickness 
(the 1961 to 1990 average). The total firn profile thickness at a given time is 
calculated as the sum of the thickness of 99 annual layers (not the surface layer) 
that each have compacted for the appropriate amount of time. For example, the 
profile thickness DT in 1985 is calculated as: 

1G(1985) = 1(1958,27) + 1(1959,26) + ⋯+ 1(1984,1) + I 1(J8K, L)
��

�M�
 

 
 Because the RACMO run started in 1958, the upper 27 layers were modelled, 
and the profile was completed using the lower 72 layers from the reference 
profile (D(ref,i); 1961-1990 average profile). The largest firn compaction rates 
will occur in the upper layers, therefore the error introduced by assuming a partial 
reference profile will be minor. As more modeled layers become available later in 
the period of interest, this initialization error decreases. When the ice sheet is in 
balance, firn compaction does not cause a surface elevation change. Thus, the 
elevation change due to firn compaction is again the anomaly of the profile 
thickness with respect to the 1961-1990 average (i.e., the total thickness of the 
reference profile).   
 To estimate the errors in elevation changes due to SMB and firn compaction, we 
started from the accuracy of SMB and temperature as produced by RACMO, and 
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propagated the uncertainty through the model. According to Ettema et al.(17,18)  
the average temperature bias over the entire GrIS is +0.9°C, and we chose a value 
for the random error (RMSE) of 2.5°C, which is slightly higher than the estimate 
by Ettema et al.(17,18) over both ice sheet and land area. Prior to running the firn 
model, temperature from RACMO was corrected for this bias by subtracting 
0.9°C. The accuracy of SMB (∆SMB) as simulated by RACMO(16) is: 
 

∆�/6 = 15 + 0.01�/6 + 0.0002�/6� 
 
Here, SMB is in kg m-2 yr-1, with a maximum for ∆SMB of 30% of SMB. 
However, this holds only for the accumulation zone. In the ablation zone, the 
alleged value is 20% of SMB(16). Because we did not have information about 
refreezing, we used the same value (20%) for the SIR content in each annual 
layer. Next, we ran the firn model with high (plus error) and low (minus error) 
estimates of both SMB and temperature. The provided errors in elevation changes 
are the maximum absolute differences between these four model runs and the 
baseline run. 
 
Ice marginal changes 
 
Frontal changes in Northwest Greenland 1985-2010 
To compare observations of glacier elevation changes with changes in the 
position of the entire ice sheet margin, we map the fronts at three different dates 
in the observation period 1985-2010. The first date is 1985, mapped from the 
orthorectified photo mosaic created with the 1985 DEM. The following dates 
(2005 & 2010) are mapped from Landsat ETM+ images downloaded from the 
USGS online archive . The image dates are chosen to be as late in the ablation 
season as possible with regards to scene and cloud coverage. As the most 
northern region is not covered by suitable 2005 Landsat imagery a single scene 
from 2004 has been used. The method used for extracting glacier lengths is 
described below. Frontal changes (1985, 2000, 2005, 2010) of three key areas 
have been chosen for comparison with the 2005 and 2010 ATM/ICESAT data 
and the 1985 DEM (Figs. S5-7).  
 Upernavik Ice Stream (fig. S5): Of the four tributary ice streams of the 
Upernavik Ice Stream system, the most southern ice stream shows considerable 
thinning at a maximum value of c. 70 m during 1985-2005. This major elevation 
change is reflected in the frontal position, which retreated c. 2,500 m in the same 
period, with a majority of the retreat happening between 1985 and 2000. The 
retreat during 2005-2010 is far less, c. 800 m, which is reflected in a lower 
vertical change of c. - 25 m. The northern tributary of the Upernavik Ice Stream 
underwent the opposite development, with little frontal and vertical change 
during 1985-2005 and a massive retreat (c. 5,500 m) and vertical change (c. 150 
m) during 2005-2010. In the entire 1985-2010 period the northern tributary 
showed a greater thinning than the southern ice stream, with maximum values of 
c. 180 and 110 m respectively.  
 Alison Glacier (fig. S6): For Alison Glacier which shows a 1985-2005 thinning 
with a maximum value of c. 70 m, the position of the calving front was near 
stationary during 1985-2000, after which the tongue began a rapid retreat lasting 
until the end of the observation period in 2010. This indicates that the pre-2005 
thinning happened mainly between 2000 and 2005, and not before 2000 as 
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observed in the more southern Upernavik Ice Stream. The unnamed, neighboring 
glacier north of Alison also shows a considerable pre-2005 thinning at a 
maximum value of c. 90 m. Here, a large retreat of the front occurred between 
1985 and 2000 of c. 3 km and a near stationary 2000-05 position indicates that the 
main 1985-2005 thinning could have happened before 2000 as for the case of the 
 Upernavik Ice Stream. In the entire 1985-2010 period Alison and its northern, 
neighboring glacier show maximum thinning rates of c. 120 and 160 m, shifting 
the maximum thinning from south to north as in the Upernavik case. This 
corresponds well with the large retreat of the calving front for the unnamed 
glacier of c. 5 km between 2005 and 2010.      
Sverdrup Glacier (fig. S7): The Sverdrup Glacier north of Kjer and Steenstrup 
glaciers shows a retreat during 1985-2005 of c. 2,500 m with a corresponding 
surface change of merely - 10 m. The front retreated a further 1,000 m during 
2005-2010, while the surface elevation dramatically dropped by 80 m.  
 
