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The PROMICE (Programme for Monitoring of t “ Greenland Ice  Sheet)
aerophotogrammetric map ef Greenland ice masses l _i,\hlgh—-resolutlon .glataset e

documenting the mld-1980’s exte t oﬁ the Gﬁeeg !and ce heet‘ n al theaocaﬁ glacicrs and -
- addpe Wo Kn?

ice caps The tota gl cicrize a;ea m,\l 804 638 krn}':t 2 173W of which 88 083+ 1 240 r" w

kmi belonged to lo.ea?ﬂi%e{s a.nd ice caps G_G substantial 1ndepe;r‘1&e from the ~ Kms

Greenland lce ect. This new result of @I-.Q 1a ierized area 1s, higher ,than, most prevdieus W@rgﬁk
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15 in line with™T ntemp rary f'mdmgs based oh 1ndepencﬁ3nt data sources,

16 ﬂ omparison between our map and the recejﬂy released GIMP (Greenland Mapping Project)
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IceKCOV'er Mask (Howat and Negrete, in prep.) show potential for change-assessment studies. -
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%a?‘s and ice caps are important eonu_ék)utors to present-day, sea—level e (Jacob et al.,
WMo
but uncertainty about the area covered by &I€-fglaciers and ice capsis an obstacle to

modelling their contribution (Kaser et al., 2006). The aim of this study is to produce a high
detail map of the entire margin of the Greenland )’Pce /Q{wet &lS) and all surrounding GG ot ‘{C&-”'@&d.

from a time preceding the last decade of widespread availability of high-resolution satellite - Yo (u)flfﬁ
imagery. Such a dataset would serve as reference for detecting long-tel;m trends, and alsp M{ﬂ'h:l'
contribute to the decades-long debate on the combined extent of *G-I-G- ICuie.(-}reen an !‘l"oh?s %
Landsat 1, 2 and 3 missions allowed Weidick (1995) t(;\ assemble a comprehensive visual e alo_s
documentation of Greenland’s ice %scenes 2 uired between yearg1972 to 1982,

Based on a new 1:2,500,000 scale map em'a&;} extent of 48,599 km?for l(,mz'

euazu.”:s} maaswigy) Yhe ol (op ~covere) ey A waw‘)
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301 larger glamers’\ Weidick & Morris (1998) suggested a GLG area of% 00 and

d1scussed whether — and how — several peripheral ice units, which appear to % ave %

1ndfg tly from the ice eet proper, should be considered sey/arately Values between
9,00

(6hmura 2009),and 150,000 (Oerlemans, 2001) can be found m the
1t fur Okmu\a\s 'hrra is Jecive) Com e 1895 ma
@ B%S Oeeman: is maxplf bl {a f:tﬁo:’zb $ 2 ‘%i&;)e

Until very recently, glacier/mapping in Greenland was only regional and mostly limited to the

early work by Jiskoot (2002) on Central East Greenland apd the inventory of Disko Island, el m
Nuussuag and Svartenhuk peni}sulas {Citterio et al., 2009). The West Greenland Glacier ),ﬁg

Inventory (Weidick et al., 1992) included ynted maps and tables, but only the tables are
available in digital form. Jiskoot et al. (2012) produced a new detailed inventory in Central
East Greenland from 2000-2001 Landsat 7 and ASTER (Advanced Spaceborne Thermal
Emission and ;éﬂection Radiometer) imagery and differenced it against GEUS (Geological
Survey of Denmark and Greenland) map data from the 1980’s to investigate the fluctuations

% _ P
The GIMP (Greenland Mapping Project} 15 m Ice-Cover Mask (Howat and y’grete in prep.)

has recently become available. Even more recently, Rastner et al (2 2) proposed an

_of tidewater glaciers in the Geikie Plateau region. /

inventory based on Landsat scenes between 1999 and 2002 covering the-eat-;:e Greenland and,
above 80° N, complemented by the GIMP mask. The Rastner ot al. (2012) dataset is
especially interesting not only because it has been extensively controlled manually, but also

because the issue of splitting ice masses in contact with the ice sheet is fully discussed and
addressed.

