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The Randolph Glacier Inventory (RGI)

The RGI was used as a key input dataset for numerous applications of relevance for IPCC 
AR5.
The Glaciers_cci project contributed 
substantially to completing the RGI (Fig. 1) 
that was finalized just in time for applications 
by the glaciological community in support 
of the Fifth Assessment Report (AR5) of the 
IPCC (Vaughan et al. 2013). Glacier outlines 
from the RGI were assimilated into models 
developed by the hydrological and glacilog-
ical communities to answer key research 
questions of the changing cryosphere, as for 
example: 

•  What is the total area, number and volume 
of the glaciers on Earth?

•  How have glaciers changed in the past or 
will change in the future?

•  What was and will be their contribution to 
global sea level? 

The first step to answer these questions was 
achieved by generating a glacier inventory 
that is both globally complete and available 
in a digital vector format. In a second step 

the outlines were combined with a digital 
elevation model (DEM) to derive drainage 
divides for a separation of glacier complexes 
into individual glaciers and the calculation of 
glacier-specific topographic parameters, such 
as minimum and maximum elevation or mean 
slope and aspect (Pfeffer et al. 2014). The 
RGI outlines and a DEM were also used to 
calculate the ice thickness distribution for all 
glaciers (Huss and Farinotti 2012). 

In combination with re-analysis data and 
climate models the available datasets were 
integrated in glaciological models determining 
past, current and future glacier extents and 
their contribution to sea level (e.g. Marzeion 
et al. 2012). Such calculations were not 
possible before and the improved quality 
and completeness of the RGI can be seen as 
a quantum leap compared to the datasets 
available before. Accordingly, uncertainties in 
previous calculations that are based on an 
incomplete dataset could be largely reduced 

for IPCC AR5 (Vaughan et al. 2013). 

The RGI is a multi-source and fused product 
that combined the already existing glacier 
outlines of the GLIMS database with several 
recently created datasets (e.g. by Glaciers_
cci). With the latest release of the RGI (v5.0) 
a further substantial quality improvement 
for glaciers in High Mountain Asia could be 
achieved thanks to the release of the 2nd 
Chinese Glacier Inventory and outlines for the 
entire Karakoram produced by Glaciers_cci. 

Further improvements of data quality and 
consistency (e.g. correct interpretation of 
debris cover and seasonal snow) in the RGI 
are on-going and Glaciers_cci will further con-
tribute to both aspects in close cooperation 
with the IACS working group on the RGI, CRG 
members and the glaciological community. 
These efforts will strongly benefit from the 
higher spatial resolution and denser temporal 
coverage of Sentinel-2A/B.
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Figure 1. 
The Randolph Glacier Inventory



Key products of Glaciers_cci are glacier out-
lines in a digital vector format (shape-file) 
and full glacier inventories as a higher-level 
derivative. While the outlines are generated 
with automated methods from optical sat-
ellite data for clean ice, they require manual 
correction of omission (e.g. debris-covered 
ice) and commission (e.g. icebergs) errors. 
Once the outlines are corrected, the result-
ing glacier complexes are separated along 
drainage divides into glacier entities. 

This is rather challenging for the numer-
ous ice caps on Greenland, as they have a 
highly variable shape and near circular and 
uniform structures should not be separated 
to keep their ice cap nature. We have thus 
developed a set of rules to decide if and 
how ice caps and other glacier complex-
es are separated along drainage divides 
(Rastner et al. 2012). As both glaciers and 
ice caps (GIC) could be connected to the ice 
sheet to a variable degree (either in their 
accumulation or ablation region), we have 
further assigned an ice sheet connectivity 
level (CL0: none, CL1: weak, CL2: strong) 
to each of them (Fig. 2, left). This allowed 
us for the first time to determine elevation 
and mass changes of the GIC peripheral to 
the ice sheet (with CL0 and CL1) separately 
from it (that includes CL2 GIC for consist-

ency with previous assessments).

The resulting mean specific (per m²) mass 
changes for ten sectors and the individual 
elevation changes are shown in Fig. 2, 
right. Overall, we found that GIC contrib-
uted about 30 Gt per year or 12% of the 
Greenland total (about 250 Gt per year) to 
the mass loss over the 2003-2008 period 
(Bolch et al. 2013). A slightly higher value 
of 40 Gt per year was found by Gardner 
et al. (2013), who used a different density 
assumption for converting volume into 
mass changes. The highest specific mass 
losses are found in the SE sectors while the 
changes in the north sector of Green-land 
are rather small.
 
Apart from elevation changes, we also 
started with time-series analysis for 
assessment of area changes in selected key 
regions. A first study for glaciers in north-
ern Patagonia mapped glacier extents in 
1985, 2000 and 2011 and found a 293 km2 
(or -25%) decrease in glacier area over the 
full time period (Paul and Mölg, 2014). In 
total, more than 370 glaciers disappeared 
and at the same time over 100 lakes newly 
formed and more than 60 grew in size 
(total area gain 11.6 km2). Different from 
all other regions in the world, the highest 

relative area loss (-37%) was found for 
the largest size class (glaciers >10 km2), 
indicating a strong down-wasting of large 
glacier tongues at low elevations (Fig. 3). 

