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Abstract

As part of the Greenland Ice-sheet Mapping Project (GIMP) we have produced three
geospatial datasets for the entire ice sheet and periphery. These are (1) a complete,
15 m resolution image mosaic, (2) ice-covered and ice-free terrain classification masks,
also posted to 15 m resolution and (3) a complete, altimeter-registered Digital Ele-5

vation Model posted at 30 m. The image mosaic was created from a combination of
Landsat-7 and RADARSAT-1 imagery acquired between 1999 and 2002. Each pixel
in the image is stamped with the acquisition date and geo-registration error to facili-
tate change detection. This mosaic was then used to manually produce complete ice-
covered and ice-free land classification masks. Finally, we used satellite altimetry and10

stereo-photogrammetric DEMs to enhance an existing DEM for Greenland, substan-
tially improving resolution and accuracy over the ice margin and periphery.

1 Introduction

The objective of the Greenland Ice sheet Mapping Project (GIMP) is to establish bench-
mark datasets for observing ice sheet change. Such datasets include ice-sheet wide15

ice velocity (Joughin et al., 2010; Moon et al., 2012) and surface elevation maps, as
well as time series of ice velocity and elevation for selected areas of rapid, ongoing
change. Production of these data requires spatial classification of ice-covered and ice-
free surfaces for horizontal and vertical co-registration of data through subtraction of
offsets over ice-free (i.e. stable) terrain. Processing of these data also requires a Dig-20

ital Elevation Model (DEM) at a resolution commensurate with the resolution of the
imagery being processed. The resolution of Synthetic Aperture Radar Interferometer
(InSAR) ice flow measurements, for example, are from 10 to 100 m. This resolution is
1 to 2 orders of magnitude finer than available DEMs for the ice sheet.

Additionally, a comprehensive mapping of the ice edge from data collected over25

a narrow time window provides a benchmark measurement for change detection. For
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this reason, GIMP produced a classification mask at the highest-possible spatial reso-
lution that could be achieved with widely available imagery.

Here we present, in the following order, the construction of three geospatial products
for the GIMP project: (1) a complete, 15 m resolution image mosaic, (2) ice-covered and
ice-free terrain classification masks, also posted to 15 m resolution and (3) a complete,5

altimeter-registered, Digital Elevation Model posted at 30 m.

2 Projection and grid

We use the ESPG 3413 polar stereographic projection centered on Greenland, with
an origin at 90◦ N, 45◦ W, a standard parallel of 70◦ N and a reference to the WGS84
ellipsoid. This is the standard planar projection used by the National Ice and Snow10

Data Center (NSIDC) for the Arctic. Software for converting between this projection,
UTM and geographic coordinates are widely available. Most of the remote sensing
data used here were obtained in UTM projection and were converted to ESPG 3413
using the GDAL open source package (http://gdal.org).

All mosaics are re-gridded, through bilinear interpolation, to a master grid with an15

origin at 59.1996◦ N, 55.7983◦ W (Fig. 1). The grid is divided into 36 tiles of 6 rows
by 6 columns, each with dimensions of 249.3 km by 450 km. These dimensions were
selected because, first, they are divisible by 15 m, which is the resolution of Landsat-7
ETM+ band 8 (panchromatic) imagery and, thus, is the base-level resolution we adopt
and, second, yield a 15 m resolution, 8-bit (integer) image of slightly less than 500 MB20

uncompressed.

3 Landsat 7 ETM+/RADARSAT-1 image mosaic

Our first objective is to assemble an ice-sheet wide imagery mosaic to be used for map-
ping and land surface classification at the highest possible spatial resolution and within
as narrow a time window as possible to enable change detection. South of ∼ 81.2◦ N,25
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we use Landsat 7 ETM+ imagery orthorectified and distributed by the US Geological
Survey (http://glovis.usgs.gov/). Using 1 August 2000 as a target date, we selected
imagery from July and August, as close in time as possible to 1 August for the years,
in preferential order, of 2000, 1999, 2001, and 2002. All imagery were automatically
filtered for clouds using the LTK algorithm (Luo et al., 2008; Oreopoulos et al., 2011)5