In this brief communication we introduce the new PROMICE (Programme for Monitoring of

the Greenland Ice Sheet) aerophotogrammetric map of Greenland ice masses, based on

images ac mred between 78 and 1987, We rovide a ngw, estimate of the total area coyered
Mouehuin (06 ca ¥ i ey I g

by GJ.C‘.,‘ and compare our new dataset' to the recent GIMP Ice-Cover Mas We 1dent1fy as
mou L)

leeal glaciers and ice caps ¢&d£) all ice masses essentially independent from the Greenland

ice sheet (oS3 with regard to their accumulation area and ice flow. Ambiguities can aris e in

i P

some local settings, and we have been overall more conservative than Rastner et al. ép 2 in
splitting some ice masses adjacent to the ice sheet. This led to a slightly srnaller‘ﬁiﬁ area.
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2 Data sources

The icexmargin vectors in the PROMICE dataset derive from aerophotogrammetric maps at ~ /
scales of 1:100,000 and 1:250,000, referred to as G100 and G250 in the following. These pa
maps provide landwcover type, hydrology and elevation=eontour lines over the island of -~

Greenland with the exception of the interior of the ice sheet, and are Based on 1:150,000 scaie
vertical aerial photographs acquired between 1978 and 1987 (Fig. 1). The camera and lens
were a Wild RC10 and Wild Super Aviogon-11 with nominal focal length of 88 mm. The
maps were produced by GEUS (Geological Survey of Denmark and Greenland), formerly
GGU (Greenland Geological Survey) using a Kern PG2 analogue stereoplotter and later a
LH-Systems DPW digital workstation, and by KMS (Danish National Survey and Cadastre).

KMS also surveyed the vast majority of geodetic ground control points.

Vectors based on GEUS and GGU acrophotogrammetric products and KMS ground control

points have xyz error better than 10 m rms. KMS ground-control points were not available in ll

the eastern part of Hans Tausen Ice Cap and Heinrich Wiilh Ice Cap (Peary Land), and in a N-

S strip centred on Kejser Franz Joseph Fjord in East Greenl Occasionally, resulting in

adegraded horizontal accuracy of 30 m rms (Weng, pers. com‘rés)%aﬁ er *Scom‘!‘élvs\t.in\geejag
North-West Greenland were only available in raster format from KMS, and a larger error can

be expected due to the additional digitization step (Fig. 1, lines labelled as ‘KMS™). With

reference to the topological length of the lines defining the boundaries of the “ice’ polygons,

98% of the G100 source vectors are from the GEUS or GGU products, compared to 67% for

the G250 dataset. However, the latter provides‘%j:‘ofr‘nplete coverage of Greenland. Both scales

have been used as source data for the compilatioh of the PROMICE dataset.

3 Production of the PROMICE ice margin vectors

The original G100 and G250 surface land-cover polygons were checked out from the GEUS
geospatial database in June 2010 and reprojected to a Lambert azimuthal equal area
coordinate system to maintain accuracy over the large region. Gaps in the G100 coverage
were filled in with data from G250. Supraglacial lakes were dissolved into the ‘ice’ polygons,
while ice-contact lakes were excluded. Known surging glaciers were marked but not edited.
Missing areas of debris-covered ice were included when possible. Frontal, lateral and
occasionally medial moraines improperly mapped as ‘land’ were reclassified, based on the

operator’s interpretation of the topography and one or more snow-free satellite image.

3
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Landsat 4 to 7 and Terra ASTER imagery were obtained from hitp:/glovis.usgs.gov and

http://reverb.ccho.nasa.gov on an as-needed basis. Typically, the satellite images would be

significantly more recent than the original data. Therefore, care was exercised not to directly
digitize features from the imagery, and the satellite scenes were only used as visual aids to
correctly interpret the landscape. Manual editing was only undertaken for issues significant
enough to justify the uncertainties involved in interpreting an older landscape based on a

satellite image of much lower detail than the original aerial photographs.