 
Glacier length calculation 
To capture the marginal changes in the frontal part of the ice sheet, a new 
approach to frontal measurements was applied. Using the “AMBUR” program 
originally developed by Chester P. Jackson Jr. at the Department of Geology and 
Geography, Georgia Southern University for monitoring shoreline changes, we 
generated a dense set of measuring lines distanced at 500 meters intervals. 
Measuring lines are drawn between two transects following the ice sheet margin 
on either side of the digitized frontal positions (Fig. S8). The lines are first drawn 
perpendicular to the transects. They are then assigned a new angle to the transect, 
calculated as the average angle of the four neighboring lines. As a result, each 
line is parallel to the ice sheet flow and provides information on the frontal 
changes of this defined area by measuring the length of the glacier along the 
measuring line. The glacier length extraction was carried out using ESRI’s 
ArcGIS. We applied this analysis to the c. 2000 km ice sheet margin of the entire 
study area, providing us with c.3600 measuring lines and c.10,000 frontal 
positions. 
 
ATM data 1994 and 1999 
 
We manually digitized profile lines to the center laser spot track of each of the 
ATM tracks of 1994 and 1999 (Fig. S1d). We used the snapping functionality of 
ArcGIS 10.0 so that the line was as close as possible to the center track. 
Generalization was done by calculating a point on the profile line for every 100 
m, then extracting the elevations from the 1985 DEM to the profile line points by 
bilinear interpolation. We spatially joined the nearest ATM point for 1994 and 
1999 to our profile points. Maximum acceptable distance for the spatial join was 
set to 30 m, yielding an average distance of 13.2 m. Elevation differences were 
then calculated and the profiles are presented in figures S9 and S10a,b.  
 
Crustal uplift at Thule caused by present-day ice loss 
 
To estimate site coordinates, we use the GIPSY OASIS 6.1 software package(54) 
developed at the Jet Propulsion Laboratory (JPL). We use IGS repro1 satellite 
orbits, satellite clock parameters, and earth orientation parameters. The repro1 
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products take the satellite antenna phase center offsets into account. The GPS 
data was processed as described by Khan et al.(55), and align the solutions with 
the IGS05 frame(56). 
The GPS time series contains secular uplift caused by post-glacial rebound (PGR) 
and uncertainty due to reference frame drift. However, our aim is to detect 
changes in uplift caused by present-day ice variability. Thus, we fit a trend to data 
during June 1995 - June 2005 and remove it from the entire data time span. 
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Fig S1 
 
 

 
 