and visually inspected for quality. In some cases additional manual cloud masking was
required. In order to increase the consistency of the grayscale between images, each
digital number image was converted to reflectance, including corrections for sun angle
and distance using the parameters provided in the metadata. Multi-spectral bands 1
through 4 were pan-sharpened to 15 m posting using band 8 and a simple and fast10

additive method in which the band 8 image was down-sampled to 30 m and differenced
from each multispectral band. The difference image was then up-sampled to 15 m using
bilinear interpolation and added to the band 8 image. An example of pan sharpening is
given in Fig. 2.

The pan sharpened reflectance images were then re-gridded via cubic convolution15

and mosaiced to the reference grid. Where images overlapped, the pixel that was clos-
est in time to the target date of 1 August 2000, was selected. No edge feathering was
applied. The mosaiced images were then converted back to a byte precision digital
number by linearly scaling the reflectance values to the global minimum and maximum
for each band (Fig. 1).20

The USGS employs two levels of geo-registration processing for their imagery (see
http://landsat.usgs.gov/Landsat_Processing_Details.php). First, Standard Terrain Cor-
rection (Level 1T) incorporates both ground control points and a DEM for terrain cor-
rections. Geodetic accuracy depends on the accuracy of the ground control and the
quality of the DEM and is better than 90 m. Imagery covering the periphery and margin25

of the ice sheet, where features are visible on the surface, are processed to L1T. For
L1T imagery, the root-mean-square of the residual between the geo-location model and
the ground control are provided in the imagery metadata and are typically on the order
of several meters. Second, Systematic Correction (Level 1G) uses only the satellite
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ephemeris for geo-location, providing a 1σ geometric accuracy within 250 m. Scenes
over the featureless interior of the ice sheet are typically processed to L1G.

North of the maximum extent of Landsat we include synthetic aperture radar am-
plitude imagery mosaics acquired between October and December 2000 by the
RADARSAT-1 satellite. These data were produced by the Applied Physics Lab at the5

University of Washington as part of GIMP (Joughin et al., 2010). The data are dis-
tributed at 20 m resolution and were up-sampled through bilinear interpolation to 15 m
to match the resolution of Landsat band-8. We merged the RADARSAT and Landsat
band-8 imagery by applying a stretch to the RADARSAT image so that the histograms
of both datasets match where they overlap. Due to the high geometric precision of the10

RADARSAT imagery, absolute geo-location errors are small relative to those of Landsat
and are on the order of meters.

The final image mosaic (Fig. 1) is distributed in tiles, with one image for each band,
plus an index image in which each pixel gives the index number of its corresponding
source image in an accompanying metadata file. The metadata file lists each Landsat15

scene identification number (scene ID) used in the mosaic for that tile, the acquisition
time, and the root-mean-square control point registration error where available. The
original scene ID, acquisition date and geo-location error for any pixel in an image can
thus be obtained using the index image.

4 Land classification masks20

Land classification masks are needed for co-registration of repeat imagery and ele-
vation data, as ice surfaces can change with time while areas of exposed bedrock
provide control. Further, the accurate delineation of ice boundaries provides a bench-
mark for measuring future ice margin changes. Landsat-7 ETM+ data are commonly
used for mapping snow and ice, either manually, by tracing the margin with a com-25

puter mouse directly on the panchromatic imagery, or automatically, from multi-spectral
classification techniques (e.g. Rastner et al., 2012). Automatic methods are far more
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efficient and are effective for ice and snow that is free of surface debris. However, the
drawbacks of automated, multi-spectral classification methods are that (1) they cannot
differentiate between seasonal/ephemeral snow cover and glacial ice, (2) they fail at
marine margins when dense packs of icebergs and sea ice are present, (3) much of
the marginal ice of the Greenland Ice Sheet and surrounding glaciers is debris covered5

and (4) Landsat does not cover the most northern regions of the ice sheet. For these
reasons, we abandoned multi-spectral mapping methods in favor of manual digitiza-
tion of the panchromatic and pan-sharpened multispectral image mosaic presented in
Sect. 3. Even with manual methods, the ice margin can be difficult to locate visually in
areas of abundant debris and snow cover. Margins of debris-covered ice were identi-10

fied by breaks in surface slope, emerging melt water streams, color differences and the
presence of small melt water ponds typical of debris-covered glaciers. Using the same
method, we also digitized the coastline to produce an ocean mask, with the null of the
ice and ocean masks being ice-free terrain (including freshwater lakes).

