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This document is the Summary Report (SR) of the GlobGlacier project. According to the
Statement of Work (SoW), the purpose of the SR is to provide:

• a summary of the major findings of the Contract in a concise, yet instructive manner
• the feedback of the user group gathered during the last User Workshop.

This document has three parts. In the first part we provide for each product the major findings,
in the second part we summarize the feedback from the user group, and in the last part we give
an outlook on future space-borne glacier monitoring. The Appendix lists all generated docu-
ment deliverables and data products as well as all publications and presentations that have been
made (or will be) in relation to the project.
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The GlobGlacier project officially took place from November 2007 to October 2010. Due to
changing conditions of free data availability during the project, data processing was postponed
by about half a year and data creation continued in 2011. In total, 11 document deliverables
with 400 pages of detailed documentation were written (see App. A1), a DVD produced, and
the agreed service delivery volume was met in all cases and largely exceeded for most products
(see App. A2). The ca. 25,000 glacier area products derived by GlobGlacier increased the
number of glaciers in the GLIMS database by more than 25%. The ten members of the user
group provided constructive and valuable feedback on all deliverables and the received data
products. The WGMS (M. Zemp), NVE (L.M. Andreassen), and GEUS (M. Citterio) provided
generous support with validation data (DEMs, aerial photography, field observations). Nearly
30 papers were written and several more are in preparation, many of them together with mem-
bers of the user group (see App. A3). The collaboration with all of them will continue beyond
the lifetime of the project. The project and its results were presented at 70 conferences, meet-
ings and work-shops that helped to promote the project world-wide (see App. A4). The techni-
cal officer at ESA (F.M. Seifert) allowed us to adjust the contents of some deliverables (5 and
6) to recent needs of the community, and he and his successor (S. Plummer) also provided val-
uable feed-back on the document deliverables. All consortium members contributed with their
input as required and also provided results from unpublished studies. Based on these results,
the consortium considers the GlobGlacier project as a highly successful collaborative effort.

All three user group meetings that took place in Zurich and the final one that was arranged in
Zermatt (Fig. 1) together with the later meeting of the WGMS national correspondents, were
much appreciated by all participants and helped to strengthen the collaboration. A comprehen-
sive overview article on the efforts of the GlobGlacier project in particular and glacier moni-
toring in general was published in the “Neue Zürcher Zeitung” (App. A5). Last but not least,
the active support of the project by the Swiss GCOS office (G. Seitz and N. Foppa) helped to
integrate the project in the international framework of UN related activities.
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The user requirements for this product were very clear from the beginning. A major demand
that was emphasized in several international documents and journal publications was data pro-
duction for a more complete version of the world glacier inventory. This was also ex-pressed
in the Statement of Work (SoW) that requested a service delivery volume of 20,000 glaciers
from all continents. During the first user group meeting it became clear that this high amount
of products is a clear wish of the community (not only WGMS and GLIMS) and the reasons to
generate data in a specific region were manifold. It was also agreed that GlobGlacier provides
products according to existing standards and services (GLIMS data base and format specifica-
tions) rather than creating something new. After some iterations, a list of key regions with pri-
orities could be proposed and was finally used as a base for selection of satellite scenes. The
major driver was finally to fill the largest gaps in the GLIMS database in regions of low activ-
ity by the responsible regional centers (RCs) at that time (western Alaska, Baffin Island,
Greenland, Norway, Alps, western Himalaya).

The special challenge at this stage was to avoid the duplication of work in a selected region
without knowing what is going on. As GlobGlacier should encourage and complement rather
than take away or duplicate the work from a GLIMS RC, a good communication with the
involved scientists was mandatory. The importance of this communication and collaboration
for achieving a complete world glacier inventory cannot be stressed enough. Two regions
(Green-land, Norway) were finally mapped in close cooperation with the responsible RC. Gla-
cier mapping and in particular monitoring is a continuous process due to the dynamic nature of
glaciers and their area covered. To keep the international collaboration to this end at the high
level it currently has, a most recent update on the status of work from the responsible scientists
is mandatory. In the case of research projects that want to contribute to the ongoing efforts, it is
most important to introduce the already established rules and principles of glacier mapping as
applied in GlobGlacier and GLIMS to them.

�����������������		�������������
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In regard to the applied glacier mapping techniques, GlobGlacier started by using (and later
further assessing) the well established standard method (band ratio TM3 / TM5 with an addi-
tional threshold in TM1). The early specification of a pre-, main, and post-processing stage and
a clear definition of product levels (L0, L1, L2) helped to keep internal communication short
and precise. As the satellite scenes used and the glacier outlines created in workpackage 1
(WP1) were a major input for WP2 (snow lines) and partly also WP4 (elevation change) and
WP5 (velocity fields), the communication of processed satellite scenes and available products
within the consortium was important and continuously improved during the project. A major
obstacle encountered in the beginning was the problem of using level 1G (geoid) in-stead of
L1T (terrain) corrected satellite scenes from the USGS glovis website (glovis.usgs.gov). The
L1G product had considerable (> 5 pixel) non-systematic shifts in high-mountain terrain and
could not be used for further processing (e.g. DEM fusion or overlay with validation data sets
was not possible). As orthorectfication of satellite scenes was considered as too laborious and
inconsistent when performed by the consortium (e.g. due to missing ground control points),
data processing was postponed until L1T scenes became available.
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Within GLIMS, the analyst is free to choose any method for glacier mapping. Besides various
frequently used automated methods also full manual delineation is still applied. As already
demonstrated in earlier studies (e.g. Paul and Kääb, 2005), the results of the various auto-
mated mapping methods (band ratios using different combinations) do only vary at the level of
individual pixels and not in general (Fig. 2). All methods depend on the availability of a band
in the shortwave infrared (SWIR), but this band is included in most medium resolution (ca. 20
m) optical sensors (e.g. Landsat, ASTER, SPOT, IRS, Sentinel 2) and can thus be widely
applied. It is missing on high-resolution sensors (0.5-5 m) or aerial photography that hence
require full manual digitization of glacier outlines. The choice of a specific band ratio over
another can consider characteristics of the study region (e.g. water, vegetation, shadow). For
example, the TM3 / TM5 ratio often also maps bare rock in shadow as glaciers, and needs thus
to be corrected with an additional threshold in TM1, whereas the TM4 / TM5 method tends to
also map vegetation in shadow as glaciers and needs to be corrected with an additional vegeta-
tion mask (e.g. derived from the normalized difference vegetation index, NDVI). As a general
rule, a threshold should be selected that minimizes the workload for post-processing, at best in
the most sensitive region of a scene (usually ice in shadow).
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For all algorithms several corrections remain in the post-processing stage. They can include
commission errors (water surfaces, shadow), omission errors (debris, clouds) and objects that
are correctly classified but are not glaciers (frozen lakes, sea ice). Whereas the correction of
water, clouds and sea ice is relatively easy using false colour composite (FCC) images as back-
ground information in a GIS, frozen lakes and shadow are somewhat more challenging but can
still be identified (Racoviteanu et al., 2009). The largest bottleneck for fast post-processing is
still in the accurate delineation of debris-covered glacier parts. Though several semi-automated
approaches have been developed in the past that consider terrain information (slope, curvature)
and/or thermal bands, the resulting glacier maps still needs visual inspection and correction.
This can be a very uncertain issue when there is a lack of contrast in the FCC image, e.g. due to
high solar elevation. The uncertainty can be largely reduced when summer-time coherence
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images from microwave sensors are available (e.g. with 46 days re-peat interval from ALOS
PALSAR). Due to the rapid loss of coherence over moving or otherwise changing targets, gla-
ciers stand out clearly against the non-changing background (Atwood et al., 2010; Strozzi et
al., 2010). Though this method could not be fully automated as well, we consider its applica-
tion (guiding the editing) as a major break-through to achieve a high product quality also in
regions like the Himalayas (Frey et al., subm.).
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The glacier mapping algorithms that have been applied so far, provide very similar results for
clean to slightly dirty glacier ice (differences on the pixel level). Differences occur in the post-
processing stage where manual editing is required. This analyst intervention is unfavourable
for an automated processing line, but at the same time includes a validation and correction
against a ground truth, that guarantees high product quality. Though in the interpretation of
remote sensing imagery (e.g. for debris cover) and the later assignment of glacier entities (e.g.
their tributaries, drainage divides, attached seasonal snow fields) analyst-specific differences
occur, the digital availability of all data sets allow an easy refinement at a later stage if they
were found to be wrong. A major conclusion from glacier inventory creation in the GlobGla-
cier project, is the need to compile an illustrated tutorial that provides guidance for the analyst
with example images and advice for challenging conditions (Fig. 3).
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The detailed descriptions of the data needs by the user group (SCD) gave a good overview on
possible applications of glacier data. Apart from the pure data production, several user group
members were also interested in advice on the methods used or could help with validation data.
It became clear that very likely not all user needs could be fulfilled during the nominal lifetime
of the project, but the comparisons of the needs with the available data resulted at least in the
principle possibility to derive all products. For some of the pre-selected satellite scenes, better
scenes (e.g. in regard to snow conditions) became available in the course of the project. It was
thus decided to perform the digitizing and correction again in these regions using the more
suitable data (this work could not be completed for all key regions). In consequence, also the
data delivery plan was adjusted several times.

