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Abstract

Glacier inventories provide important baseline information for the determination of wa-
ter resources, glacier-specific changes in area and volume, climate change impacts,
and the past, potential and future contribution of glaciers to sea-level rise. Though
heavily glacierized and thus highly relevant for all of the above points, such an inventory5

of all local glaciers and icecaps (GIC) was not available so far for Greenland. Here we
present the details and results of our inventory, that has been compiled from more than
70 Landsat scenes mostly acquired between 1999 and 2002 using semi-automated
multispectral mapping techniques. A digital elevation model (DEM) was used to derive
drainage divides from watershed analysis and topographic parameters for each glacier10

entity. We assigned to each entity one of three connectivity levels (CL0, CL1, CL2; i.e.
no, weak, and strong connection) with the ice sheet to distinguish the local GIC from
the ice sheet and its outlet glaciers and to serve the specific needs of different user
communities. All GIC larger 0.05 km2 include ∼20 300 entities (of which 900 are ma-
rine terminating), covering an area of 129983±4029 km2, or 89 273±2767 km2 without15

the CL2 GIC. The latter is about 50 % more than according to all previous estimates.
Glaciers smaller 0.5 km2 contribute only 1.5 % to the total area but more than 50 %
(11 000) to the total number. In contrast, the 25 largest GIC (>500 km2) contribute 28 %
to the total area, but only 0.1 % to the total number. Most of the ice was located at ele-
vations around 1000 m, except in the eastern sector with elevation arround 1700 m. In20

addition, a strong dependence of the median elevation to the distance from the ocean
was found, but only a weak dependence on aspect. All data will be made available in
the Global Land Ice Measurement from Space (GLIMS) glacier database.

1 Introduction

Glaciers and ice caps (GIC in the following) are key indicators of climate change (e.g.25

Lemke et al., 2007), important water resources, and their melt water could potentially
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make a substantial contribution to sea-level rise during this century (e.g. Meier et al.,
2007; Hock et al., 2009; Radić and Hock, 2010). Related assessments require precise
knowledge about their location and extent as available in glacier inventories. The local
or peripheral GIC on Greenland are one of the regions with a potentially large contribu-
tion to sea-level rise, but also largely absent inventory information (Kargel et al., 2012).5

Moreover, the situation in Greenland is special due to the highly complex and differently
used separation of the ice sheet and its outlet glaciers from the local GIC (Paul, 2011).
To overcome this situation and to provide a sound data base for global-scale modelling
applications (e.g. Huss and Farinotti, 2012; Radić and Hock, 2010), a complete dataset
(vector outlines) of all GIC on Greenland is of high importance.10

For the above reasons we have compiled the first glacier inventory of all GIC in
Greenland by applying semi-automated glacier-mapping techniques (e.g. Paul and
Kääb, 2005) to Landsat imagery in combination with a digital elevation model (DEM)
to obtain drainage divides following Bolch et al. (2010) and topographic parameters
for each entity following Paul et al. (2009). A rather challenging issue was to define15

a consistent strategy for separating the GIC from the ice sheet, as the local GIC oc-
cur in coastal regions not covered by the ice sheet, and on mountain ridges within the
ice sheet (Weidick and Morris, 1998). Considering the varying requirements for the
different scientific communities (e.g. sea level change, hydrological, and glaciological
modelling), we assigned three connectivity levels (CL) to the local GIC to describe their20

strength of connection (no, weak, strong) to the ice sheet. This is also, for instance,
required to avoid a double counting for their contribution to sea-level rise, as normally
used ice-masks for Greenland also include (at least partly) local GIC (Paul, 2011).

So far, only parts of Greenland’s GIC were inventoried in detail: the glacier inventory
of West Greenland (Weidick et al., 1992), the Geikie glacier inventory (Jiskoot et al.,25

2012), a glacier inventory of Disko Island and the Nuussuaq and Svartenhuk penin-
sulas (Citterio et al., 2009). Only two datasets (Geikie plateau and South Kronprins
Christian Land) are currently downloadable from the Global Land Ice Measurements
from Space (GLIMS) database. Greenland-wide datasets of the ice-covered area (i.e.
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without a separation from the ice sheet or drainage divides) that are publicly avail-
able exists only from the Digital Chart of the World (DCW) (Danko, 1992) and the
outlines from the Greenland Ice Mapping Project (GIMP) provided by Howat and Ne-
grete (2012). A similar comprehensive data set with vector outlines of all GIC and the
ice sheet is hold by GEUS (Kargel et al., 2011), but not (yet) available for scientific5

research. All data sets vary in their degree of generalization, temporal frame, and con-
sideration of details (e.g. debris cover).