Uncertainty in these classification masks arise from three sources of error: (1) im-15

age pixel resolution, (2) image geo-registration and (3) erroneous selection or non-
selection of pixels (i.e. mapping error). All error sources are expected to vary randomly
in space, although there is likely a systematic component of error source (2) over dis-
tances equivalent to the size of a single image (e.g. 185 km for Landsat 7) due to errors
in the registration model used to orthorectify the image, which typically is on the order20

of ±5 m, or 1/3 of a pixel for L1T-processed imagery.
Error source (1) contributes a random error of 1 pixel for each ice boundary pixel.

The position of any point of the ice margin has an uncertainty of 21 m while the total

error for a given area of ice is then (8N)1/2x2, where N is the number of boundary
pixels and x is the pixel posting in meters.25

Erroneous selection or non-selection of pixels can be due to debris cover, shadows,
and misidentification by the operator, as well as the ambiguity of delineating an ice
boundary at glacier fronts ending in packs of icebergs. Without ground control, de-
lineation of the ice edge in areas of debris cover, terminal moraines and persistent
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snow cover is subjective. These errors are difficult to quantify. We estimated uncertain-
ties due to ambiguity in the ice edge and operator error by comparing mappings done
by three different operators over the same area. On average, each operator identified
24.21 km (1614 pixels) of ice margin over the common area, with a 660 m (44 pixels)
difference between the maximum and minimum mappings, giving an estimated error of5

±3 %, which is similar to other comparisons (Paul et al., 2013). This error, however, is
expected to vary widely by particular location and size of area considered.

Initial versions of the GIMP classification mask have been used and analyzed in
two studies. Rastner et al. (2012) compared the version 1.1 GIMP classification to
their own, semi-automated delineation of peripheral glaciers and ice caps, which also10

utilized Landsat 7 data. They found an overall difference in classified area of 6 %. This
difference was mostly due to misclassification of debris-covered margin in GIMP. That
study incorporated the GIMP classification into their dataset for far northern regions,
and their combined map has been included in the global Randolph Glacier Inventory
(Pfeffer et al., 2014). Citterio and Ahlstrom (2013) compared the version 1.2 GIMP15

classification to glacier outlines mapped from aerial photography in the 1980’s and
were able to measure local changes in margin positions between the datasets. They
also detected some classification errors. Errors detected in both of these studies have
been corrected in the current version 2.0 of the mask, along with additional quality
control by our team. Both the ice and ocean classification masks were used in the20

production of the Digital Elevation Model, described next.

5 Digital Elevation Model

Due to the failure of stereo-photogrammetric methods for Digital Elevation Model (DEM)
extraction on featureless ice and snow surfaces, the difficult logistics involved in aerial
LiDAR surveying, and the latitudinal limit of the Shuttle Radar Topography Mission, the25

coverage and accuracy of elevation data for polar regions are poor, especially over
the interiors of ice sheets. The quality of data over most of the Greenland Ice Sheet
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in global elevation datasets, such as GTOPO30 and the more recent GDEM, is too
poor to be of use for glaciological applications. The standard DEM used in glaciological
studies was created from a combination of SAR altimeter and aerial Photogrammetry
(Bamber et al., 2001) with a posting of up to 1 km. This DEM was enhanced to 625 m
posting through photoclinometry by Scambos and Haran (2002). While these DEMs5

are accurate to a few meters over the relatively flat interior of the ice sheet, they have
poor resolution over the steeper margins and higher-relief periphery.