Both G100 and G250 are tiled to match the extent of the paper map sheets, requiring adjacent
polygons to be dissolved into unitary ice masses. The classification of ice masses into
‘disconnected ice mass’, ‘local ice mass’ and ‘ice sheet’ described above was enforced at this
stage by manually digitizing ice divides to split local ice masses topologically in contact with
the ice sheet. The polygons were flagged accordingly. The final step was to calculate and
store the area of all polygons, and to estimate the error, which was defined here as the area of
a IORm buffer around the entire perimeter of the ice masses, as discussed in the following

section.

4 Accuracy considerations

We lack a suitable reference dataset to properly validate the PROMICE ice margins product.

In this section we will therefore discuss the three error sources likely to be dominant.

The first source of uncertainty is the quality of the ground control points for the rectification
of the aerial photographs. This limits the absolute geodetic accuracy of the mapped
topologies, which is important when different datasets must be aligned. In the PROMICE
dataset the absolute accuracy of the underlying photogrammetric map is preserved.

Furthermore, area estimates are insensitive to constant offsets in the horizontal planc.

A second source of uncertainty is inherent in the tracing of the ice margin by the stereoplotter
operator. It has e,b‘em‘;\ fo?ﬁi that the digitizing accuracy on satellite imagery is comparable to
the pixel size (Paul 50 2). The smallest resolvable detail in the 1978-1987 aerial photographs
is about one order of magnitude smaller than Landsat 7 imagery, and the stereoplotter
operator benefits from the stereoscopic view. It is therefore reasonable to neglect any
stereoplotter operator tracing error when comparing the PROMICE ice margins derived fr_gm

GEUS and GGU aerophotogrammetric data with anything of coarser resolution than SPOTS.
A
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Bjork et al. (2012) scanned the subset of 1981 and 1985 aerial photographs covering SW
Greenland at an equivalent ground resolution of 2 m and produced a digital ortorectified
mosaic with' 4um pixel size. They reported digitization accuracy nominally equal to the 4-m
pixel size. p
The th1rd factor 11 it] a‘%'gccuracy of our product include the operator’s bias toward
mapping seasona snow as glacxenzed area, or medial moraines and debris-eovered ice as
land. This operator—dependent effect has the potential to introduce large systematic biases, and
to produce regional patterns when the operator, snow conditions or image quality vary. This

same issue exist in all semi-automatic workflows with manual editing and clean-up by an

operator.

We conclude this section by suggesting that, at least for estimating the combined area of the
local glaciers and ice caps, as well as the total glacierized area of Greenland, a conservative
error estimate can be obtained by drawing a 10-m wide buffer around the entire perimeter of
the mapped ice masses. A width of 10 m ai)kpears reasonable because it is intermediate
between the expected digitizing accuracy of the stercoplotter operator (in the orders of a few
meters) and the 15~m pixel size of the pan-sharpened Landsat~7 images used during the
checking and editingof the G100 and G250 vectors. A

5 Results

The ﬁn;l_l-PROMICE ice margins vector product is a polygon layer depicting the shape of all
{ffe ice masses mapped in Greenland. Because of the underlying source data, it is diachronous
(15‘78-1987) at the scale of the entire Greenland but essentially synchronous over very large
areas: either 1978 in the North-East, 1981 in the South-East, 1985 in the West or 1987 in the
Central-East, with some local areas mainly in South-West Greenland where source data from

older flights and maps may still be included (Fig. 1).

Preliminary versions of the PROMICE dataset have been used to derive glacier length
information (Leclercq et al., submitted), and to estimate a net c‘?)(bined area loss of 2560 +
260 kn‘;? between the mid 1980°s and 2011 (Kargel et al., 2012). To obtain this result, a
preliminary version was updated using 250-m-resolution MODIS (Mﬁﬁerate fesolution
Imaging Spectroradlm) un-c:Eery to summer 2011 at 128 sites of large observed change