� � � �
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One of the highlights of the GlobGlacier contribution was deliverable 5 (DDF), that was also
published as a paper in the Annals of Glaciology (Paul et al., 2009) under the title “Recom-
mendations for the compilation of glacier inventory data from digital sources”. In this docu-
ment, a working group that was established at the IGS sponsored “International Workshop on
World Glacier Inventory” in Lanzhou (China) prepared guidelines, that should help in generat-
ing glacier inventory data in a consistent manner from digital sources (i.e. glacier outlines and
a DEM). The structure of this document was adapted from the former UNESCO guidelines
(UNESCO, 1970) and the writing team included - apart from the GlobGlacier consortium and
members of the user group - also experts that were involved in the compilation of the previous
world glacier inventory (WGMS, 1989). The document is already widely used and will hope-
fully provide good advice also in the future.

Based on a special request from ESA, the next deliverable 6 (ATD) had little relation to the
Statement of Work (SoW) or the proposal, but was required to prepare and coordinate the
efforts in global monitoring of the essential climate variable (ECV) ‘Glaciers and Icecaps’ in
the framework of UNFCCC related activities. The document provided an overview on the
strategy for global space-borne glacier monitoring in the framework of GTN-G and gave clear
recommendations and advice for each of the products in regard to sensors, data processing
steps, and further details that had to be considered.
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For the product validation protocol (PVP) a review of possible and already applied methods to
validate the generated products was provided. Clear recommendations on measurement accu-
racy as well as on spatial and temporal resolution were provided by IGOS (2007). The accu-
racy of the glacier area product should be better than 3% for 30 m resolution Landsat-type
sensors. To assess the accuracy of the glacier outlines, a comparison with higher resolution
data sets (based on previous studies) and results from multiple digitizing experiments were
performed. The major conclusions are:

(1a) Meaningful validation with higher resolution (HR) data sets should only be made when
the image used for validation is acquired at the same date. Otherwise different snow condi-
tions easily result in differences that are not related to product quality.

(1b) Delineation of glaciers on HR images that do not have a SWIR band, but only a NIR band
or are even panchromatic is difficult. Differences in reflectance of bare ice and the sur-
rounding ice-free rock are often too small for a clear identification.

(1c) Glacier delineation on HR images (e.g. 1 m panchromatic Ikonos) does not automatically
result in a more precise outline, basically due to differences in the interpretation of details at
high resolution. Basically, only the number of pixels that require a decision is increased.

(1d) When comparing glacier areas derived from satellite data with different resolutions, reso-
lution dependent area changes occur. They vary with the shape and complexity of the gla-
cier outline and are not related to product quality itself. So in principle, this resolution
dependent effect has to be considered for a sound comparison.

Multiple digitizing experiments with a set of clean and debris-covered glaciers in Norway,
Alaska, and the western Himalaya from different persons have shown that manual digitizing is
generalized (averaging over pixels) and not consistent (the same spectral properties are inter-
preted differently). This leads to the following conclusions:
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(2a) Whenever possible, automated methods should be applied to keep manual intervention
(e.g. to correct debris-covered glacier parts) at a minimum.

(2b) The best way to assess the accuracy of manually edited glacier outlines is to digitize a
couple of glaciers several times and determine the variability in the final size

(2c) A digital overlay of the digitized outlines will additionally reveal the positional accuracy.
This information is fully complementary to (2b).

These conclusions were further investigated in the product validation report (PVR). The vali-
dation techniques described above were applied to the respective products and the results eval-
uated. The shown examples with overlay of glacier outlines derived by multiple digitizing
clearly demonstrate what the problems are and how the analysts’ digitizing accuracy can be
derived. For one analyst the variability is around 5% (RMSE), for the three analysts perform-
ing this experiment it was closer to 10%. But as the overlay of outlines demonstrated, a similar
area value can also result when completely different parts of a glacier are mapped (e.g. an
extended terminus region vs. missed tributaries). We here consider the previously mentioned
illustrated guidelines as a valuable contribution to enhanced product consistency.

The comparison of the manually corrected outlines with the PALSAR coherence images for
debris-covered glaciers in the western Himalaya revealed:
• the coherence images can only be used as a guide for the delineation as several other objects

(water, steep slopes) moved/changed as well,
• the coherence images should be used whenever possible to improve the mapping,
• the method also helped to mean clean ice under persistent (orographic) clouds,
• the artefacts in the SRTM DEM in this region strongly increased the number of data voids in

the coherence images.
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The processing system document (PSUM) summarizes the major steps of image processing
with a workflow and a dedicated section on “tips & tricks” for the post-processing stage. The
L1 and L2 outline products are also a part of the glacier outline work package, but require a
DEM to be created. The related accuracy and processing issues are discussed in the topography
section (3.4). From the overall analysis of the workflow, we conclude that various steps in the
processing can be automated to some extent, but manual editing remains to be done to generate
high-quality products. As a major input for the general processing workflow, accurately
orthorectified (at least USGS L1T quality) satellite imagery should be provided by the data dis-
tributors, and a user friendly and well-structured image catalogue browser (like glovis) is man-
datory for efficient and operational work. Creating high-quality products that adhere to a
common set of guidelines is then on the desk of the expert for the specific region. Product
accuracy can at best be assessed by a multiple digitizing experiment and overlay of outlines.

�������������������������

In summary, we see the following points as the most important remaining challenges:
• getting the global glacier inventory completed
• perform round-robin experiments to identify the most problematic issues
• prepare illustrated guidelines for the GLIMS community to guide the analyst
• provide guidance for a more sound error assessment (e.g. from multiple digitizations)
• - get debris-covered glacier parts more automatically and accurately mapped.
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The major demand for the product terminus position is related to the possibility of calculating
glacier length changes from two different terminus positions. Glacier length changes are deter-
mined annually for about 600 glaciers worldwide and are the key element for the interpretation
of past climatic fluctuations (e.g. Oerlemans, 2005). In this regard, satellite derived length
changes can help to extend the sample of glaciers analysed, though with a reduced temporal
resolution. As in-situ measurements are somehow biased towards glaciers that are accessible in
the field, satellite-derived length changes also help to improve the representativeness of the
sample, for example by including more small glaciers.However, such glaciers often have an
extended front and the terminus position is thus more a line than a point. As such extended gla-
cier termini tend to show irregular changes along the front, these measurements need to be
averaged and their climatic interpretation might be more difficult. For retreating or even disin-
tegrating glaciers, terminus changes are also poorly defined (e.g. Hall et al., 2003; Paul et al.,
2007) and the number of glaciers suitable for length change assessments is reduced.

Though the terminus position can also be derived without the explicit use of an outline (e.g. by
visual interpretation of satellite images), length change values that do not refer to a specific
glacier are of limited practical value. Moreover, the terminus position should be consistent
with the glacier outline, i.e. be located on this line. With the glacier outline already available,
there are possibilities to derive the terminus position automatically. In this regard we have gen-
erated this product in GlobGlacier only for glaciers with an outline available. The key regions
for the terminus position product are thus the same as for the outline product, but not all gla-
ciers in a region were considered. On the other hand, more than one position was derived from
outlines referring to different points in time, for example the LIA in Greenland (Citterio et al.,
2009) and the 1960s in Alaska (Le Bris et al., in prep.).
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The application of a fast algorithm (minimum elevation of each entity) provided correct termi-
nus positions for maybe 80% of all glaciers, in particular smaller and steeper ones with a sharp
end of the tongue. For most other glaciers the terminus position was found near the terminus,
but often not at the correct location (i.e. approximately in the middle of the front). To a large
extent this could be attributed to the temporal mismatch of the DEM acquisition date and the
outlines. For retreating glaciers, the point of lowest elevation was often located at the lateral
part of a glacier tongue rather then at the terminus (Fig. 4). With the terminus position (as a
point) being defined as the intersection of a central flowline with the glacier outline at the gla-
cier front, we decided to develop a method that automatically creates central flowlines. This
would also help to provide the parameter length for all glaciers in an inventory (cf. Paul et al.,
2009). Compared to the variability in the length and position of fully manually digitized flow-
lines, the algorithm performed rather well (Le Bris et al., in prep.).

We have not systematically investigated algorithms to automatically derive length changes
from two terminus positions, as this is a higher-level product that can be derived by the users
from the raw data. However, as this is the product that is most interesting for the users and
cumulative length changes derived from field measurements can be compared to this product,
we have investigated the raw data also in this regard. In the study region Alaska, the major rea-
son for unclear results from the automatically derived terminus positions are:
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(1) the terminus position for a wide and flat glacier tongue can change its position arbitrarily
along the front (which would result in large length changes though the terminus might in fact
be stable), and 
(2) the length change follows a curved path that can be much longer than the Euclidean dis-
tance. 
The problematic positions are often found for the larger glaciers. Due to the potentially unreal-
istic values, we have decided to use manual determination of length changes for comparison
with field data.
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Apart from the uncertainty in exactly determining the terminus position under challenging con-
ditions (e.g. for debris-covered glaciers), product validation with field-based length-change
measurements have also to consider generally unknown measurement directions. For glaciers
with a wide terminus, the change is calculated as a mean from several points in the field and
this cannot be reproduced for the satellite assessment. When the latter uses different points (or
only two), differences in the determined length change values will occur in any case. Though
these will be reduced with time, they can have a strong influence and seemingly imply a bad
result of the satellite-derived data.

For the comparisons over a 10-year period (1997-2006) in Norway and a 25-year period (1973-
1998) in the Swiss Alps, we found good agreement for most measurements in Norway, and
less good agreement in the Alps. However, for 2 of 9 debris-free glaciers in Norway the differ-
ence was larger than two pixels, likely due to a more uncertain location of the terminus in cast
shadow. For the Swiss Alps, even larger deviations were found and for most glaciers the devi-
ations exceed 2 pixels, in particular debris-covered glaciers. We conclude from this compari-
son, that the terminus of a glacier must be clearly identifiable to give useful results and that the
changes should exceed 2 pixels to be significant. Automatically derived terminus position
should not be used without visual inspection for determination of length changes.