Our objective is to enhance DEM resolution and accuracy, particularly over the ice
sheet margin and periphery, by integrating high-quality photogrammetric topography
data into the existing low-resolution DEM and registering the DEM to elevations ac-10

quired by the Geoscience Laser Altimeter System (GLAS) aboard the Ice and Cloud
Elevation Satellite (ICESat). Our approach follows the schematic shown in Fig. 3. We
focus on generating a continuous surface and we ignore temporal changes in ice eleva-
tion, which are over 100 m near the fronts of some rapidly retreating glaciers, and pro-
duce a DEM that approximates the mean elevation over the ICESat era (2003–2009).15

We first present each input dataset and then describe the procedure for merging them,
followed by a description of errors and artifacts in the resulting DEM.

5.1 ICESat GLAS

All data are referenced to elevations obtained from by ICESAT GLAS between 2003
and 2009. We use release 633 corrected for time-varying biases, as estimated based20

on variation of the mean-sea-surface height (Shepherd et al., 2012). Poor-quality re-
turns were removed using techniques developed for elevation-change estimation that
identify the best-quality returns based on parameters that describe the shape and am-
plitude of the returned laser pulse (Shepherd et al., 2012). Elevations were corrected
for detector saturation, and the time-varying bias correction should remove offsets as-25

sociated with month-to-month variations in the shape of the transmitted pulse (Borsa
et al., 2013). Elevations calculated in this way should be accurate to better than 0.1 m.
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5.2 Photo-Enhanced Bamber (PEB) DEM

The most widely used DEM for the entire ice sheet is that presented in Bamber et al.
(2001), created from a combination of radar altimeter and stereo-photogrammetric data
from the mid 1990’s. These data were validated against airborne altimeter data, also
from the mid-1990’s, with a reported, ice-sheet wide 1σ error of ±7 m and errors of5

several hundred meters at the coasts. This DEM was subsequently enhanced through
photoclinometry with AVHRR imagery (Scambos and Haran, 2002), hereafter referred
to as the Photo-Enhanced Bamber or PEB DEM (Fig. 4a) which improved the effective
spatial resolution and accuracy of the DEM by ∼ 30 %, so that 1σ errors in the ice
sheet interior, where slopes are ∼ 10−3 are ±2 m. Errors in the marginal areas were10

equivalent to the original Bamber et al. (2001) DEM.
The PEB DEM was provided by the National Snow and Ice Data Center (NSIDC) in

a spherical Lambert azimuthal projection at a posting of approximately 627 m. These
data were re-gridded to ESPG 3413 and up-sampled to 30 m posting using bilin-
ear interpolation. The re-gridded data were then co-registered to the ICESat GLAS15

point cloud using an iterative, 3-D conformal transformation (Noh and Howat, 2014).
Co-registration was preformed on 25 km by 25 km tiles with 5 km of overlap. The co-
registered tiles were then mosaiced with linear distance-weighted edge feathering. The
root mean square (RMS) of the residuals between the PEB DEM and the ICESat point
cloud following co-registration are given in Table 1. The total ice sheet RMS error of20

±23.8 m is nearly three times higher than reported by Bamber et al. (2001) and Scam-
bos and Haran (2002), likely due to the more extensive sampling by ICESat relative
to the airborne altimetry used in those studies, especially over ice-free terrain where
errors are much higher. The RMS errors over the interior ice sheet are more consistent
with reported errors.25
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5.3 GDEM V2

The Global Digital Elevation Model (GDEM) is a global, 30 m posted DEM produced
by the Ministry of Economy, Trade, and Industry (METI) of Japan and the United
States National Aeronautics and Space Administration (NASA) (Slater et al., 2011).
The GDEM is created by average-stacking individual stereo-photogrammetric DEM’s5

acquired by the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) between 2000 and 2010. Following an initial release in 2009, Version 2 was
released in October 2011. The GDEM is distributed in 1◦ ×1◦ tiles in geographic pro-
jection. The distribution includes metadata giving the number of individual AST14DEM
granules that were stacked to obtain each posted elevation. No information, however,10

is given regarding which scenes were used, so the time period of elevation measure-
ments cannot be determined directly.