Due to the so far missing inventory data (the DCW was never used for that purpose)
the total area covered by local GIC on Greenland has been assessed from a range
of (not always fully documented) techniques. The reported values range from about10

49 000 km2 (Ohmura, 2009; Weng, 1995) up to 70 000 km2 (Dyurgerov and Meier,
2005; Weidick and Morris, 1998). Despite this large estimated area (approximately 7 %
of all GICs worldwide, cf. Hock et al., 2009), also the calculation of the sea-level rise
contribution of Greenland’s GIC has so far received only limited attention. The absence
of a consistent and complete inventory resulted in the application of either rough ex-15

trapolation schemes (Radić and Hock, 2010), their exclusion (Raper and Braithwaite,
2006), or a separate treatment (Lemke et al., 2007).

The main purposes of the here presented new and complete inventory are firstly to
close the knowledge gap about the local GIC to improve the estimation of their past,
potential and future contribution to global sea-level change for the forthcoming 5th as-20

sessment report (AR5) of the IPCC and secondly, to allow proper change assessment.
The full data set will be made available in the GLIMS database (Bishop et al., 2004;
Raup et al., 2007).
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2 Study region and datasets

2.1 Study region

Our study area is entire Greenland (Fig. 1), extending from 60◦ to 84◦ N (2650 km)
and from 11◦ to 74◦ W (1200 km). More than 80 % of Greenland is covered by ice
ranging from sea-level to 3200 m a.s.l. along the central dome of the ice sheet and5

almost to 3700 m a.s.l. on Greenland’s highest mountain (Gunnbjørns fjeld). To pro-
vide a more regionalized assessment of the GIC characteristics, we divided Greenland
in four glaciological sub regions, following the suggestion of Weidick et al. (1995) but
adding a further sector in the south.

Greenland’s climate is polar to subpolar and acts climatologically as a centre of cool-10

ing, and hydrologically as large freshwater storage. Temperatures in Greenland have
been monitored since the 1870s showing a distinctive warming trend since the 1980s
that increased during the 1990s predominantly on the western coast (Cappelen et al.,
2007). The year 2010 was the warmest year across Greenland (except for the north-
east) since the start of meteorological observations (Box et al., 2010). The present-15

day accumulation pattern in Greenland is roughly captured by measurements (Bales
et al., 2009; Burgess et al., 2010) and regional climate modelling (Box et al., 2006;
Ettema et al., 2009; Fettweis et al., 2008), with large uncertainties remaining in regions
where measurements are sparse (Helsen et al., 2012). According to Ohmura and Reeh
(1991), the highest annual precipitation amounts occur south of 65◦ N on the western20

side (400–1000 mm a−1) and south of 70◦ on the eastern side (400–2500 mm a−1) of
Greenland. The lowest amounts are found in the north-east (100 mm a−1) and locally
around Søndre Strømfjord on the western coast and Narssarssuaq in Southern Green-
land.

A large variety of glacier types from large ice caps with numerous outlet glaciers,25

extended valley glaciers, to mountain glaciers of all shapes and small cirques can be
found in Greenland. Due to the large south-north extent, different thermal regimes can
be expected for the glaciers. Whereas in the north especially cold glaciers are present,
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in the central part polythermal and in the southern parts also temperate glaciers are
found (Bull, 1963; Hammer, 1985). Many glaciers on Greenland have been identified
as being of surge type, for instance in the Stauning Alper region (Jiskoot et al., 2001;
Weidick, 1988) and in the Disko/Nussuuaq region (Yde and Knudsen, 2005).

2.2 Datasets5

We selected 73 of the most suitable (with minimum seasonal snow, and largely cloud
free) Landsat scenes available from the glovis.usgs.gov archive, setting a focus on the
(undisturbed) Landsat 7 ETM+ scenes (1999–2002). All scenes are listed along with
an index map of their footprints in the supplement (Table A1 and Fig. A1). Seasonal
snow was a severe problem in the north-eastern part of Greenland and we mosaicked10

several scanline corrector (SLC) off scenes with much better snow conditions to get an
appropriate coverage. We partly also used Landsat TM scenes from the period 1994–
2008 to fill local data gaps. It has to be noted that during this period some glaciers have
shown considerable changes in extent (e.g. Yde and Knudsen, 2005). The acquisition
date of each scene processed is documented in the attribute table of each glacier15

outline, so that a proper reference for change assessment is available.
To overcome the missing coverage with Landsat data north of 80◦ N, we used the out-

lines of the GIMP ice cover map released online http://bprc.osu.edu/GDG/icemask.php
(Howat and Negrete, 2012) as baseline information and improved them manually by vi-
sual interpretation of a MODIS 250 m image of the same region. This was important20

as some wrongly classified ice-covered lakes adjacent to outlet glaciers of the Hans
Tausen Iskape (cf. Hammer, 1985) and the included ice shelves had to be removed.
The GIMP ice cover map does partly not consider debris-covered glaciers and ex-
cluded glaciers smaller than 0.05 km2; in the northern-most region, ice shelves were
included as the purpose of that dataset is to include all ice-covered areas.25