� � � �
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According to the IGOS Cryosphere Theme report (IGOS, 2007), glacier facies (including snow
and ice areas) and snowlines on glaciers and icecaps shall be observed with a spatial resolution
of 30 -100 m, with a repeat time interval of 1 month for glacier facies, and 10 days for snow-
lines. Such sequences of snow/ice area extent are useful input for mass balance models driven
by daily meteorological data. For mass balance estimates using parametric models it is suffi-
cient to capture the snow and ice area extent near the end of the ablation period (late summer).
The project work focussed at retrieval of late summer snow lines (LSSL) and snow/ice areas
(LSSIA). A measurement accuracy of 30 m (goal) to 200 m (threshold) is required for glacier
facies and snowlines. For the accumulation area on a glacier, the IGOS report defines an accu-
racy standard of 5% (goal) to 10% (threshold).

For deriving late summer snow/ice areas and snow lines from remote sensing images, glacier
outlines are required. Thus, the selection of the key regions for the generation of the LSSIA
extent and the retrieval of LSSL required for 5000 glaciers in the GlobGlacier project was
linked to the key region selection of the glacier area product, and glacier outlines already avail-
able in the GLIMS data base. Key regions were selected in Alaska, the Canadian Arctic, the
European Alps, Himalaya, Karakoram, Norway, and Patagonia. To find a potential correlation
with differing elevation changes in the accumulation and ablation area of Flade Isblink in
Greenland, the LSSIA product was additionally generated for this region.
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The retrieval of LSSIA extent and LSSL in the GlobGlacier project is based on Landsat
imagery. Additionally, a DEM of the area of interest and glacier outlines are required for the
processing line. The LSSIA extent and the position of the LSSL depend on the meteorological
conditions, and can thus vary within days. The selection of clear sky, orthorectified Landsat
imagery acquired as close as possible to the date with the maximum extent of the ablation area
on glaciers is an important step before starting the processing line for the retrieval of LSSIA
extents and LSSL.

Using optical satellite imagery, late summer snow and ice areas can be discriminated due to
different reflectance properties. The reflectance of glacier ice is usually lower than that of
snow. However, snow polluted by dust and soot or organic material can have similar reflect-
ance as glacier ice, making the discrimination difficult. A major problem is the discrimination
of perennial and seasonal snow and ice. Using time-series can help to define the glacier areas
covered with perennial snow.

For the processing line, the Landsat image, the DEM used and the glacier outlines need to have
an identical projection, usually that of the Landsat image (UTM with WGS84 datum). The
available DEMs are of different sources, and often have to be resampled to the pixel size of the
Landsat imagery before the automated processing can start.

The main processing line is based on the top of atmosphere reflectance (TOAR) of the near
infrared band of Landsat imagery. The signals of the visible Landsat bands are often saturated
over snow and ice areas, while the reflectivity of snow and ice areas in the short wave infrared
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bands is lower and the saturation threshold in the Landsat images is higher. Therefore Landsat
ETM+ or TM band 4 (0.76-0.90 � m) is used for snow and ice area mapping. To correct for
effects of the surface topography in the top of atmosphere reflectance, the Ekstrand correction
(Ekstrand, 1996), which includes a parametric correction of atmospheric effects, was selected
for the standard processing line. 

LSSIA maps are derived by combining the topographically corrected TOAR map with glacier
outlines derived by GlobGlacier or GLIMS, and applying a threshold derived by a step-wise
approximation and visual comparison of the resulting temporary LSSIA maps with a set of
auxiliary maps that are RGB composites of various Landsat band combinations. The threshold
of the best match (the minimum between the two peaks of the bi-modal histogram of the
reflectance values of the glaciers) is used as final threshold. To derive the LSSL, the resulting
LSSIA map is vectorized. If the boundary between snow and ice areas on a glacier is clearly
definable as a line, the outline of the LSSIA is traced and reduced to the snow/ice boundary.
Figure 5 shows an example of both products for glaciers in the Ötztal Alps (Austria and Italy).
The resulting maps of the LSSIA extent and LSSL are combined with the DEM already used
for the previous processing line. For the LSSL product, the mean altitude on a glacier is
derived from the DEM. For the LSSIA product, the area - altitude distribution of the snow area
and glacier area is derived from the DEM. 
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The LSSIA and LSSL products were validated using high-resolution orthophotos. The LSSIA
extent and the position of the LSSL can change within days due to meteorological conditions.
Thus, the orthophotos used for the validation should be acquired as close as possible to the
acquisition date of a Landsat scene. For selected glaciers in Norway and Austria, such ortho-
photos were available. Based on these orthophotos, the snow areas and snow lines were
derived either by applying thresholds on the individual bands of the orthophoto and manual
correction afterwards, or by manual mapping. The results were compared to the standard prod-
ucts derived from the Landsat scene. An example of such a comparison is shown in Fig. 6 for
Spørteggbreen in Norway.

With this data set, the late summer snow area extents from orthophotos and from the Landsat
images could be compared for twelve glaciers. For eight of these glaciers the accuracy require-
ments of the IGOS Cryosphere Theme report (IGOS, 2007) were fully met. One glacier of the
four glaciers, where the standards are not met, was not fully covered by the available ortho-
photo. At two glaciers, the snow-covered areas were partly in cast shadow, showing very low
reflectances in the Landsat image. On the orthophoto, the illumination on these areas is differ-
ent and thus enabled a better manual discrimination of snow and ice areas. On the fourth gla-
cier, parts of the snow-covered area derived from the Landsat scene were classified as firn
based on the orthophoto.
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Based on the DEM used for the processing line, the area altitude distribution was extracted for
the snow areas as derived from the Landsat scene, for snow-covered areas as mapped from the
orthophoto, and for the total glacier area of the selected glacier. Thus, the snow areas could be
directly compared for discrete elevation intervals and related to the total glacier extent in these
elevation intervals.

Definable LSSLs derived from the Landsat scene and manually mapped from the orthophoto
were overlaid and validated by a pixel to pixel comparison and measuring the horizontal devi-
ation. The horizontal deviation of the validated LSSLs had in general an accuracy of +/- 2
Landsat pixels, which meets the accuracy standard required by the IGOS Cryosphere Theme
report (IGOS, 2007). Additionally, the sensitivity of the LSSIA extents on varying thresholds
and using different DEMs for the main processing line was investigated for glaciers in all
regions. The resulting snow covered areas were related to total glacier area extents, defined as
late summer snow area ratio (LSSAR). The mean deviations of the LSSAR due to variations of
the threshold and using different DEMs for the processing line range between +/-0.02 and +/-
0.05. 
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For the retrieval of late summer snow/ice areas and snow lines, at ENVEO in-house developed
software and the open source GRASS GIS software were used. Most of the processing steps
were semi-automated or automated, using shell scripts for actuating multiple processes in
GRASS GIS. For manual editing of vectors and raster files, the open source software QGIS
was used.

The product generation is based on four modules: 
(i) Pre-processing of the data and topographic correction of the Landsat imagery (automated),
(ii) Data overlay with glacier outlines and creation of a histogram (automated), 
(iii) Processing of temporary LSSIA masks (automated) and threshold selection (manual),
(iv) Generation of LSSIA maps and LSSL, data analysis and update of attributes (semi-auto-
mated).

The retrieval of the LSSL from the vectorized LSSIA map requires a visual check and manual
editing. The analyses of the resulting LSSIA outlines and LSSLs are directly linked to the
attribute table of the glacier outlines. GLIMS standards are applied for uploading or updating
snow related information for glaciers in the associated attribute table.
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Tests of several available digital elevation models (DEMs) in the standard processing line in
all selected key regions showed that the DEM quality and pixel size may have regionally sig-
nificant impact on the final products. The use of high resolution national DEMs for the
processing line, tested on glaciers in Norway and the European Alps, yielded the best results.
For some glacier regions, in particular for steep terrain, improvements can be expected if more
accurate DEMs, as the upcoming TerraSAR-X DEM, become available. Especially in steep
terrain the classification of late summer snow and ice areas can be difficult or even impossible
if an average threshold is applied to cast shadowed areas. An accurate cast shadow mask would
significantly increase the information quality of the derived LSSIA extents in those regions.
Producing such a mask requires also an accurate DEM.
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The development of objective rules (or even automation) for the threshold selection for snow
and ice area separation, taking into account temporal and regional characteristics of snow and
ice reflectivity, is a main topic for future work. The use of two or three spectral bands (visible
and near IR) can be of interest for this. With Landsat this option is impaired because of satura-
tion of the visible bands over many snow areas. However, these bands offer an opportunity to
map snow/ice areas in cast shadows. These options should be explored for future utilization of
Sentinel-2 data which will offer improved radiometric and spectral capabilities.

The semi-automated processing line for the retrieval of late summer snow/ice areas and snow
lines on glaciers developed within GlobGlacier is suitable for generating these products on a
global scale if appropriate input data are available. For future product generation, the main
processing line can also be applied on data from other high-resolution sensors working in sim-
ilar spectral ranges after implementing the radiometric calibration, for example for ASTER, or
SPOT, and the future Sentinel-2 or LDCM missions.
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Topographic information as provided by DEMs was considered as being essential for all prod-
ucts derived in GlobGlacier. They are required to calculate topographic glacier inventory
parameters and derive drainage divides using flowdirection grids and watershed algorithms, to
perform topographic corrections for precise reflectance calculation in snow mapping, from the
base to assess elevation changes over entire glaciers, or for orthorectification and topographic
phase removal for microwave data. These applications require different degrees of data availa-
bility (regional, temporal) and quality (resolution, geolocation, elevation values). 