GDEM data quality is poor over much of the ice sheet owing to low-contrast sur-
faces on snow and ice (Fig. 4b). Additionally, artifacts due to shadows, clouds and
blunders in the automated matching algorithm are abundant over all terrains. Follow-15

ing re-projection and gridding of the GDEM Version 2 to the GIMP grid, we applied
a pyramiding standard deviation filter in which the DEM is smoothed to progressively
finer resolutions and differenced from the native-resolution DEM. Pixels with differences
exceeding 2.5σ of the mean are discarded. Since ice-covered terrain is substantially
smoother than ice-free terrain, we apply this filter separately to the two land classifica-20

tions, using the masks derived in Sect. 4. Following automated filtering, we manually
masked blunders visible on a hillshade image of the DEM. These procedures removed
nearly all data from above 1600 m elevation, which is approximately the average mass
balance equilibrium line altitude (Fig. 4c). Following filtering and masking, GDEM cov-
ers 30 % of Greenland’s total area, and respectively 92 % and 19 % of its total ice-free25

and ice-covered terrain.
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5.4 SPIRIT DEM

Photogrammetrically-derived DEMs over Greenland were produced from images ac-
quired in 2007 and 2008 as part of the SPOT-5 Stereoscopic Survey of Polar Ice:
Reference Images and Topographies (SPIRIT) program. A description of dataset pro-
duction and validation is given in Korona et al. (2009). The SPIRIT DEM is distributed in5

UTM projection and referenced to the EGM96 Geoid and posted at 40 m. Two versions
of each DEM, processed with different correlation parameters, are provided, along with
data quality and interpolation masks. Korona et al. (2009) reports a slightly better pre-
cision and accuracy of SPIRIT DEM (< ±5 m) over ASTER DEM’s based on validation
experiments with ICESat.10

For this project, we obtained all available SPIRT DEM products over Greenland.
Each DEM was re-projected to ESPG 3413 and the WGS-84 ellipsoid and up-sampled
to 30 m. As advised in Korona et al. (2009), we use version 2 of each DEM and mask
out all interpolated pixels. We then applied the same filtering and masking procedure
as used for the GDEM.15

Each individual SPIRIT DEM was then co-registered to overlapping regions of the
filtered GDEM using the 3-D conformal transformation (Noh and Howat, 2014). This
provided a consistent registration between the SPIRIT and GDEM datasets to facilitate
merging. Each individual SPIRIT DEM was then stacked into a single mosaic by taking
the median elevation at each pixel, keeping track of the number of individual measure-20

ments. The resulting filtered SPIRIT mosaic (Fig. 4d) covers 10 % of Greenland’s total
area, and respectively 24 % and 8 % of its total ice-free and ice-covered terrain. The
most continuous coverage is along the southwestern and southern coasts, with ap-
proximately 50 % of the land and ice area covered in each tile (Table 1), or most of the
land and ice area below 1500 m elevation.25
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5.5 CNES mean sea surface height

Stereo-photogrammetric methods typically cannot resolve open water surfaces due to
the lack of features, so that these surfaces are usually interpolated from the shoreline.
This and the presence of icebergs result in spurious sea surface heights in stereo-
photogrammetric DEMs. To ensure correct sea surface heights, we apply the ocean5

mask derived in Sect. 4 to the final DEM and replace those ocean surfaces with the
CLS11 mean sea surface height product from the Centre National d’Etudes Spatiales
(CNES). The CNES CLS11 is the 16 yr mean of TOPEX/POSEIDON, ERS 1&2, GFO,
JASON-1, ENVISAT altimeter measurements gridded to 1/3 of a degree (Schaeffer
et al., 2012). We re-project these data to ESPG 3413 and up-sample them to the 30 m10

GIMP grid using bilinear interpolation.