For this overall inventory we decided to stick to the DEM of the Greenland Mapping
Project (GIMP, Howat et al., 2012) with the supplement tile “Gl-north” from the website
http://viewfinderpanoramas.org (VFP) in the very far north that was not covered by the
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GIMP DEM. The GIMP DEM has a resolution of 90 m and a reported vertical accuracy
of 10 m. It was merged from several datasets acquired between the years 2000 and
2009. As high-resolution photogrammetric DEM extraction does only provide accurate
results in areas with high contrast and does therefore not work well above the snowline,
lower spatial resolution DEM data (500 m AVHRR) was merged with the GIMP DEM.5

The VFP DEMs were mainly created from 1 : 250000 and 1 : 500000 scale topographic
maps with a locally variable quality (Ferranti, 2012). Additionally, the ASTER GDEM II
was used in this study to assess the suitability of the GIMP DEM for extracting topo-
graphic parameters in the Stauning Alper region. All place names used here are based
on Weidick et al. (1995).10

3 Methods

The overall data processing workflow as illustrated in Fig. 2 can roughly be subdivided
in three steps: (a) glacier mapping, (b) creation of drainage basins to separate the local
GIC from the ice sheet and among each other, and (c) intersection of both datasets with
a subsequent calculation of glacier specific statistics. These three steps are described15

in the following in more detail.

3.1 Glacier mapping

For the glacier mapping we applied the well established semi-automated band ratio
method as described by Paul and Kääb (2005). The ratio images were computed from
raw digital numbers for Landsat ETM+ bands 3 and 5. An optimal threshold value20

was chosen for each scene interactively and pixels were classified as glaciers when
the band 3/5 ratio > 1.6 to 2.4 (dependent on scene conditions). In the following step
a median filter (3×3 kernel) was applied to reduce noise and the classified raster image
was converted into a vector format (shapefile). Only glaciers larger than 0.05 km2 were
considered for the inventory and manually corrected where required. The corrections25
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for clouds, shadow, debris cover, seasonal snow and icebergs were time consuming,
and took approximately 80 % of the total processing time. Similar to the experience in
other regions (e.g. Paul and Andreassen, 2009; Bolch et al., 2010), one of the most
challenging questions was related to the correct consideration of extended snow fields
that showed no ice but might be perennial rather than seasonal. As a general rule, we5

included all polygons where exposed ice was visible and excluded most of the “snow
only” regions, in particular at low elevations. The correct identification of frozen lakes
was in some regions also difficult, a well known problem when working in Arctic regions
(e.g. Paul and Kääb, 2005; Racoviteanu et al., 2009). In this study we have additionally
used DEM information (hillshades) and multi-temporal satellite images to improve their10

identification. The mapping and the manual corrections were always performed in the
local UTM system (spanning zones 18–28 N). In a second step, the resulting outlines
were mosaicked and reprojected to an area-preserving projection (Greenland Lambert
Azimuthal Equal Area projection with WGS 1984 datum), as the UTM projection is not
area preserving.15

The accuracy of the glacier outlines is difficult to assess as appropriate reference
data are required but were not available for this region (Andreassen et al., 2008; Paul
et al., 2002). However, a recent round robin experiment has analyzed accuracy issues
in more detail (Paul et al., 2012) comparing outlines derived automatically and from
multiple digitization of the same set of glaciers by the same and different analysts.20

The study concluded that both methods (manual and automated) have about the same
precision for clean ice (standard deviation of 2–5 %) and that debris-covered glacier
parts revealed a large variability in interpretation, resulting in area differences higher
than 30 %. As the location of the manually digitized outlines varied by about 1 TM pixel
or 30 m (for clean ice), we determined the precision of the here-derived outlines by25

applying a 15 m buffer around all glacier polygons. This gives a 3.1 % larger total area
which is in the following used as the measure of uncertainty for the derived area values.
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3.2 Drainage divides and assignment of connectivity levels

We derived glacier basins (drainage divides) to separate the ice masses into entities in
a two step approach: first, they were automatically calculated in the GIS using water-
shed analysis following a modified approach developed by Bolch et al. (2010), and in
a second step they were manually adjusted using a colour-coded flow direction grid in5

the background and a set of newly developed rules that are explained in the following.
Firstly, the local GIC were separated from the ice sheet. This was actually rather

challenging, as outlet glaciers from otherwise disconnected ice caps can join outlets
from the ice sheet (and thus contribute to their flow), or glaciers that are connected
to the ice sheet in the accumulation region can have completely separated ablation10

regions. To also serve the varying requirements of the different modelling communities
(e.g. GIC and ice sheets), we decided to define three connectivity levels (CL) of the
GIC with the ice sheet:

– CL0: no connection.

– CL1: weak connection (clearly separable by drainage divides in the accumulation15

region, not connected or only in contact in the ablation region).

– CL2: strong connection (difficult to separate in the accumulation region or joint
flow in the ablation region).