The main task of the topography work package was thus to test typically available DEMs for
glaciological applications, to define their usability, and to develop methods to evaluate and
improve their usability, rather than to produce DEMs in a large number and over large scales.
GlobGlacier was not designed to compete with initiatives such as the SRTM, ASTER GDEM
or the SPOT SPIRIT project, but DEMs from ASTER and ALOS PRISM satellite stereo and
ERS 1/2 radar interferometry were produced for evaluation and validation purposes, and where
necessary due to gaps in available products. A comparison of hillshade views of DEMs from
different sources is shown in Fig. 7, clearly illustrating that the higher nominal resolution (30
m) of the ASTER GDEM does not necessarily provide the better DEM (compared to SRTM).
Elevation data sets were evaluated, and partially produced, in east and south Svalbard, north-
ern Norway, Swiss Alps, Southern Alps of New Zealand, and Himalaya. This collection of
sites should be to a large extent representative for glaciers under different topographic and cli-
matic conditions worldwide.
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As elevation data sources, the following data sets were considered:
• typical DEMs from a national mapping agency (usually map-derived)
• aero-photogrammetric DEMs
• ASTER satellite stereo
• ALOS PRISM satellite stereo
• SPOT HRS SPIRIT satellite stereo
• SRTM 3”
• ASTER GDEM
• ICESat GLAS satellite LIDAR altimetry
• ERS 1/2 radar interferometry

In a test on Svalbard, a mapping agency DEM was used both in its interpolated form (usually
referred to as DEM) and as original contour lines. The quality of DEMs derived from optical
stereo often suffers from a lack of contrast in regions with snow or shadow. Where possible,
therefore, satellite scenes with minimum snow cover and minimum saturation were chosen.
Standard parallax matching was used for elevation extraction (PCI Geomatica software). ICE-
Sat elevations were filtered using thresholds on elevation differences to a reference DEM (=
removal of cloud cover and gross errors), saturation values and terrain slopes (both removing
elevation biases). Radar interferometry DEMs were produced using standard procedures
within the GAMMA software. 
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While a number of tests, and sometimes improvements and filters, can be applied to the differ-
ent DEMs to be used in particular by experts, we consider the testing and possibly correction
of a DEM co-registration to a reference elevation data set as the most important step to evalu-
ate a DEM. Algorithms and a workflow were developed that are easy to use for a large number
of scientists (not only in glaciology) and applicable to all kinds of elevation data (cf. GlobGla-
cier, 2011b). This workflow and algorithm set represents the conclusion of all DEM evaluation
studies performed within GlobGlacier.

It has to be kept in mind that errors in DEMs propagate in very different ways in further pro-
ducts where DEMs are used, such as orthophotos, ELA, topographic inventory parameters,
glacier thickness and volume changes, or interferometric topographic phase determination. In
consequence, because acceptable DEM error sizes and characteristics vary with the further use
of a DEM, and error propagation was not explicitly calculated. 
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In the following we summarize the most important findings (not ranked) from the various
DEM evaluation studies:

Where available, the original map contour lines should be used for precise calculation of gla-
cier thickness changes at these locations. This avoids propagation of errors from the DEM
interpolation into the elevation changes (Kääb, 2008).

ALOS PRISM stereo data acquired after 2007 are usually completely saturated over snow and
firn and are thus only suitable for elevation changes over glacier tongues (e.g. for validation
purposes or local-scale studies) rather than for glacier volume change studies. Furthermore, the
PRISM triplet constellation produced small but systematic DEM biases dependent on the slope
aspect (tested in northern Norway and Switzerland) which we attribute to BRDF effects.

The SPOT SPIRIT DEMs, where available, represent satellite stereo DEMs of the highest
quality. This outcome is not only a consequence of the high resolution of the SPOT HRS
image data, but very much also the consequence of an active mission management of sensor
gain settings in order to avoid saturation, and of an elaborated DEM extraction software and
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procedure (cf. Korona et al., 2009). The geolocation of SPOT SPIRIT DEMs was also found to
be the best of the stereo missions investigated (Nuth and Kääb, 2011).

The CGIAR version of SRTM has a 0.5 pixel horizontal shift in a diagonal direction, in part
overlain by other shifts. The original JPL/USGS SRTM DEM did not show such shifts in the
regions tested (Himalaya, New Zealand). Moreover, a systematic lowering of the interpolated
elevations in the data voids have been found in the CGIAR version of the DEM in the western
Himalaya (appearing like impact craters). Elevation shifts exceed 200 m and have severe con-
sequences on the processing of microwave images (e.g. phase wrapping becomes impossible)
in these regions (resulting in data voids). As the CGIAR DEM has partly also been used to
orthorectify the Landsat scenes from USGS to L1T, the errors in the data voids propagate into
the orthorectfication and cause large shifts (> 100 m) of the related pixels.

Automatically derived ASTER DEMs (freely available as product DMO14) have errors in par-
ticular over low-contrast areas, steep terrain, and narrow peaks and valleys, as typical for opti-
cal stereo DEMs in general. Automatic ASTER DEMs are produced without using ground
control points (GCPs), but satellite position and pointing angles. The resulting positional error
amounts up to 50-100 m (see DEM co-registration and ASTER GDEM). Introducing GCPs in
the orientation process does not necessarily improve the DEMs, since GCPs might deform the
sensor model in a complex way. For high-precision applications the co-registration of an
ASTER DEM to a second elevation data source should be tested, and also this should include
higher-order errors such as elevation bias and attitude variations (Nuth and Kääb, 2011).

Due to the simple DEM stack averaging technique used for the ASTER GDEM, the positional
errors of individual ASTER DEMs shows a spatially varying pattern of systematic errors (Nuth
and Kääb, 2011). The complex temporal reference of the individual DEM cells and the higher
number of artifacts compared to the SRTM DEM make the GDEM less suitable for calculation
of elevation changes. It is, however, also available for regions outside the SRTM coverage and
forms an important base for elevation data in these regions (Paul, 2010). 

Due to the differing nature and quality of the ASTER GDEM and SRTM DEM, we have per-
formed a comparison of both DEMs in regard to the topographic inventory parameters derived
from them (Frey and Paul, resubmitted). This evaluation for about 1700 glaciers in Switzerland
revealed that both DEMs are suitable to derive these parameters, but that artifacts in the
GDEM do increasingly influence the values derived for smaller glaciers. On the other hand,
parameters that depend on single cell values (e.g. minimum and maximum elevation) have a
higher standard deviation than spatially averaged values (e.g. mean elevation) compared to a
reference DEM. As a most important conclusion from this comparison, we recommend to sub-
tract both DEMs before one of them is applied. This will clearly reveal artifact regions and
give advice for the DEM to be used in a specific region (to be decided on a case-by-case basis).
This applies to all regions where two DEMs are available, independent of the DEM source.

As yet, ICESat GLAS elevations appear to be the globally most consistent elevation data
source for glaciological studies, and could, at least for regional-scale studies, be used as the
elevation reference to co-register other DEMs to (Nuth and Kääb, 2011). As a base for calcula-
tion of glacier-wide elevation differences, the original SRTM DEM from USGS (with data
voids) is the most appropriate. 
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Based on above evaluation studies, and the general DEM characteristics such as coverage, a
priority list was developed for GlobGlacier which DEMs should be used in case several suit-
able ones are available: mapping agency DEMs, SRTM, SPOT HRS, ASTER GDEM, InSAR
DEMs, individual ASTER DEMs, ALOS PRISM DEMs. This sequence is, however, just
meant as an initial suggestion. Depending on individual requirements such as DEM timing and
region studied, the actual priorities might vary.

Apart from theoretical considerations, the explicit usage of a specific DEM for a specific pur-
pose needs to be tested in practice. For example, for the Alaska inventory the freely available
USGS DEM was used to determine drainage divides between glaciers and calculate topo-
graphic inventory parameters, except minimum elevation. This value was calculated from the
ASTER GDEM, which fits much better to the acquisition date of the satellite scenes than the
USGS DEM (which is from topographic maps and should not be confused with the SRTM
DEM version distributed by the USGS), that refers to the 1960s with much larger glaciers. For
the study sites in western Greenland (north of Disko Island) and the western Himalaya, the
ASTER GDEM was used to derive topographic parameters as the SRTM DEM was not availa-
ble or had too many artifacts (crater lake depressions), respectively. On the other hand, the
SRTM DEM (resampled to 60 m cell size) was used for the Alps, as data voids were not that
frequent and the overall quality was estimated as slightly better than the GDEM (less artifacts
over glaciers). So purpose and data availability drives the selection process.

As the most important step of DEM evaluation, and possibly correction, for glaciological
applications we identified the positional error, or the co-registration to other data used. We
therefore developed a simple workflow and algorithms to test DEM co-registration, and after
their correction, second order DEM errors such as elevation biases and uncorrected along-track
attitude variations (see Fig. 5 in GlobGlacier, 2011a). We consider this workflow to represent
the essence of the GlobGlacier topography work package. It gave already a number of new
insights in the above-listed DEMs used in GlobGlacier (Nuth and Kääb, 2011).
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Deriving DEMs from optical stereo satellite data is an established method. Improvements to
the typical extraction methods and algorithms seem possible, but will not solve the dominant
and inherent problems from low visual contrast and occlusion or shortening of steep slopes. A
proper management of sensor gain settings for data acquisition, and for instance adaptation to
glacial environments, i.e. often low contrast terrain, might be the most efficient improvement.