5.6 Data merging

Following co-registration and stacking, the SPIRIT DEM mosaic was differenced from
the GDEM and the differences were extrapolated across the grid using an inverse-
distance interpolation. The extrapolated difference map was then added to the SPIRT15

stack. The GDEM and SPIRIT DEMs were then merged under the following conditions
at each pixel:

1. If there was a GDEM value, but no SPIRIT value, the pixel is assigned the GDEM
value.

2. If there was a SPIRIT value, but no GDEM value, the pixel is assigned the cor-20

rected SPIRIT value.

3. If there were both GDEM and SPIRIT values, and the pixel is over ice-free ter-
rain, the pixel is assigned GDEM value. This is due to the GDEM’s higher spatial
resolution.
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4. If there were both GDEM and SPIRIT values, and the pixel is over ice, the pixel is
assigned the average of the GDEM and SPOT values, weighted by the N number
of observations, where N equals 1 for GDEM plus the number of individual SPIRIT
DEMs used in the stack described in Sect. 5.4.

The merged GDEM and SPIRIT DEM (merged G&S) was then co-registered to the5

ICESat GLAS point cloud using the 3-D conformal transformation (Noh and Howat,
2014). The RMS validation errors of the merged G&S DEM are given in Table 1. To
assess the improvement in validation score provided by the higher-resolution data,
Table 1 also gives the RMS errors for the PEB DEM exclusive to areas of overlap with
the merged G&S DEM. On average, the merged G&S DEM improves validation score10

by a factor of 8 over the PEB DEM.
To combine the merged G&S DEM and PEB DEM, the PEB DEM was first adjusted

by differencing it from the merged G&S DEM and interpolating the differences across
areas of no data in the merged G&S DEM. The difference was then added to the PEB
DEM and the two DEM’s were combined using the following rules at each pixel:15

1. If there was a merged G&S DEM value, the pixel is assigned the merged G&S
value.

2. If there was no merged G&S DEM value, the pixel is assigned the adjusted PEB
DEM value.

An ocean mask (see Sect. 4.) is then applied and those pixels are replaced with the20

CLS11 sea surface heights, as described in Sect. 5.5. The final GIMP DEM thus pro-
vides an altimeter-registered, relief-enhanced version of the PEB DEM. The enhance-
ment is most pronounced over regions of high relief on the margin and periphery of
the ice sheet (Fig. 5). Notably, whereas outlet glaciers are not clearly defined in the
PEB DEM, the GIMP DEM resolves outlet glacier termini and fjord walls in detail (see25

example in Fig. 5).
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5.7 Errors and artifacts

The ICESat validation errors for each tile of the completed GIMP DEM are given in
Table 2. The overall RMS error is ±9.1 m, which less than half that of the PEB. The
error on ice-free terrain (±18.3 m) is over twice that of ice-covered terrain (±8.5 m),
which is to be expected considering the higher relief at the ice-free margin. We note5

that an unknown amount of this error can be attributed to differences in the geometries
of the ICESat footprint, which has a typical diameter of 70 m, and the DEM pixels.
The effect of this difference will increase with slope. Additionally, over ice, much of the
validation error can be attributed to temporal variations in surface elevation, ranging
from decimeters over the interior to 10’s of meters over rapidly thinning outlet glaciers.10

These validation errors should, therefore, be viewed as an upper bound for the true
standard data error.

The largest validation errors exist for the most northern tiles, for which little high-
resolution data exist and coverage is mostly from the PEB DEM. Higher errors, ex-
ceeding ±20 m, are also found in areas of extreme relief, such as the Geikie Peninsula15

(tiles 4-2 and 5-2), where gaps in high-resolution data coverage exist over steep moun-
tain glaciers and icecaps.

Errors also tend to be higher at the boundary between the merged G&S and PEB
DEM near the equilibrium line of the ice sheet, especially where the margin is steep.
Errors in both the PEB and merged G&S DEM’s result in spurious, step-like transitions20

between the two DEMs (Fig. 6a). Where merged G&S coverage exists above the snow
line, the apparent surface is much rougher, with pitting resulting from blunders in the
surface matching procedure used to generate the DEMs (Fig. 6b). These roughness
features typically have amplitudes of several meters.