To assign the connectivity level automatically in the GIS, we also applied a “topological
heritage” rule. Glacier entities connected to other entities that have been assigned20

CL1 will adopt the same class. This is also the case for entities connected to CL2
entities. CL0 entities (either individual or within a group of connected entities) have no
connection to the ice sheet or any of the CL1 or CL2 GIC. A colour-coded illustration
of the assigned connectivity levels is depicted in Fig. 3.

Indeed, the topological heritage rule can only be applied after the local GIC were25

separated into entities. And here the next set of challenges start: as pointed out by
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Racoviteanu et al. (2009), separating an ice cap into entities is difficult from a method-
ological point of view and it can be discussed if an ice cap should be separated into
entities at all (glaciological vs. hydrological application). A further tricky issue is that
a watershed algorithm can find a very large number of divides (for a near symmetric
shape) that do not make sense even from a hydrological point of view. This changes5

when an ice cap has prominent outlet glaciers and at least some topographic variability
(such as the Jostedalsbreen ice cap in Norway). The further set of rules to get the local
GIC consistently separated are:

– GIC rule I: divide an ice cap only when it has prominent outlet glaciers and at least
some topographic variability in the accumulation area.10

– GIC rule II: if one outlet glacier is separated, the entire ice cap has to be divided
into entities.

– GIC rule III: for ice caps and glacierized mountain flanks, the smallest number
of entities should be assigned, only considering the most prominent topographic
divides.15

The interpretation of “some topographic variability” is subjective and can be discussed.
As an example, we show in Fig. 4 two larger ice caps both having prominent outlet
glaciers but only one is separated, as the other one has no topographic variability.
The correction of the raw drainage divides provided by the automated watershed al-
gorithm according to the rules above was a tedious and time-consuming work for all20

local GIC on Greenland. To support interpretation, we additionally used hillshades and
contourlines from the DEM as well as contrast enhanced versions of the respective
Landsat scenes.

3.3 Topographic parameters and DEM accuracy

Finally, the glacier outlines were digitally intersected with the drainage basins to obtain25

the glacier entities (cf. Bolch et al., 2010; Paul et al., 2002). This dataset is then digitally
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combined with the DEM and products thereof to derive a set of topographic parame-
ters (minimum, maximum, mean and median elevation, mean slope and aspect) from
zonal statistics (each glacier entity acts as a zone over which the statistics are calcu-
lated) following Paul et al. (2009). The smallest glacier in the sample (0.05 km2) covers
only about 6 cells from the GIMP DEM and the quality of the derived parameters can5

be questioned for such small glaciers. We have thus calculated for a subset of 620
glaciers in the Stauning Alper region (see Fig. 1 for location) the minimum, maximum,
mean and median elevation with the GIMP DEM and the ASTER GDEM II. A visual
comparison of the hillshades of both DEMs is shown in Fig. 5, highlighting the much
more uneven surface (with many artefacts) in the GDEM. We found that the differences10

of the above parameters between the two DEMs are rather small in the mean (mini-
mum: 67 m, maximum: −46 m, mean: 1 m, and median: 3 m), but the standard deviation
of the differences between individual glaciers are rather high (minimum: 636 m, maxi-
mum: 609 m, mean: 546 m, and median: 391 m). On that base we decided to use the
GIMP DEM throughout.15

4 Results

In Fig. 1 we show an overview of all local GIC and their connectivity level. Three large
regions, the Pittufik in the north-west, the entire Geikie plateau and the Hutchinson
plateau in the east have a CL2 connectivity along with some other regions around
Greenland according to our definition. In the southern sector we defined the peninsula20

in the south-east of “Schweizerland” as CL1, together with three further peninsulas in
the far south-east and the Sukkertoppen ice cap. In the northern sector we classified
the “North Ice Cap”, the ice cap touching Petermann glacier at the western side, and
the ice cap south of J.P. Koch Fjord as CL1. The most prominent examples for the
CL1 class in the eastern sector are the two ice caps located at the north and south of25

Pasterze glacier, the two ice caps south of Wahlenberg Gletscher and the ice cap in
the east of Renland (see Fig. 1 for location).
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Considering only entities larger than 0.05 km2, all CL0 and CL1 GIC have a total
area of 89 273±2767 km2. Including also CL2 to the local GIC adds 40 710±1262 km2

to a total of 129 983±4029 km2 with ∼20 300 GIC overall. The ice sheet itself has an
area of ∼1 678 500 km2 according to our dataset and the entire ice covered area in
Greenland is thus ∼1 800 000 km2. Hence, the area covered by the local GIC is ∼7.2 %5

of the total ice covered area (Table 1). From the entire sample (including CL2), 907
(4.5 %) GIC are identified as marine terminating with an area of 65021±2015km2

(Table A2). They are mostly found in the south-east and north of Greenland (Fig. A2).
The area covered by marine terminating glaciers in the Geikie Plateau is 24 494 km2

in our study and thus considerably lower than in the study by Jiskoot et al. (2012) who10

found 41 591 km2 . This is because in the latter study Christian IV Glacier is included
and drainage divides have different positions.