Penetration of C-band and X-band radar waves into snow and ice is not accurately known and
spatially variable. This introduces an unknown bias term to radar-derived DEMs (SRTM, Tan-
DEM-X, ERS 1/2) and makes it challenging to use these DEMs directly for elevation change
studies. The potential penetration in dry snow has thus to be assessed in such studies (e.g. Paul
and Haeberli, 2008), ideally over flat regions to avoid elevation differences due to different
spatial resolution (Paul, 2008). For other DEM products (e.g. orthoprojection, slope correc-
tions) the errors resulting from radar penetration are less pronounced.

It is recommended that a new version of the ASTER GDEM should be computed including co-
registration of the individual DEMs to ICESat elevations as a common global reference, at
least for regions of glaciological interest.
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A comprehensive overview on deriving elevation change products over glaciers and ice caps
from various methods (e.g. altimetry, DEM differencing, contour line interpolation) is given in
Kääb (2008). We here summarize the results from altimetry and DEM differencing.
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For the satellite-altimeter part of the elevation change work package, targets were chosen on
the basis of their suitability for the technique. Due to their large footprint (about 10 km), only
large (minimum size ca. 500 km2) and flat ice caps could be measured by radar altimeters.
Thus, the work with altimetry data focused on larger Arctic ice caps. Method development was
carried out with data from Devon Ice Cap, which was also later used for validation. Other key
ice caps for the altimeter part of the elevation change products were the Flade Isblink Ice Cap
in Greenland and Austfonna Ice Cap in Svalbard. Surface elevation changes of Flade Isblink
are presented in Fig. 8.
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Elevation changes from LIDAR altimetry and DEM differencing were investigated and
derived for the Swiss Alps (Paul and Haeberli, 2008), Eastern and Southern Svalbard (Kääb,
2008; Nuth and Kääb, 2011), New Zealand (Nuth and Kääb, 2011), the Himalaya and Disko
Island on Greenland. These regions are different in terms of climate, glacier type, topography
and data availability, since for example SRTM is not available at high latitudes, while the
SPOT SPIRIT DEM is only available at high latitudes. Key characteristics of the used data sets
are compiled in Table A2-2 (see Appendix). In most cases, an older national DEM is compared
or subtracted from a more recent DEM derived from space-borne sensors (SRTM, ASTER,
SPOT SPIRIT). Validation of the latter DEMs was performed in the Swiss Alps and Svalbard.
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The two altimeter systems used in GlobGlacier were the Ice, Cloud, and land Elevation Satel-
lite's (ICESat) Geoscience Laser Altimeter System (GLAS) and Environmental Satellite’s
(Envisat) Radar Altimeter 2 (RA-2). The processing chain for the RA-2 is based on a dual
crossover method previously used in mapping elevation changes of continental ice sheets
(Wingham et al., 1998). At the start of GlobGlacier, the feasibility of radar altimetry for ice cap
elevation change mapping was uncertain and hence the work focused on testing this technique
also for icecaps. The GLAS processing chain is based on a single crossover method that
requires an external DEM for slope correction. In addition to crossover processing, an along-
track elevation change algorithm (similar to the cross-track DEM projection by Moholdt,
2010) was developed. The description of crossover altimeter methods can be found in deliver-
able 3, the Technical Specification document (GlobGlacier, 2009), the slope correction for
GLAS data is described in Rinne et al. (2011) and the along-track method in Rinne et al. (in
press). We thus only summarize here the major points of each processing chain.

The foundation of the GlobGlacier RA-2 processing chain is to define the change in elevation
at orbital crossover points. To study surface elevation changes over time, we choose one of the
Envisat orbital cycles as a reference cycle. To calculate the relative elevation change at the
crossover point, elevation measured during the reference cycle is subtracted from the elevation
measured during the crossing track at another time. As there are always two pairs of tracks,
both ascending and descending, reference elevations are subtracted from descending and
ascending tracks (respectively) at another time and these two values are averaged. Pairing all
other orbital cycles with the reference cycle we obtain a time series of values of surface eleva-
tion changes relative to the surface elevation measured during reference orbital cycle.

To reduce noise, these relative elevation changes are binned into 10 km cells and then aver-
aged. The resulting time series is affected by the choice of the reference cycle: each single
cycle may have missing data or other anomalies. Instead of using only one reference cycle we
create multiple time series of the relative elevation changes using different reference cycles
and combine these several time series into one. We filter the time series by discarding relative
elevation values deviating by more than 3 standard deviations from the mean relative eleva-
tion. After this 3-sigma clipping, a first-degree polynomial is fitted to the time series and the
slope of this function represents the elevation trend.

The GLAS crossover method is based on building a time series of elevation measurements at
an orbital crossover point. Elevations at crossover points are linearly interpolated from the two
closest elevation measurements recorded in both ascending and descending tracks during the
same operations period. If the difference between the two was more than one metre, the data
were considered erroneous and discarded. Otherwise, the elevation of the surface is calculated
as the average of the elevations measured during ascending and descending passes.

The separation of ICESat orbit ground tracks introduces the possibility of substantial physical
differences in the elevation of the target, which may be falsely interpreted as temporal changes
in elevation. For example, a slope of 2% and a separation of crossover points of 200 m (both
typical for GLAS crossover points on many GlobGlacier key regions) due to ground-track
spacing can result in 4 m difference in the measured elevation. Therefore a slope correction to
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remove the effects of local topography must be introduced. Instead of the absolute GLAS
measured elevation, a relative elevation (difference of GLAS measured absolute elevation and
an external DEM) is used. We filter the time series by discarding relative elevation values
deviating by more than 3 standard deviations from the mean relative elevation. The elevation
change rate can be estimated from time series of such differences in a manner similar to the
RA-2. A first-degree polynomial can be fitted to each time series of relative elevations. The
slope of this function represents the elevation trend.

To assess the elevation change of the ice surface between GLAS orbital crossover points the
relative elevation is calculated along-track. This is analogous to the crossover track method.
The average relative elevation is calculated for GLAS measurements inside 1 km2 data bins for
each operation period. In a similar manner to crossover methods, after 3-sigma clipping a first-
degree polynomial if fitted to the elevation differences and the slope of the polynomial gives
the elevation trend in the data bin. The trends can be interpolated to obtain elevation trends
between ICESat tracks where no measurements are available
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For mountain topography, the methods used to derive elevation changes were: intersection of
GLAS elevations with DEMs, DEMs derived from satellite stereo and radar interferometry,
secondary DEMs such as from aerophotogrammetric contour lines, and the differencing
between these. A number of different ways for elevation change and volume change computa-
tion was tested and their impact on the final results assessed (Kääb, 2008). 

Calculating elevation differences over glaciers by subtracting two DEMs (raster data sets or
grids) is comparably easy and straightforward (DEMold - DEMnew). However, the more chal-
lenging part is the exact alignment (co-registration) of the two DEMs prior to subtraction (e.g.
they need to have the same geographic origin and cell size) and the consideration of data
source specific shortcommings (e.g. radar penetration in dry snow, low contrast regions over
snow and shadow for optical sensors). Systematic shifts between two DEMs are easily detecta-
ble, as the difference DEM looks like a hillshade of a normal DEM in this case. Though such a
shift can be corrected by trial and error, a more elegant analytical solution for this correction of
the grid origin was developed within the framework of the GlobGlacier project and is pre-
sented by Nuth and Kääb (2011). The work-flow and algorithms for testing and improving the
co-registration of elevation data to be differenced is one of the key-results of GlobGlacier (cf.
section 3.4).

An elevation dependent bias over stable terrain occurs when two DEMs of different cell size
are subtracted, as mountain slopes are increasingly steep towards higher elevations (with con-
vex curvature) and the elevation of such features is underestimated in coarse resolution DEMs
(Paul 2008). This effect is opposite for icecaps (they are increasingly flat towards higher eleva-
tions) and have a terrain with concave curvature (which is more common towards lower eleva-
tions). A major conclusion from this analysis is that validation of coarse resolution DEMs with
high-resolution data sets have to be made on flat slopes to avoid a terrain-induced bias.

Low contrast regions in optical DEMs cause artefacts that can be seen in a hillshade version of
the DEM and possibly corrected (Svoboda and Paul, 2009). If data voids over glaciers are
present, it is recommended not to fill them and maybe exclude the respective glaciers from the
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analysis (if the voids are too large). The potential penetration of the snow pack for DEMs
derived from microwave DEMs (e.g. from SRTM) has to be considered, but might be difficult
to quantify without appropriate validation data. For the SRTM DEM that was acquired in mid-
February, snow penetration is likely and glacier elevations will thus refer to the end of summer
1999 (Paul and Haeberli, 2008).