Rapid ice thinning and front retreat also cause in DEM artifacts. Many fast-moving25

outlet glaciers thinned by 10’s of meters, reaching over 100 m in some cases, during the
data collection period. This thinning causes offsets between DEM surfaces acquired at
different times and, when stacked, can result in spurious offsets and discontinuities in
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the surface. An example of this effect is shown in Fig. 7. Additionally, ice-front retreat
between date of the imagery used in construction of the ice cover mask and DEM data
acquisition causes incomplete masking of the ocean boundary. For outlet glaciers, this
often means that areas of dense icebergs remain in the DEM. This is also shown in the
example in Fig. 7.5

6 Conclusions

As with all datasets produced as part of the NASA Making Earth System Data Records
for Use in Research Environments (MEaSUREs) program, all GIMP Datasets will be
available online and at no cost through the NASA Distributed Active Archive Center at
the National Snow and Ice Data Center (nsidc.org/data/measures). Prior to distribution10

at the NSIDC, beta-version datasets are available from the Glacier Dynamics Research
Group the Byrd Polar Research Center (bprc.osu.edu/GDG/data.php). In both cases,
data access requires registration and acceptance of a data use agreement. Announce-
ments of updates will be sent to all registered users.

A second phase of the GIMP project began in 2013. This second phase will include15

improvements to the GIMP DEM through the inclusion of sub-meter resolution DEMs
acquired by the Worldvew series of satellites and from airborne laser altimetry col-
lected through NASA’s Operation IceBridge. A major goal of the next phase of DEM
improvements will be to provide date stamping for each pixel in the DEM so that it may
be used for change detection.20

Acknowledgements. This work was funded by grant NNX08AL98A from the US National Aero-
nautics and Space Administration (NASA). The authors thank T. Scambos and T. Haran for
providing the PEB DEM.
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Table 1. Coverage and ICESat validation statistics for the datasets used in the GIMP DEM. Tile
boundaries are delineated in Fig. 1.

% of Land and Ice Area Covered RMS Error over Land and Ice (m)

Tile GDEM2 SPIRIT Merged G & S PEB PEBa Merged G & S

0-1 91 0 91 31.8 34.7 8.8
0-4 53 0 53 55.7 72.1 8.3
0-5 69 0 79 24.9 19.9 10.2
1-0 67 51 71 47.6 70.6 5.9
1-1 72 46 81 51.9 60.6 5.6
1-2 81 47 86 47.9 49 6.2
1-3 33 20 37 40 90.4 7.9
1-4 3 0 4 7.7 42 7.9
1-5 54 0 54 49.7 49.5 6.3
2-0 32 27 34 32.9 84.4 10.4
2-1 0 0 0 4.5 – –
2-2 0 4 4 5.8 12.2 5.6
2-3 0 0 0 2.1 – –
2-4 0 0 0 1.5 – –
2-5 42 0 42 38.6 58.3 8.2
3-0 80 50 87 75.7 82.6 11.4
3-1 23 22 27 39.3 99.8 9.3
3-2 0 0 0 2.5 – –
3-3 0 0 0 2.2 – –
3-4 0 0 0 3.5 – –
3-5 53 0 53 32.9 46.2 7.2
4-1 68 66 80 102.4 112.8 9.6
4-2 30 29 33 67.2 122.9 8
4-3 39 14 41 41.8 79.5 8
4-4 57 0 57 18.9 24.3 7.2
4-5 91 0 91 30 28.3 7.3
5-2 79 11 80 131.7 138 11.1
5-3 89 9 91 87.5 83.3 7.2
5-4 86 0 86 107.4 99.9 7.8

N-weighted Average: 21.8 54.1 7.4

a Statistcs only for areas of overlap with the merged GDEM and SPIRIT DEM.
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Table 2. Land classification and ICESat validation statistics for each GIMP DEM tile. Tile bound-
aries are delineated in Fig. 1.