 
Data coverage for elevation estimates. a. Footprint coverage of aerial photographs 
recorded in 1985 by the Danish National Survey and Cadastre (KMS). b. ICESat 
(red and blue) and ATM (green) from 2005. c. ATM (green) from 2010. d. ATM 
data from 1994 (yellow) and 1999 (blue). 
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Fig S2 
 

 
 
DEM1985-ATM validation. Two locations displaying the non-slope-filtered data 
generalized into 500 m cell statistics. Figs. S2a-c. Wolstenholme Fjord (Thule 
AFB) has an atypically high density of sample points and shows some erratic 
behavior in the eastern half, possibly related to the process of image correlation 
when measuring elevations by the program.  Figs. S2d-f. Tasiusaq Bugt has a 
more even and typical distribution of sample points. 
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Fig S3 
 

 
 
Statistics of the tested data shown in Figs. S2a-f. Fig. S3a. Frequency distribution 
of the raw, unfiltered elevation differences on stable terrain, e.g. bedrock 
(including nunataks). AirDEM (1985) is validated with reference to ATM tracks. 
The red line denotes a Gaussian fit. Fig. S3b. Frequency distribution of elevation 
differences after slopes greater than 20 degrees have been excluded and also 
corrected for spatial bias. The negative bias of 0.5 m has been used to adjust the 
model and σterrain = 5.5 m is the uncertainty of the ice-free terrain. Fig. S3c. Mean 
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elevation difference (AirDEM – ATM) plotted against corresponding bedrock 
slope values in 0.5 degree bins, illustrating the random nature of bias as a 
function of slope. The linear fit denotes how the mean is slightly decreasing with 
slope. The same data as for Fig. S3a. Fig. S3d. Uncertainty (σ= STD) of the 
elevation differences (AirDEM – ATM) plotted against bedrock slope values in 
0.5 degree bins. The least squares linear fit result is: y = 0.2855x + 2.8865, based 
on 0.5 degree bins and an interval of [0; 25] degrees. r2 = 0.975. The same data as 
for Fig. S3a. Fig. S3e Cumulative frequency distribution for slope values on the 
inland ice land coverage. Only pixels which have a measured height have been 
included. The y-axis plots percentages (quantiles) of all included slope values of 
the ice. The red lines mark the quantile (98.5%) at a slope value of 20 degrees. 
Thus, 98.5% of the ice-covered area has slope values below 20 degrees. With the 
linear least squares fit formula from Fig. S3d, this is the input to the surface slope 
correction of the σterrain = 5.5 m to σice = 4.1 m. 
 
 
Fig S4  
 

 
 
Uncertainty related to interpolation and elevation differences. a. dh1985-2005. b. 
dh2005-2010. c. SMB 1985-2005 d. SMB 2005-2010. 
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Fig S5 
 

 
 
Elevation difference (dh) adjacent to the Upernavik Ice stream (area 1). 
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Fig S6 
 

 
 
Elevation difference (dh) adjacent to the Alison glacier (area 2). 
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Fig S7  
 

 
 
Elevation difference (dh) adjacent to the Sverdrup glacier (area 3). 
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Fig S8 
 

 
 
Illustration of method used to measure glacier lengths. Measuring lines (orange) 
are drawn automatically between transects (red). Glacier lengths are measured 
from the inner transect to the digitized ice margin (blue). Example from southern 
Giesecke glacier with measuring lines for every 500 m along the transect. 
Background image is a Landsat-scene from August 2010 (L71017008-
0082010814). 
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Fig S9 
 
 

 
 
Elevation difference (dh) between 1985 and 1990s based on the aerial DEM and 
ATM data. a. Flight lines from 1994 b. Flight line from 1999. 
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Fig S10  
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ATM data from 1994 and 1999 superimposed on 1985 DEM shown as a shaded 
relief. a. Gade Glacier, b. Rink glacier, c. Kong Oscar glacier, d. Steenstrup 
glacier, e. Kjer, f. Upernavik, 2nd southern tributary. 
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