Plotting the area covered and number of glaciers per size class separately for the
four sectors, all glaciers and the marine terminating glaciers, reveals interesting differ-
ences (Fig. 6). In all sub regions and entire Greenland the size classes 0.1–0.5 and15

1.0–5.0 km2 have the highest relative contributions by number (about 35 and 20 %,
respectively), but glaciers <5 km2 cover only a small part (10 %) of the total area. In
contrast, glaciers larger than 10 km2 contribute only 8 % to the number but nearly 84 %
to the total area. This is rather different for the marine terminating glaciers where sizes
<5 km2 contribute 35.6 % to the total number and GIC larger 10 km2 contribute 64.3 %,20

i.e. they are much larger in the mean. The mean size of the GIC per sector (east,
north, south and west) is 7.2, 12.8, 3.3 and 2.2 km2 and 6.4 km2 for all GIC, whereas it
is 71.6 km2 for the marine terminating glaciers. In absolute terms, the largest glaciers
are found in the east and north (Fig. 5; Table A3) followed by the south and west. The
second largest glacier class (50–500 km2) is dominant in the north where large ice caps25

are present. The small glaciers are mostly found in the southern and eastern sector.
The analysis of the area distribution per aspect sector for all glaciers (CL0 and CL1

only) revealed a clustering towards N and SW for the northern sector and NW to SE for
the southern sector (Fig. 7a). The GIC in the eastern and western sector show a rather
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uniform aspect distribution. This is also the case for entire Greenland (with a small
preference for N and SW aspects). The absolute area covered per aspect sector is
listed in Table A4.

The area-elevation distributions for each main sector and all of Greenland is depicted
in Fig. 7b for the classes CL0 and CL1 and for all classes separately. The largest ice-5

covered areas can be found in the north and east sectors with a remarkably different
maximum around 1000 m a.s.l. and 1700 m a.s.l., respectively. The much lower peak
elevation in the northern sector can be ascribed to the topography (ice caps with a peak
elevation) and maybe also to the lower mean annual air temperature (MAAT) in this
region. The special topography of the numerous ice caps also create a sharp drop10

in the ice-covered area below 1000 m. In contrast, the west and south sector contain
much less ice and its distribution with elevation is more homogenous. Peak values
are found at 900 and 1200 m a.s.l. The lower elevation in the southern sector hints to
a very reduced influenced of the MAAT. The CL2 glaciers increase the area covered
for the eastern sector considerably, but the overall distribution is rather similar. Above15

2000 m a.s.l. ice is only found in the eastern sector and is thus the same as for entire
Greenland. Taken together, the peak elevation is around 1000 m a.s.l. either with CL2
GIC or without them.

In Fig. 8 the spatial distribution of median elevation is shown as colour-coded circles
for all GIC larger than 0.1 km2. A strong gradient from the coast to the interior can20

be seen all around Greenland with lowest values closest to the coast (0–400 m) and
increasingly higher values (up to 2400 m) towards the interior. When interpreting the
median elevation as a proxy for the equilibrium line altitude (ELA) and hence as an
indicator of the precipitation regime of a region (e.g. Braithwaite and Raper, 2009),
a decreasing precipitation trend from the coast to the interior of Greenland can be25

derived.
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5 Discussion

5.1 Assignment of connectivity levels

The assignment of connectivity levels and the rules to separate ice caps into entities
are certainly a matter of discussion. Already Weidick et al. (1992) mentioned the sep-
aration of the local GIC from the ice sheet as a major problem for Greenland. The5

GIC CL2 was introduced to retain strongly connected local GIC with the ice sheet, as
the ice sheet modellers wanted to have them as a part of the ice sheet, but the GIC
modellers not. So the hydrologic divides as derived from watershed analysis are fine
by themselves, but need human interpretation to serve various communities. The in-
terpretation provided here is seen as a starting point to solve the issue, as for example10

the precise calculation of the past or future sea level contribution of the GIC is also
strongly dependent on the divides to avoid a double counting in related assessments
(Paul, 2011). When better suggestions for a consistent separation come up, it should
be possible to refine the divides as all datasets are digitally available. The manual cor-
rection of the drainage divides was time consuming, but clearly faster than the manual15

correction of the glacier mapping errors (debris, shadow, seasonal snow). According
to our rules, the Julianehåb and Inglefield ice doms have been interpreted as being
part of the ice sheet in our inventory. Weidick et al. (1992), however, counted these
ice masses as being local, but this is not compliant with the extent used in current ice
sheet models (e.g. Fettweis et al., 2008), so we have decided to exclude them from the20

local GIC.