The results for the GDEM subtraction over Disko Island (Greenland) reveal severe (>500 m)
and widespread artifacts in the GDEM over snow surfaces. The DEM from GEUS that was
used for comparison was interpolated from contour lines with 100 m equidistance and is
strongly smoothed. Hence, realistic elevation changes are only expected for the largest glaciers
and strong changes. Indeed, for two surging glaciers the signal was sufficiently strong (differ-
ences >100 m) and the displacement of mass from the accumulation to the ablation region is
clearly visible (Fig. 9).
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In lack of appropriate validation data from other sources for the investigated regions, the altim-
eter products were cross-compared to each other instead of a formal validation. The cross-
comparison of GLAS and RA-2 products was performed for Devon Ice Cap and Flade Isblink.
The good agreement of these two altimeters observed on both ice caps was a major result and
published in Rinne et al. (2011). This was the first time a space-based radar altimeter was used
to measure the elevation changes of an ice cap. Details of the cross-comparison are presented
in deliverable 11, the Product Validation Report (GlobGlacier, 2011a). The accuracy of the
RA-2 altimeter product was found to meet the requirement of 0.2 m/a.

The GlobGlacier elevation change products derived from altimeters have been compared with
modelled surface mass balance estimates from the regional climate model RACMO2. Surface
mass balance (SMB) estimates help to interpret the drivers of the surface elevation change and
allow us to assess the significance of ice flow variability. Within the GlobGlacier project, we
compared August-to-August RA-2 elevation changes with RACMO2 modelled net SMB over
the flat areas of Flade Isblink (surface slope < 3%). Because RA-2 data start in September
2002, the 2002-2003 value is from September to August. The comparison is presented in Fig.
10. The correlation coefficient between the elevation change and the net SMB is r = 0.94, and
the null hypothesis probability p=0.0014. This suggests that the SMB was the main driver of
the elevation change of this area during the RA-2 measurement period.
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Measured annual elevation change and modelled SMB correlate strongly in the southern dome
(centre panel of Fig. 10): r=0.97 and p=0.0004. In addition to providing independent validation
for the RA-2 measurements, this suggest that changes in the surface elevation of the southern
dome of Flade Isblink were driven by the net SMB. This is an expected result since Palmer et
al. (2009) showed that this area has only few slow flowing outlet glaciers. Strong correlation of
SMB and elevation change also implies that the interannual variation of firn compaction rate is
small.

In the northern dome area (see right panel of Fig. 10) a correlation between SMB and surface
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elevation change was not found (r=0.38, p=0.40). As the surface geometry of the northern
dome is similar to the southern dome, there is no reason to suspect that the misfit is due to
measurement errors. Similarly, we have no reason to expect that RACMO2 would perform dif-
ferently in the northern dome than in other flat areas of Flade Isblink. Instead, the lack of cor-
relation can be explained by inter-annual variation of ice flow from this area, or variation in the
firn compaction rate. The variable ice flow is supported by observed glacier slowdown
(Joughin et al., 2010). As we have no measurements of firn compaction rates in this region, we
cannot rule out a contribution from this process either

�� ��� �� �� �	�
�����
�
��������
����	�

�������
A direct validation of the obtained elevation differences is difficult, as cumulative mass bal-
ance measurements include a conversion of the density of snow, firn and ice to water equiva-
lent and refer to the actual glacier extent in each year. A direct comparison has to consider
these differences. However, when the signal is sufficiently strong (e.g. the period of strong gla-
cier down-wasting in the Alps between 1985 and 1999) and the mass loss is mostly due to
melting ice, calculated differences to measured data might also be due to systematic errors in
the field data. But in this case it has to be considered, that mass loss can also occur due to proc-
esses that cannot be measured at the surface (e.g. basal melt).

But even if elevation differences are difficult to validate with field measurements, important
information can be derived: The representativeness of the mass balance of the glaciers meas-
ured in the field for the entire mountain range (Paul and Haeberli, 2008). This can be deter-
mined by dividing the mean elevation change of the entire sample by the mean of the
respective mass balance glaciers. As a further method for validation in regions with Alpine
topography (i.e. not suitable for RA-2), inter-comparison between different DEMs was used
for validation (Kääb, 2008; Nuth and Kääb, 2011).
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The GlobGlacier processors for both RA-2 and GLAS data are implemented as Matlab func-
tions and are described in deliverable 13, the Processing System and User Manual (GlobGla-
cier, 2011b). With these processors 189 elevation change products were created. To constrain
the elevation change estimates to an ice surface, both processors need the ice outline from an
external source. Convenient sources are the outlines created by GlobGlacier and those availa-
ble from the GLIMS database. However, due to the large footprint of the RA-2, also coarse
outlines from other sources can be used. A large number of RA-2 products were thus created
with outlines from the Digital Chart of the World (DCW). 

To obtain elevation changes from DEM differencing, a work-flow was developed for testing
and improving co-registration of DEMs (Nuth and Kääb, 2011). Currently, some step-by-step
guidelines and tools are developed for online distribution, to make the workflow easy to use
for a wider scientific and non-scientific community.
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The IGOS cryosphere theme report (IGOS, 2007) specifies that velocity estimates of glaciers
and icecaps are required at 50 to 200 m spatial resolution, with monthly to annual temporal res-
olution and an accuracy of 1% to 5% independently of the rate of movement. The later would
correspond to an accuracy of +/-3 to +/-15 m/year for a rate of 300 m/year (or about 1 m/day).
Key regions were selected in parallel to the glacier area work package also taking into account
the constraints of suitable satellite data availability. The list of key regions where glacier
velocity data were produced includes western Alaska, Baffin Island, Disko Island on Green-
land, Norway, the Swiss Alps, western Himalaya, Novaya Zemlya and Austfonna-Vestfonna
on Svalbard.
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For the estimation of ice surface velocity optical or microwave repeat satellite data are used.
Glacier displacement from repeat optical data can be measured using block matching tech-
niques or feature matching techniques. Since the image elements to be tracked on glaciers are
sometimes sharp features (e.g. crevasses), but often also smooth image intensity variations
(e.g. variations in supra-glacial debris concentration), block matching methods are usually pre-
ferred. One of the most robust and fastest similarity measure is the normalized cross-correla-
tion (e.g. Kääb and Vollmer, 2000). Before cross-correlation, the two (or more) images have to
be properly co-registered, which involves in many cases accurate orthorectification.

Regional-scale studies on glacier displacement monitoring using optical image matching were
performed with Landsat TM (30 m resolution), Landsat 7 ETM+ (15 m), ASTER VNIR (15 m)
and SPOT4 (30 m) data. Data at higher resolution, such as SPOT5, Ikonos, WorldView and
Formosat, provide excellent complementary results over limited areas but were not applied in
GlobGlacier. In order to be suitable for displacement matching on glaciers, optical satellite
scenes have to satisfy the following requirements (Kääb et al., 2005b, 2006):

• the total displacement in the time interval between the two images has to significantly
exceed the spatial resolution of the images; 

• the glacier (or glacier group) has to show pronounced features of optical contrast such as
crevasses and debris features, which implies that image matching does usually not work
over snow-covered or firn-covered accumulation areas;

• during the time interval between the two image acquisitions the surface changes have to be
small enough to allow identification of corresponding features over the interval.

According to the above requirements, it was possible within GlobGlacier to measure summer/
winter velocities, annual velocities and/or pluri-annual velocities. Often, however, the meas-
urement of all three types was not possible due to above requirements and availability of
appropriate images.

Glacier displacement from microwave repeat satellite data can be measured using SAR inter-
ferometry (InSAR) or offset-tracking. With InSAR, two complex SAR images acquired from
slightly different orbit configurations and at different times are combined to exploit the phase
difference of the signals (Bamler and Hartl, 1998; Rosen et al., 2000), which is sensitive to sur-
face displacement along the look vector occurring between the acquisitions of the image pair
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after removal of the topographic phase contribution. The main limitations of InSAR are atmos-
pheric effects and signal decorrelation. When InSAR is limited by rapid and incoherent flow
and large acquisition time intervals between the two images, SAR offset-tracking (Gray et al.,
1998; Michel and Rignot, 1999; Strozzi et al., 2002a; Werner et al., 2005) was employed. With
offset-tracking the registration offsets of two SAR images are generated with a normalized
cross-correlation in both slant-range (i.e. in the line-of-sight of the satellite) and azimuth (i.e.
along the orbit of the satellite) directions and used to estimate the displacement of glaciers. The
successful estimation of the local image offsets depends on the presence of nearly identical
features in the two SAR images at the scale of the employed patches.

The crucial factor related to loss of coherence in InSAR is the acquisition time interval, i.e.
temporal decorrelation affected by meteorological conditions (temperature, precipitation,
wind) as well as flow rate and strain. The InSAR ice studies were therefore performed with
data from ERS-1 with 3 days acquisition time interval during the ice missions in 1992 and
1994 and from ERS-1 and ERS-2 during the tandem phase between 1995 and 2000 with 1 day
acquisition time interval. ERS SAR data were taken during mid winter - to avoid temporal
decorrelation - and with short (e.g. < 100 m) baselines - to avoid spatial decorrelation. How-
ever, the final quality of the interferograms is also depended on strain rates and meteorological
conditions, that could only be resolved once the interferograms have been formed. An example
for a very fast flowing (i.e. surging) glacier on Disko Island is shown in Fig. 11.
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For SAR offset-tracking scenes were taken during all year, although best spatial coverage was
achieved in winter, and preferably along successive cycles at fixed viewing geometry (inci-
dence angle, polarization, resolution). Using ERS-1/2 and ENVISAT SAR data at C-band (5.6
cm wavelength), about 20 m spatial resolution, VV polarisation and with 35 days time interval
spatial coverage over glaciated areas was sparse, because the SAR image pairs are frequently
interferometrically incoherent and prominent surface features, such as crevasses, are tracked
instead of speckle. Using C-band RADARSAT-1/2 strip-map data at about 20 m spatial resolu-
tion, spatial coverage was found to be more dense because of the shorter repeat interval (24
days) and HH polarisation. With the longer wavelength (23.6 cm) L-band JERS-1 and ALOS
SAR data spatial coverage was very dense even if the acquisition time interval was longer (44
and 46 days, respectively) and the spatial resolution similar (about 20 m) to C-band SAR data.
Indeed, the greater penetration of the radar signals into the snow and firn at L-band compared
to C-band (Rignot et al., 2001) results in a reduced temporal decorrelation. Large-scale studies
were therefore possible in particular because of the global acquisition mode of ALOS PAL-
SAR. The example in Fig. 12 shows the results for most of the icecap of Novaya Zemlya in the
Russian Arctic. Time series of very-high resolution SAR (e.g. TerraSAR-X strip-map at 3 m
resolution with an 11 days repeat cycle) were also employed for complementary local studies. 
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Glacier velocity products were validated by visual inspection using glacier outlines and optical
imagery, cross-validation with similar products generated from different sensors, internal
accuracy, evaluation with higher spatial resolution data sets, and field observations. In general,
the major difficulty in validating glacier velocity estimates is in having measurements from the
same time period, so that glacier-dynamical changes do not influence the validation.
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In general, our precision analysis, the GlobGlacier investigations and experience from former
studies suggest the following errors:

• 5 m/year for the application of dual-azimuth ERS-1/2 INSAR with maximum detectable
rates of about 200 m/year (Strozzi et al., 2006; Dowdeswell et al., 2008);

• 100 m/year for dual-azimuth offset-tracking with 1 day ERS-1/2 SAR data (Strozzi et al.,
2002);

• 20 m/year for range-azimuth offset-tracking with 35 days ERS and ENVISAT SAR data
(Pritchard et al., 2005);

• 20 m/year for range-azimuth offset-tracking with 44 days JERS-1 SAR data (Strozzi et al.,
2008);

• 10 m/year for range-azimuth offset-tracking with 24 days RADARSAT-1 data (Rignot and
Kanagaratnam, 2006); 

• 10 m/year for range-azimuth offset-tracking with 46 days ALOS PALSAR data (Rignot,
2007);

• 0.5-1 pixels with optical sensors (Kääb, 2005; Kääb and Vollmer, 2000; Berthier et al.,
2005), corresponding e.g. for annual Landsat 7 ETM+ data to about 10 m/year.
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The main processing for ice velocity estimation was accomplished with commercial software
packages: CIAS for optical image correlation (Kääb and Vollmer, 2000), and Gamma MSP,
ISP, and DIFF&GEO for SAR interferometry and SAR offset-tracking.

The main processing sequence of cross-correlation between image blocks of optical data is
automatic. SAR offset-tracking is also automatic, including accurate projection to geographic
coordinates if a high resolution DEM is available. For both optical image correlation and SAR
offset-tracking the selection of a search window size, an oversampling factor, and the SNR
level depends on the size of the area of interest, on the number of estimates, and on the
expected accuracy. The size of the test-area has to be chosen according to the expected maxi-
mum displacement, so that the test-block which corresponds to the reference-block can, in fact,
be found in the test area. The size of the reference- and test-block has to be chosen according to
the textural characteristics of the ground surface. If the block sizes are too small, the cross-cor-
relation has no clear maximum; if the block sizes are too large, computing time soars drasti-
cally. Typical image-block sizes range from 7 x 7 pixels to 31 x 31 pixels for optical image
correlation and from 64 x 64 to 256 x 256 for SAR offset-tracking. Depending on the image
quality and suitability of the surface features for cross-correlation, the raw measurements will
contain a number of mismatches. Within GlobGlacier, filters were applied during post-
processing to detect and eliminate such outliers. 

Most of the InSAR processing is also automatic, but phase unwrapping remains a tedious and
error-prone procedure which requires very intensive quality checking. In addition, other
processing steps, including preparation and subtraction of a topographic phase component,
baseline estimation and removal of the orbital phase trend, and atmospheric disturbance identi-
fication, are critical and require quality control by a trained operator.
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Ice surface velocity data are computed for optical cross-correlation, InSAR and SAR offset-
tracking as 2-dimensional horizontal vectors, slant-range displacements (possibly along
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ascending and descending orbits), and slant-range/azimuth vectors, respectively. In none of
those methods a 3-dimensional displacement vector is directly computed. This latter step
requires assumptions about the surface displacement of glaciers, e.g. flowing along the ice sur-
face. Final products are delivered as the computed displacement vectors along with the angles
of observation as well as norm, orientation and elevation of the 3-dimensional displacement
vector computed for a regular grid of geocoded locations (easting/northing/elevation) with the
assumption of flow along the ice surface.

In general, the current satellite data base for velocity estimation is not as comprehensive as for
glacier area. With optical data a pair of cloud-free images over the same region is required with
a time interval of about one year. SAR interferometry is constrained by signal decorrelation,
which is also related to sensor characteristics such as repeat-cycle, baseline and wavelength in
addition to snow and ice conditions. Offset-tracking of satellite radar images provides ice
velocity estimates of sufficient accuracy for large glaciers and preferably requires scenes
acquired along successive cycles. It is suggested to select a well defined subset of the glacier
regions that should be monitored and that only measurements from the same time interval and
period are combined to derive consistent glacier velocities. In order to provide the basis for
broad use of the data, it is preferable to employ an automatic method that can be applied to a
wide range of glacier types in the main glacier regions worldwide.

The repeat interval of data processing depends on the scientific question, the region of interest
and the availability of suitable satellite scenes. The later is also driven by the mission design,
with high-resolution missions able to provide a global coverage and very high-resolution sen-
sors devoted more to local studies. For optical data cloud cover is a further limitation. Radar
images are in most of the cases useful independently of weather conditions. For obtaining cli-
matological data, measurements from the same time interval and period are desirable. With
high resolution SAR sensors (ALOS PALSAR type) emphasis is on the complete spatial pat-
tern of glacierized areas, in particular in the Arctic and Antarctica, with acquisition of consec-
utive cycles. With very high resolution SAR sensors (TerraSAR-X type) temporal series of
measurements can be attempted. Winter and summer velocities are typically different for out-
let glaciers, where offset-tracking provides velocity information in many cases also in summer.

In GlobGlacier, offset-tracking of SAR images was applied at regional scale, while InSAR and
matching of repeat optical images were used for supplementary local studies. For future stud-
ies offset-tracking - to a very large extent an automatic method of velocity estimation - could
be extended to very large areas if satellite SAR data are available. It is therefore essential that a
suitable acquisition strategy is developed by the Space Agencies, for instance for Sentinel-1,
which has with its 12-day repeat cycle a high potential for ice studies. An operational service
should also have a formal but flexible element of enabling feedback from the user community
or some committee formed out of it, and consider an adaptation of acquisition plans.

The major problem of validating ice velocity data is the availability of similar years and time
periods, so that glacier-dynamical changes do not influence the analysis. Thus, the quality of
the final products has often to be based on the internal quality assessment. A further require-
ment is that for improved validation of the satellite derived measurements, also field-based
velocity measurements (e.g. GPS of ablation stakes) need to be extended and made accessible.
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The GlobGlacier products provided to the user group were all much appreciated. They were
partly not as complete and in time as originally intended, but they provided a good start for the
widespread activities, responsibilities, and research interests of the respective user group mem-
ber. But not only data products and document deliverables were provided (see App. A1 and
A2), many challenging issues were discussed in detail and new solutions proposed. The latter
was in particular important for WGMS and GLIMS, as both are also responsible for data for-
mat and standardization issues, and reaching consensus with a larger group of experts was
always the goal. Though many issues were resolved during the project, some remained, and
new ones appeared. Remaining open tasks include:

- providing the remaining glacier outlines of the long-term mass balance glaciers to WGMS
and IMAU
- submitting the glacier outlines from western Greenland, Norway and the Alps to the GLIMS
database
- further improve the glacier outline dataset (in particular the spatial completeness) of the dig-
ital chart of the world (DCW)
- exchange data sets with GLIMS regional centers for quality assessment (e.g. Alaska, FSU)
- further extend and standardize the attributes in the GLIMS database (debris, perennial snow)
- perform round-robin glacier-mapping experiments and prepare illustrated guidelines
- encourage the fusion of DEM data with glacier outlines where both are available.

However, thanks to the continuous support of the user group also after termination of the
project, some of these issues will be addressed in new studies (e.g. Glaciers_cci, ice2sea) and
already started or future discussions. The close collaboration and strong support from the user
group has certainly helped to shape the project and provide products that are of high interest
for the community. As Michael Zemp, the new director of the WGMS, has mentioned in his
feedback at the last user group meeting in Zermatt, the real value of the project will only
emerge after the products were applied in future studies. Making them freely available to the
community (e.g. in the GLIMS database) is thus a most important task.
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The future of glacier monitoring from space is promising. This applies to all products that were
investigated and generated in the GlobGlacier project. The major reasons are:

• the upcoming ESA Sentinel missions that have the potential for operational and global mon-
itoring of glaciers and icecaps

• the upcoming Landsat Data Continuity Mission (LDCM) that will extend the heritage of the
Landsat satellite series into the future (using nearly the same sensors)

• the TerraSAR-X and TanDEM-X Missions that will provide a global high-resolution DEM
• the commitment of space agencies to also support data generation and analysis (like the

recently started Climate Change Initiative from ESA)
• the scientific evidence that meltwater contributions from glaciers and icecaps are increasing

and that a complete glacier inventory is key to estimate this contribution more precisely 
• the increased public awareness for glaciers being key indicators of climate change
• the free availability of all data

In particular the last point (free data access) is key to any operational application. For the ECV
‘Glaciers and Icecaps’ the situation will change (and thanks to GLIMS already has changed)
considerably, once a globally complete inventory of all glaciers is available. In particular the
comparability and consistency of different products can be largely increased when all studies
use the same input data sets. For example, the calculation of glacier changes with time, thick-
ness distribution, total volume and future changes will largely benefit from such a consistency.
The combination of individual glacier extents from the GLIMS database with globally availa-
ble DEM data would allow us to supplement the outlines with topographic inventory data on a
global scale. The future DEM from the TanDEM-X mission will allow in combination with the
SRTM DEM and the glacier outlines in the GLIMS database to calculate glacier specific ca.
15-year elevation changes for several 10,000 glaciers. This will for the first time allow to pre-
cisely determine the sea-level rise contribution from glacier and icecaps. 