Seemingly opposite to this trend is the 
behaviour of glaciers in the Karakoram, 
which showed either only minor changes 
over a similar time period (1989-2014) or 
they strongly advanced or retreated in the 
cases where they are of surge-type. For this 
region we have created a new inventory (for 
the year 2000) that is already integrated 
in the latest release of the RGI (v5.0) and 
created animations for 4 sub-regions show-
ing 22 years of glacier flow and terminus 
changes compressed into one second, i.e. 
about 700 million times faster (Paul 2015). 

These animations show for the first time 
what glacier flow really looks like and 
reveal several further insights such as the 
interactions with tributaries, the short-
lived nature of supra-glacial lakes, or the 
variable dynamics of surging glaciers. A 
more detailed investigation of the latter will 
be strongly facilitated by the higher spatial 
resolution and more frequent coverage of 
the Sentinel 2A/B satellites. 

Glacier changes in Greenland, Northern Patagonia and the Karakoram

The identification of glaciers that are peripheral to the Greenland Ice Sheet is a challeng-
ing task. But once they are assigned, their changes can be observed in full detail.

Figure 3: Glacier area changes for a part of 
northern Patagonia from 1985 to 2000 and 2011 
(from Paul and Mölg 2015).

Figure 2, left:  The glaciers & ice caps surrounding the Greenland ice sheet colour-coded according to 
their connectivity level (CL) (Rastner et al. 2012). Right: Mean specific mass changes for ten sectors & 
individual elevation changes for the ICESat tracks used to calculate the sector mean values (Bolch et al. 
2013).



Elevation changes in Karakoram and High 
Asia
There are several ways to determine eleva-
tion changes of glaciers: (a) repeat altimetry 
(e.g. using the ICESat sensor) as described 
for Greenland in the section before, (b) a 
combination of altimetry and a DEM (with 
a well-defined acquisition day), and (c) the 

direct subtraction of two DEMs obtained at 
two different dates. While methods (a) and 
(b) require some inter- and extrapolation to 
obtain values over entire glaciers, method 
(c) directly provides volume changes. By 
applying method (c) to the central Karako-
ram using the SRTM DEM from 2000 and a 

DEM derived from the SPOT stereo sensor 
in 2008, the spatially inhomogeneous 
elevation changes related to the many surg-
ing glaciers becomes evident (Fig. 4). They 
generally show sharply separated positive 
(blue) and negative (red) changes that are 
very different from other glaciers, which are 
only getting thinner. Interestingly, many 
of the latter glaciers are heavily debris 
covered, indicating a limited influence of 
debris on overall volume changes (Gardelle 
et al. 2013).

The rather special elevation changes of 
glaciers in the Karakoram are confirmed by 
two studies (Kääb et al. 2012 and 2015) 
using method (b) for larger parts of High 
Mountain Asia (Fig. 5). While thickness 
loss is most pronounced over the eastern 
Nyainqentanglha mountain range and loss 
is dominating in nearly all other regions, 
the Karakoram and western Kunlun Shan 
stand out with zero to slightly positive 
elevation changes. This signal even persists 
when excluding surge-type glaciers, indicat-
ing a climatic reason for the rather stable 
conditions in this region (e.g. in-creased 
precipitation).

Flow velocities and glacier dynamics in 
the Karakoram and Svalbard
When flow velocities (e.g. mean annual 
values) are calculated for different points in 
time and the resulting grids are subtracted 
or values are shown as profiles in the same 
plot, changes in flow dynamics can be re-

vealed that might indicate instable flow or 
surge-type glaciers. Such a multi-temporal 
comparison has been performed in the 
study by Heid and Kääb (2012) for glaciers 
in the Karakoram using repeat optical im-
ages for the 2000-2001 and 2008-2009 pe-
riod. Several glaciers started to surge over 
this period resulting in a strong increase in 
flow velocities for specific glacier parts.

Glaciers with such unstable flow dynamics 
might also be detected from velocity fields 
alone. When comparing maps from different 
periods gradual or sudden increase in flow 
velocity can be detected. Several of such re-
gions with locally high flow velocities (pink, 
>300 m/a) have been revealed for glaciers 
on Svalbard by analysis of recent Sentinel 
1a scenes (Fig. 6). The most prominent of 
these regions are the two large glaciers on 
the north-east and south of the archipela-
go. Where the zone of highest velocity is 
restricted to the glacier front, glaciers are 
likely calving into the ocean rather than 
surging.

When combined, the area, velocity and 
elevation change products that can be 
derived from satellite sensors, provide a 
most complete picture of glacier dynamics 
that is readily suitable for in-depth scientific 
analysis and understanding of the govern-
ing processes.

High variability of glacier changes in the Karakoram, High Mountain Asia and on 
Svalbard

Elevation changes derived from laser altimetry and DEM differencing reveal a complex 
pattern of glacier changes in the region. The same applies to glaciers in Svalbard.

Figure 4: Elevation changes for a part of the 
Karakoram range obtained from differencing two 
DEMs (from Gardelle et al. 2013)

Figure 5: Elevation trends averaged over 2 by 2 degree grid cells as derived from ICESat in combina-
tion with the SRTM DEM for the southern part of High Mountain Asia. Grey circles inside a coloured 
circle marks trends that are statistically not significant (from Kääb et al. 2015).

Figure 6: Glacier flow velocities for entire Sval-
bard derived from Sentinel 1a data of January 
- February 2015.
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