5.2 Comparison to other datasets

The comparison in Table 2 of all glaciers >0.05 km2 with CL0 connectivity to the other
two available Greenland-wide datasets (DCW, GIMP) reveals that the area is highest
in our dataset (65 150±2019 km2), second highest in the GIMP dataset (61 610 km2)25

and lowest in the DCW dataset (57 715 km2). This indicates that the generalization in
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the DCW and the missing debris cover in the GIMP outlines make quite a difference
(−11 % and −5 %, respectively) for the total area covered. The glacier outlines from
the hydrologic layer of the DCW are based on digitized 1 : 1000000 scale topographic
maps and are thus expected not to include most of the smaller glaciers.

Earlier studies used a wide range of techniques to estimate the total area covered by5

local GIC (for a detailed description see Cogley, 2012). The values range from about
49 000 km2 (Ohmura, 2010; Weng, 1995), over 54 400 km2 (Radić and Hock, 2010) up
to 70 000 km2 (Dyurgerov and Meier, 2005; Weidick and Morris, 1998). The values de-
rived here (∼89 273±2767 km2 for CL0 and CL1, ∼129 983±4029 km2 incl. CL2) are
thus about 50 % and 100 % larger than the mean value of the previous estimates. It10

has to be noted that Weidick and Morris (1998) also include CL2 GIC in their estimate
as well as some larger ice domes (e.g. Julianehab) that are not included in our as-
sessment. The much higher total area found here implies that also the volume from the
local GIC (and hence their potential sea-level rise contribution) is higher than assumed
in previous studies.15

5.3 Inventory data

The distribution of the area and number of glaciers per size class is similar to other
regions in the world and should allow to obtain the total area covered by upscaling the
size class distribution. However, some regional variability exist and the sample used in
the study by Radić and Hock (2010) was likely not too representative for other regions.20

The presented total number of GIC (20 300) should be seen as a rough estimate that
changes with the rules applied for creating drainage divides. The latter also determine
(along with the topography in each sector) the here presented aspect distribution. Al-
though the mean aspect for ice caps is rather arbitrary (also when divided into entities),
a certain preference might be found in regions with other glacier types (Evans, 2006).25

We found no dependence of mean or median elevation on aspect, but an increase
of median elevation with distance from the ocean. This hints to a decrease of pre-
cipitation amounts from the coast to the interior of Greenland. Such a trend was also
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found in other studies (Le Bris et al., 2011; Paul et al, 2011), and is confirmed here for
the first time from the topographic glacier parameters in Greenland. To derive such a
trend from measurements is difficult, because on Greenland weather stations are either
coastal (Danish Meteological Institute stations) or are located on the ice sheet (GC-Net
and PROMICE Network, Ahlstrøm et al., 2008; Steffen and Box, 2001). Furthermore,5

weather stations from the latter two networks do only measure accumulation but not
precipitation.

5.4 DEM impacts

The quality of the new inventory also depends on the quality of the DEM applied. On
one hand, the DEM should have a high resolution and be compiled around the year10

2000 (close to the acquisition date of the satellite images used to derive the outlines)
and on the other hand it should be precise and have no artefacts. The GIMP (and VFP)
DEM used here provide both drainage divides and topographic parameters. Applying
another DEM will result in different drainage divides (location and number) as well as
different topographic parameters. However, the comparison with the GDEM II clearly15

revealed that the GIMP DEM is preferable for both, mostly due to the many artefacts
still present in the GDEM. So before a new and more precise DEM is released (e.g.
from the TanDEM-X mission), the values calculated here have likely the highest quality
possible today.

5.5 Accuracy20

Apart from the methodological constraints (position of ice divides, interpretation of
perennial snow fields), we assume that the accuracy of the glacier outlines is similar to
other studies that have applied automated mapping in combination with manual correc-
tion. With the buffer method we derived an area uncertainty of about 3 % in the mean
over all glaciers; indeed this value can be much higher for individual glaciers and those25

with debris cover. Of course, towards smaller glaciers the relative area uncertainty also
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increases. Though the mapping of ice caps is straight forward due to the generally
missing debris cover, attached snow patches (either seasonal or perennial) introduced
considerably uncertainty in particular in the northern sector. Debris-covered tongues
could mostly be delineated precisely as low solar elevation provides sufficient illumina-
tion differences. However, for small glaciers and those located in regions of permafrost,5

the issue is more challenging. But this is again more an interpretation issue rather than
an accuracy issue (Citterio et al., 2010).

The impact of the missing glacier area in SLC-off scenes from Landsat ETM+ are
locally non-negligible, but overall smaller than other uncertainties. Without using these
scenes, especially in the northern sector, it would have been nearly impossible to de-10

termine whether some mapped features were glaciers or local snow patches. In this
regard, the mosaicing of several SLC-off scenes with much better snow conditions
than available from the normal scenes was worth the effort.