But before these applications can be performed, the global inventory is mandatory. For this
purpose not only freely available and precisely orthorectified satellite data are required, but
also clear guidelines and well-illustrated tutorials. The GlobGlacier project has made a large
contribution to these efforts (e.g. Paul et al., 2009; Racoviteanu et al., 2009) and the follow-up
project Glaciers_cci will further extend these efforts. This will help to reduce the largest uncer-
tainties in glacier mapping (debris, snow fields, drainage divides) and thus provide more con-
sistent products for global assessments. 

Thanks to satellite-based glacier products, future glacier monitoring is no longer restricted to
the classical elements of front variation and mass balance on selected glaciers. Apart from area
changes, early recognition of new developments (e.g. growth of pro-glacial lakes), and precise
global upscaling of the observations, also new products will enter the field (snow lines, veloc-
ity), that have particular benefits when combined with modelling. A first study on global-scale
mapping of glacier velocities based on optical data (Landsat) was already started within Glob-
Glacier (Heid and Kääb, in review). Algorithms were developed and tested for automated and
adaptive adjustment of image matching parameters, a step beneficial for automated large-scale
measurement of glacier velocities from repeat imagery (Debella-Gilo and Kääb, in revision).
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ALOS Advanced Land Observing Satellite
ASAR Advanced SAR
ASTER Advanced Spacebourne Thermal Emission and Reflection radiometer

CGIAR Consultative Group for International Agriculture Research

DCW Digital Chart of the World
DEM Digital Elevation Model
DInSAR Differential InSAR

ELA Equilibrium Line Altitude
ERS European Remote Sensing Satellite
ESA European Space Agency
ESRI Environmental Systems Research Institute
ETM+ Enhanced Thematic Mapper plus
EU FP7 European Union 7.th Framework Programme

GCM Global Climate Model
GCOS Global Climate Observing System
GDB GLIMS glacier Data Base
GDEM Global DEM
GEUS Geological Survey of Denmark and Greenland
GIS Geographic Information System
GLAS Geoscience Laser Altimeter System
GLIMS Global Land Ice Measurements from Space
GTN-G Global Terrestrial Network for Glaciers

HKH Hindu Kush Himalaya

ICESat Ice, Cloud and Elevation Satellite
ICIMOD International Centre for Integrated Mountain Development
ID IDentification
IMAU Institute for Marine and Atmospheric research Utrecht
InSAR Interferometric SAR
IR Integration Report

JERS Japan Earth Resources Satellite

L1T, L2 Level 1 terrain corrected
LDCM Landsat Data Continuity Mission
LIA Little Ice Age
LPDAAC Land Processes Distributed Active Archive Center 
LSSIA Late Summer Snow Ice Area
LSSAR Late Summer Snow Area Ratio
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MPI-Met Max Planck Institute for Meteorology

NSIDC National Snow and Ice Data Center
NVE Norwegian Water Resources and Energy Directorate

PALSAR Phased Array type L-band SAR

RA2 Radar Altimeter 2
RCM Regioal Climate Model
RMSE Root Mean Square Error

SAR Synthetic Aperture Radar
SED School of Environment and Development
SIRAL SAR/Interferometric Radar Altimeter
SoW Statement of Work
SPOT System Pour l’Observation de la Terre
SRTM Shuttle Radar Topography Mission
SWIR Short Wave InfraRed

TM Thematic Mapper
TOAR Top of Atmosphere Reflectance

USGS United States Geological Survey
UTM Universal Transverse Mercator

WC2N Western Canadian Cryospheric Network
WGI World Glacier Inventory
WGMS World Glacier Monitoring Service
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- harmonization of the requirements from GCOS/IGOS, the SoW and the user group
- all products ok, very different needs in the user group (end users, validation, methods)
- rough scetch on technical specifications for each product
- Appendix with all data standards and formats (GLIMS, WGMS)

 �!���"��#�������
�����$�����!#$�
- a more detailed summary of the methods and data sets available for product generation 
- selection of key regions according to user group specs. (WGI/GLIMS) and SoW
- consolidate key regions and validation sites, list of Landsat scenes
- data availability overview, strategic plan for product integration and generation

%�&������
����������
������&��
- detailed algorithms and workflows for each of the selected products
- integrated information products (data exchange with consortium and user group)

'���������(
���!�������������(!�
- data needs and products to be provided and details for each user group member
- data delivery plan for phase 1 and 2 (list of scenes to be processed)

)�!���"��!����������$�����!!$�
- special document “Guidelines for the compilation of glacier inventory data from digital
sources” as an outcome of the workshop in Lanzhou (refers only to glacier area)
- also published in Annals of Glaciology (with images + table but without the scripts)

*�������
����&����!����������&!�
- A strategic view on space-borne glacier monitoring (ECV, GTN-G, GCOS, GLIMS, GEOS)
- general remarks, required input data, data processing stages, further recommendations
- integrated view on data processing, requirements for an operational service

+�,�������-
���
�����,���������,-,�
- review of product accuracy standards (IGOS) and validation techniques
- description of validation techniques and data sets for each product
- validation examples for all products and template of the validation protocol

.�,�������
�/�-
���
�����
����������������������,-���
- feedback from the user group on the generated data products, example PVP for all products

		�,��������"��/�����
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- processing lines and generic workflows for creation of each product (automated: yes/no)
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- Validation techniques as applied to all products (with several images and examples)
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- Feedback from the user group on received products, consequences for global glacier monitor-
ing
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- provides an overall resumee on the achieved results and lists the project output
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1 Requirements Baseline RB 16 16

2 Design Justification File DJF 26 42

3 Technical Specification TS 68 110

4 Service Case Description SCD 17 127

5 Design Definition File DDF 23 150 published as a paper
6 Acceptance Test Document ATD 26 176
7 Product Validation Protocol PVP 51 227
8 Prototype Product Set data -

9
Preliminary Validation and 
Assessment Report

PVAR 8+15 250

10 GlobGlacier Products data - see Table A2-1

11
Processing System and 
User Manual

PSUM 41 291

12 Promotional DVD DVD data - available online*
13a Product Validation Report PVR 66 357
13b Product Validation Protocol PVP 24 381
14 Integration Report IR 20 401
15 Summary Report SR 52 453 this document
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Alaska 8800 7100 8800 0 100 in GLIMS
Baffin/Devon L1G only 1 0 X * 20 100 will be re-done
Greenland 1300 0 700 10 10 to be submitted
Flade Isblink 1 1 0 X * 30 0 only for elev. ch.
Novaya Zemlya 1 0 0 X * 30 30 only for velocity
Svalbard 0 0 0 0 20 outlines by NPI
Norway 1700 900 300 0 10 subm. by NVE
Alps 3700 1700 3700 790 5 to be submitted
Himalaya 10800 4200 10800 0 30 in GLIMS
Total 26300 13900 24300 790+80 * X 325
Agreed number 20000 5000 5000 1000 200
Difference +6300 +8900 +19300 ~0 +125
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1985
derived from 
contour lines

SRTM3 2000
resampled to 25 
m cells

Svalbard
topographic map, 
50 m contours

1970/1
contours also 
used directly

ASTER 2002
derived from 
photogrammetry

Disko 
Island

GEUS, 100 m 
contours

1985
resampled to 
50 m cells

GDEM 2000-2006
downloaded 
from
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T. Strozzi: “Survey of landslide activity, rockglacier movement and surface glaciers velocity in the

Swiss Alps”. 4. TerraSAR-X Science Team Meeting, DLR – Oberpfaffenhofen, Germany, 14.-
16.02. 2011.
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F. Paul, R. Le Bris and H. Frey: “A new glacier inventory for the European Alps from Landsat TM
scenes of 2003: Challenges and analysis” (Poster). EGU General Assembly 2011, Vienna, 04.-
08.04. 2011.

H. Frey and F. Paul: “On the suitability of the SRTM DEM and ASTER GDEM for the compilation of
topographic parameters in glacier inventories.” EGU General Assembly 2011, Vienna, Austria, 04.-
08.04. 2011.

H. Frey, F. Paul and T. Strozzi: “Compilation of a glacier inventory for the western Himalayas from sat-
ellite data: challenges and results” Poster. EGU General Assembly 2011, Vienna, Austria, 04.-
08.04. 2011. 

L.M. Andreassen, S. H. Winsvold and F. Paul: “Creating a new Norwegian glacier inventory using
Landsat imagery - methods, challenges and results”. EGU General Assembly 2011, Vienna, Aus-
tria, 04.-08.04. 2011.
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Poster presentations are indicated.
Total number of presentations: 70
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