(primarily add tidewater g acier termini),

au.'Ha'('-

~|
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Here, we,l:en:len.e the total glaCierized areﬁmcludlng the 1 1ce sheet and all leeakglaciers and ice
caps, w.hu;..mm { 804 638)i 2,178 km2. The Greenland llce /Sheet accounted for 1,716,555 +
947 km and the Tocal g glaciers and ice caps substantially independent from the ice sheet
covered 88,083 + 1,240 . This &I area is slightly smaller than the 89,273 & 2,767 km? Wﬁ*"ﬂ
‘weak connection’ CL1 class in Rastner et. al. (2012), but the two ﬁn‘gings are well within the %{M

1

2

3

4

5

6  stated uncertainties. Of all GIE glacierized area, 67,143 + 1,057 belonged to ice masses

;é completely separated from th 1ce sheet "o apa A¥o éh‘i'"w e oot s 3537119“&‘

0.5 5 ~Sce>poett [ppot S (84) measutonent( 70T KE wu S ¥
As a way to provide at least a quah tive impression of the PR()MICE ice mafein ve(':'fors we h)
8  overlay them to two Landsat 7 scenes and the highest detail dataset currently available for the

( 10 entire Greenland, the GIMP Ice—Cover Mask ver. 1.2 available from “bﬁl 4\‘9&

_ : A , :
11 hitp://bprc.osu.edu/GDG/icemask.php (Howat and Negrete, in prep.). The GIMP mask is a 15-‘-\" e ‘& 05}7

! 12 m pixel binary grid over ﬁteﬂéfeﬁreenland based on Landsat 7 panchromatic-band imagery + laf/ n 4'
13 and RADARSAT-1 Synthetic m Radar (SAR) from 1999 to 2001, Fi; 2 shows two AS /
14 examples of overlaying the two raw datasets. The two locations were selected to display nup «f; lS h
15 interesting features of Jthe datasets. The two raw dataset align well, and significant changes }_g! mf

16  can be detected. Fig. 2 over A.P. Olsen ice cap in NE Greenland shows that the northern E ‘

17 outlet advanced markedly since the 1987 acrial photographs (yellow line), while some smaller outaile

18  tongues retreated.jlt is also cleatly visible that the GIMP dataset omits some relatively small He o

19  polygons. Fig. 2display a common issue with dark glacier surfaces not detected as ice, but m

20  also what seems to be an error clipping a significant portion of Frederikshib Isblink. W[ KP&

21 z
1‘57 = wl(m 2

22 6 Conclusions

23 The new PROMICE acrophotogrammetric map of Greenland ice masses is the only complete
24  and h1gh&deta11 map docuc\nentmg the margin of both the Greenland /l'ce heet and the
25  surrounding 1ocalﬁglac1ers and ice caps in the 1?}0 s. The appearance of other hlglr'resolutlon
26  and wide-voverage glacier masks (Rastner, 2012; Howat and Negrete, in prep.) and possibly

oA el ot

27 capturmg,}he position of the ice margins Prthe turn of the century will maKe it possible to
w

28 detect glasies change (‘)ve'r?ﬂae.m;.ir‘ﬂ;e Greenland.

A

29  Future extension of the PROMICE dataset may include imp%i&g the updates that the original
30 map is undergoing, in particular the planned @' identifiers e atﬁ- sector feafures and the
A

31  corresponding aerial photographs used to produce them.
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Figure 1. Original sources of the underlying mapping data used to produce the PROMICE
dataset (DPW: GEUS, digital workstation; PG2 GEUS, analogue stercoplotter, GGU:

Geological Survey of Greenland, analogue steroplotter, KMS: National Survey and Cadastre)
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Figure 2. @ overlay of the PROMICE and GIMP datasets showing advancing and retreating
glacier termini at the A.P. Olsen ice cap (NE Greenland) between 1987 and ca. year 2000.
GIMP omits some smaller polygons included in the PROMICE dataset, and the partly frozen
surface of the ice dammed lake misclassified as glacier (visible to the east of the large outlet éh_c'\&’
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1 flowing southward); (ﬁ very good alignment of the PROMICE and GIMP vectors in the

2 Frederikshab Isblink area. GIMP ver. 1.2 used for this comparison misclassifies the dark

3 debris covered glacier surface, and a significant part of the terminus is also omitted.
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