6 Conclusions

We presented the first satellite-derived glacier inventory for entire Greenland based15

on multispectral classification and manual editing of more than 70 Landsat scenes
that were available from http://glovis.usgs.gov. Additionally, we included data from an
ice-cover map (available from http://bprc.osu.edu/GDG/icemask.php) for the northern-
most part of Greenland that is not covered by Landsat. The new inventory revealed
a 50 % higher total area (89 273±2767 km2) than previously assumed. Considering20

also glaciers with a strong connectivity to the ice sheet (CL2) as being local, yields
a total area of 129 983±4029 km2 and ∼20 300 entities (of which about 900 were ma-
rine terminating with an area of 65 021±2015 km2). This much higher area indicates
the importance of assigning connectivity levels to each entity to separate the sam-
ple according to the needs of different user communities. While this assignment could25

be implemented more or less automatically, the separation of the local GIC into enti-
ties was tedious and time consuming work and might not yet be fully consistent. The
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location of drainage divides depends on the DEM used and the rules applied to sepa-
rate entities, differences to other assessments can thus be expected. However, as all
data will be available in digital form in the GLIMS database, they can be adjusted and
improved once more appropriate input datasets become available.

The correction of the automatically mapped glacier outlines (e.g. for debris, shadow5

and snow) took about 80 % of the glacier mapping effort. Glaciers smaller 0.05 km2

were excluded to reduce the impact of seasonal snow. We applied a 1/2 pixel buffer
around all outlines and determined a digitizing precision of 3 % (in the mean for all
glaciers). The obtained size-class distribution by number and area is similar to other
regions in the world and the highest (lowest) number of local GIC is found in the east10

(west) sector, largely due to the different topographic conditions in both regions. We
found a dependence of glacier aspect only in the north and south sector, whereas the
other sectors show a uniform distribution. The dependence of median elevation on the
distance from the ocean hints to strongly decreasing precipitation amounts from the
coast to the interior of Greenland. Most of the glacier area is located around 1700 m15

a.s.l. in the east sector, and around 1000 m a.s.l. in all other sectors. In view of current
approaches to determine the future evolution of GIC under various scenarios of climate
change, we recommend to use the CL0 and CL1 GIC as derived here in combination
with the GIMP DEM.
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Table 1. Area coverage and number per connectivity level.

Area (km2)

CL0 CL1 CL2

GIC 65 146±2019 24 127±747 40 710±1262
Ice sheet 1 743 335 1 784 353 1 767 773
Total 1 808 480 1 808 480 1 808 480

Number

CL0 CL1 CL2 Total

GIC 16 655 1771 1855 20 281
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Table 2. Available vector data sets of the local GIC on Greenland and how they differ. The “area
covered (GIC)” row referes to connectivity levels CL0 and CL1. The GGI (Greenland Glacier
Inventory) dataset includes the improved GIMP dataset (covering 14 068 km2) in the northern-
most part of Greenland.

DCW GIMP GGI

Source Maps 1:1 000 000 Optical/radar Landsat + GIMP
Period 1950s–1980s 1999–2001 1999–2004
Generalization High None None
Drainage divides No No Yes
Spatial resolution approx. 2 km 15 m 30 m
Smallest unit mapped 0.1 km2 0.05 km2 0.05 km2

Debris cover included? Yes No Yes
Northern-most region? Yes Yes Yes (GIMP data)
Availability Free Free Free
Area covered (LGIC 57 715 km2 61 610 km2 65 146±2019 km2

with CL0 connectivity)
Area covered (total) 1 825 030 km2 1 798 960 km2 1 808 480 km2

Percentage 100.9 99.5 100.0
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Table A1. Overview of the Landsat scenes used in this study. The numbers in the column
“Label” refer to Fig. A1.

Label Path Row Date Label Path Row Date

0 228 9 19.08.2000 36 231 14 07.09.1999
1 35 3 24.07.1999 37 5 16 25.08.2000
2 33 1 26.06.2000 38 21 1 01.01.2004
3 31 5 28.06.2000 39 12 2 23.07.2005
4 29 6 23.08.2002 40 12 10 16.08.2002
5 18 8 07.08.2001 41 229 11 12.07.2001
6 23 6 26.08.2001 42 3 17 27.08.2000
7 39 1 20.07.1999 43 19 1 01.01.2004
8 39 2 20.07.1999 44 10 2 20.07.2003
9 19 7 30.08.2001 45 10 11 15.08.2001
10 35 4 24.07.1999 46 227 11 28.08.2000
11 26 6 27.07.2000 47 1 5 01.07.2004
12 13 1 03.07.2001 48 8 3 01.07.2008
13 230 7 20.08.2001 49 8 12 01.08.2001
14 230 8 20.08.2001 50 24 1 01.01.2004
15 230 9 20.08.2001 51 225 11 05.09.2002
16 230 10 21.09.2001 52 15 1 01.07.2003
17 4 5 26.07.2003 53 15 9 21.08.2002
18 20 1 01.01.2004 54 232 6 01.01.2004
19 228 12 11.08.1999 55 6 15 31.07.2009
20 2 17 23.08.2001 56 22 1 01.01.2004
21 226 12 08.08.2001 57 231 11 09.09.2000
22 16 1 01.07.2003 58 232 8 18.08.2001
23 233 14 27.07.2002 59 224 10 14.09.2002
24 233 15 27.07.2002 60 228 10 19.08.2000
25 233 16 10.09.2001 61 9 13 12.07.1994
26 233 17 12.08.2002 62 8 13 01.08.2001
27 233 18 12.08.2002 63 8 14 14.08.2000
28 7 3 01.07.2003 64 45 1 30.06.2000
29 7 4 31.07.2003 65 27 1 02.06.2006
30 7 13 23.08.2000 66 228 10 06.08.2001
31 7 14 23.08.2000 67 12 11 29.08.2001
32 23 1 01.01.2004 68 35 1 24.06.2000
33 231 6 07.09.2005 69 35 5 06.07.2010
34 231 12 14.08.2002 70 227 11 28.08.2000
35 231 13 09.09.2000 71 40 1 03.07.2002