% of Tile Area RMS Error (m)

Tile Ice Rock GIMP GIMP (ice) GIMP (rock)

0-1 0 0.1 7.9 – 7.9
0-4 42.2 13.4 23.2 24.4 8.5
0-5 0.4 1.1 21.5 9 27.1
1-0 16.3 13.6 10.7 10.6 12.1
1-1 40.6 42.7 8.2 7.7 11.1
1-2 31.1 31.9 10 9.3 13.5
1-3 68.1 12.6 13 12.7 23.1
1-4 98.3 0.4 4.5 4.5 16.9
1-5 30.7 17.3 32.4 32.8 29.9
2-0 66.9 14.2 18.5 18.6 12.3
2-1 100 0 4.5 4.5 –
2-2 100 0 5.4 5.4 –
2-3 100 0 2.1 2.1 –
2-4 100 0 1.5 1.5 –
2-5 53.3 16.2 15 13.1 29.5
3-0 6.9 5.6 22.2 22.5 19.8
3-1 63.9 5.3 15 14.9 17.6
3-2 100 0 2.5 2.5 –
3-3 100 0 2.2 2.2 –
3-4 100 0 3.5 3.5 –
3-5 49.3 36.6 14.2 12.1 20.9
4-1 10.9 4.2 17 17 16.7
4-2 84.2 4.6 25.6 25.6 13.7
4-3 86.3 12.2 11.3 11.2 17.1
4-4 76.2 12.8 8.7 8.6 10.4
4-5 21.7 17.5 9.5 9.3 9.9
5-2 26 10.4 25.9 26.1 21.9
5-3 11.1 37.1 10.4 12.2 9.5
5-4 3.5 12.5 10 11.2 9.2

N-weighted Average: 9.1 8.5 18.3
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Fig. 1. GIMP Landsat-7 ETM+ band-8 and RADARSAT-1 mosaic of Greenland with tile bound-
aries and tile numbers overlain.

472

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/453/2014/tcd-8-453-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/453/2014/tcd-8-453-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
8, 453–478, 2014

The GIMP land
classification and
surface elevation

datasets

I. M. Howat et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Example subset of a natural color (bands 1, 2 and 3) Landsat-7 ETM+ image at (A)
original 30 m resolution and (B) after pan sharpening to 15 m using band-8. This example high-
lights the improvement in resolution of common ice sheet features including a glacier calving
front, medial moraine and supra-glacial melt water stream channels.
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Fig. 3. Schematic of the approach used to the produce the GIMP DEM from the three source
datasets.
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Fig. 4. Grayscale representations of the input Digital Elevation Models used to create the GIMP
DEM, including the (A) Photo-Enhanced Bamber (PEB) DEM, (B) GDEM2 and (C) filtered and
masked GDEM2 and (D) SPIRIT mosaic.
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Fig. 5. Hillshade representations of tile 1-2 (see Fig. 1) for the (A) PEB and (B) GIMP DEM
showing the improvement in resolution of the margin and ice-free periphery. Enlargements
over the front and fjord of Jakobshavn Isbræ for (C) PEB and (D) the GIMP DEM highlight the
improvement in resolving outlet glacier termini and fjords.
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Fig. 6. Hill shade representations of examples of common artifacts in the GIMP DEM. Boxes
denote the location of enlargements. (A) Example of an offset in the boundary between the
merged GDEM/SPIRIT mosaic and the PEB DEM in a particularly steep section of the ice
sheet margin from tile 0-2. The apparent “cliff” resulting from this offset is up to 5 m tall. (B)
Example of rough ice sheet surfaces resulting from blunders in stereo-photogrammetric DEM
extraction over relatively featureless terrain. The smoother areas are PEB DEM data coverage.
The roughness amplitude is less than 3 m.
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Fig. 7. Hill shade representation of the GIMP DEM for the terminus of Kangerdlugssuaq glacier,
East Greenland (tile 4-2) showing artifacts created by rapid elevation change. In this case, ice
thinning of ∼ 100 m over the data collection period results in spurious, ∼ 10 m tall rises in the
surface. Also visible is a region of dense icebergs, also known as mélange, at the glacier front.
This mélange region was not masked due to retreat of the glacier between the time the ice front
was mapped and the elevation data were acquired.
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