72 226 10 14.08.2003
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Table A2. Number and area of marine terminating glaciers per sector for all connectivity levels.

Number Area (km2)

East 379 31 952
North 214 20 579
South 296 12 146
West 18 344

Total 907 65021±2015 km2
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Table A3. Absolute numbers for Fig. 6 for all connectivity levels per sector, entire Greenland
and the marine terminating glaciers.

North South East
Number Area Number Area Number Area

(km2) (km2) (km2)

0.05–0.1 372 25 1530 108 970 69
0.1–0.5 1230 274 2471 566 3069 722
0.5–1.0 320 227 668 473 1042 742
1.0–5.0 687 1715 1050 2333 1832 4262
5.0–10.0 274 1951 208 1485 448 3108
10.0–50.0 423 9643 193 4127 504 10 567
50.0–500.0 167 20 973 76 9257 129 14 595
>500 5 9849 4 2658 15 24 293

Total 3478 44 661 6200 21 011 8009 58 363

West Entire GL Marine term. GIC
Number Area Number Area Number Area

(km2) (km2) (km2)

0.05–0.1 483 34 3355 238 5 0.2
0.1–0.5 917 222 7687 1787 70 24
0.5–1.0 351 252 2381 1696 56 46
1.0–5.0 549 1268 4118 9583 192 498
5.0–10.0 158 1101 1088 7641 122 886
10.0–50.0 128 2478 1248 26 817 287 6755
50.0–500.0 7 455 379 45 282 154 21 731
>500 1 135 25 36 936 21 35 081

Total 2594 5948 20 281 129 983 907 65 021
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Table A4. Total area in km2 for Fig. 7a per sector and entire Greenland (CL0, CL1).

North West East South Entire GL

N 10 063 205 4578 590 15 437
NE 5149 598 4080 1995 11 824
E 1080 1076 4665 866 7689
SE 1611 482 2373 3096 7564
S 5119 1042 3894 966 11 023
SW 11 413 819 2113 772 15 118
W 3973 467 3120 1673 9235
NW 3898 987 832 5664 11 383

Total 42 310 5693 25 659 15 623 89 273
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Fig. 1. Map of Greenland showing all local GIC (colour coded) and place names mentioned in
the text. The separation of four sub-regions is shown by black solid lines. Local GIC are coloured
according to connectivity level to the ice sheet: blue (CL0), red (CL1) and yellow (CL2). The
green box indicates the area selected for the investigation of DEMs.
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Fig. 2. Flow chart illustrating how the individual processing steps are connected.
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Fig. 3. Close-up of the assigned connectivity levels (colour-coded). As long as glaciers are
connected, they have the same connectivity as their neighbours.
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Fig. 4. Separation of ice caps into glacier entities and from each other. Though the large ice
cap in the upper centre has several distinct outlet glaciers, it is not separated, as topographic
structure is missing in the accumulation area.
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Fig. 5. Comparison of hillshades derived from the GIMP DEM and the ASTER GDEM II for
a small subregion in the test area. Red circles indicate artefacts in the ASTER GDEM II due to
low contrast at high elevations.
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Fig. 6. Number of glaciers and area covered per size class and for each sector, entire Green-
land and the marine terminating glaciers.
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(a) (b)

Fig. 7. (a) Area distribution versus aspect per sector for all GIC with CL0 and CL1. (b) Area-
elevation distribution in 100 m bins for the four sectors and all of Greenland. Dotted lines show
the hypsometry for GIC with CL0 and CL1 only.
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Fig. 8. Color-coded visualization of median elevation for all GIC. Local GIC are shown in dark
grey in the background.
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Fig. A1. Scene location (footprint) overview map (see Table A1 for path, row and acquisition
date). Local GIC are shown in blue in the background.
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Fig. A2. Location map of all marine terminating glaciers in Greenland with glacier areas in dark
grey.
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