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Summary

In the context of a changing climate the knowledigeut the amount of water stored in glaciers
Is important to determine the contribution of nmedtiglaciers to sea level rise (SLR). The
Antarctic Peninsula (AP) has shown exceptionalgrgj regional warming recently, associated
with changing behavior and melting of the ice masb®wever, most SLR estimations did not
fully consider the glaciers of the AP, as no corntgbiataset was available so far delineating the
glaciers as well as separating them from the ieetsh

This thesis fills this gap and presents the fishplete glacier inventory of the AP north of
70°S. The inventory was compiled by combining alseaxisting data and geographic
information system (GIS) techniques. To generatecor layer of individual glacier outlines,
rock outcrops have been removed from the glacignlautlines of Coolet al.(2014) by using
the corresponding layer of the Antarctic Digitalt&@aase (ADD; ADD Consortium, 2012). The
glacier-specific parameters (i.e. area, min., mmedian, mean elevation, mean slope and
aspect) as well as the overall glacier hypsomedrmetbeen determined by applying the digital
elevation model (DEM) of Cookt al. (2012). The glaciers have been assigned conntgctivi
levels (CL) to the ice sheet based on the concegpiduced by Rastnaat al. (2012) and the
Antarctic drainage systems of Zwalét al. (2012). Furthermore, the datasets of Huss and
Farinotti (2014) enabled to determine ice thicknessvolume and sea level equivalent (SLE)
per glacier. The final dataset will be providedhe Global Land Ice Measurements from Space
(GLIMS) database.

The final inventory consists of 1588 glaciers, aavg an area of 94 743 Knslightly more
than the 90 000 kfcovered by glaciers and ice caps surrounding treeitand ice sheet
Rastneret al. (2012). The AP is characterized by a few largeigla in terms of area and a
dominance of glaciers with an area between 1.058nkin? in terms of number. Most of the
area (63%) is drained by marine-terminating glacemnd 35% of the area is covered by ice
shelf tributary glaciers. The total ice volume #&650 kni, of which one third lays below sea
level, resulting in a SLE of 83.2 mm. The spatiaitern of median elevation, mean thickness
and volume as well as the glacier hypsometry aadjthcier (frontal) types are determined by
the topography of the AP. No dependence on aspgeeoipitation patterns is detectable. The
overall hypsometric curve has a bimodal shape:rmarimum of glacierized areas is located
at about 200 — 500 m a.s.l. and a secondary maximdiound at about 1500 — 1900 m a.s.l..
This, and the fact that most glaciers have conté@btocean water, results in high sensitivities
of the glaciers on climate change: First, at sowmiatprising equilibrium line altitudes (ELA)
due to rising air temperatures would expose hugiiadal areas to ablation. Second, rising
ocean temperatures increase melting and calvingladfiers with water contact. Ice shelf
tributary glaciers reveal additional high sensiteés on changes of their frontal characteristics.
Stable ice shelves have a buttressing effect anféeding glaciers, but collapsing ice shelves
result in the opposite effect and enhances ice loss

This thesis is a contribution for more accurate ®isEmations, as well as it demonstrates the
potential of such an inventory to improve the kneage about glaciers of the AP.






Zusammenfassung

Im Kontext des Klimawandels soll der Beitrag voretsthern zum Meeresspiegelanstieg
bestimmt werden. Dazu muss bekannt sein wieviel Séfas; diesen gespeichert ist. Die
Antarktische Halbinsel hat in der letzten Zeit augewohnlich starke regionale Erwarmungen
gezeigt, verbunden mit schmelzenden und sich inhalan &ndernde Eismassen. Allerdings
sind die Gletscher der Antarktischen Halbinsel insEhatzungen des Meeresspiegelanstiegs
meist nicht berlcksichtigt, da kein vollstdndigeat@nsatz verfugbar war, welcher die
einzelnen Gletscher voneinander als auch vom AmsaHen Eisschild trennt.

Die vorliegende Arbeit fullt diese Licke durch daste vollstdndige Inventar, bestehend aus
Gletscherumrissen der Antarktischen Halbinsel néindvon 70°S. Dieser entstand durch die
Kombination bereits bestehender Datensatze in ei@ewgraphischen Informationssystem.
Um ein Vektorlayer der einzelnen Gletscher zu #estewurden aus dem Eis ragende Felsen
von den einzelnen Gletscher-Einzugsgebieten vork @bal.(2014) entfernt. Dazu wurde ein
entsprechender Datensatz der Antarctic Digital Deda (ADD Consortium, 2012) verwendet.
Gletscherspezifische Parameter (i.e. Flache, nmax., durchschnittliche, mittlere Hohe,
Exposition und Neigung) sowie die allumfassendedéypetrie konnten mit Hilfe des Digitalen
Hohenmodells von Cooét al. (2012) bestimmt werden. Des Weiteren wurden dextsGhern
Konnektivitats-Stufen mit dem Eisschild zugeordrssierend auf dem von Rastredral.
(2012) eingefuhrten Konzept und den Antarktischezigsgebieten nach Zwalgyt al.(2012).
Zudem wurden mit den Datensatzen von Huss und ¢i#iri2014) Eisdicke, -volumen und
Meeresspiegelaquivalent pro Gletscher bestimmt estellte Datensatz wird der Global Land
Ice Measurements from Space Datenbank zur Verfugestglit.

Das Inventar besteht aus 1588 Gletschern mit Eikiehe von 94 743 kfrund bedeckt somit
etwas mehr als die 90 000 kater Gletscher und Eiskappen um den GronlandisErsschild
(Rastneret al.2012). Die wenigen grossen Gletscher dominieraitigleeh Flache, wobei die
Gletscher mit einer Flache zwischen 1 und 58 kahlenmassig dominieren. Im Meer endende
Gletscher machen flachenmassig 63% und in Schelfeiende Gletscher 35% aus. Das totale
Eisvolumen betragt 34 650 Rpwovon sich ein Drittel unter Meerespiegelhdheriidt. Das
Meeresspiegelaquivalent betragt somit 83.2 mm.|&d@t Hohe, mittlere Dicke, Volumen,
Gletscherhypsometrie sowie der Gletschertyp sincchdulie Topographie der Halbinsel
bestimmt. Es ist kein Zusammenhang zu Expositiogr dlederschlag erkennbar. Die alle
Gletscher umfassende Hypsometrie hat eine bimdeai®: Maximal vergletscherte Flachen
befinden sich primar zwischen 200 — 500 m .M. seklindar zwischen 1500 — 1900 m U.M..
Daher, und der Wasserkontakt der meisten Gletsobsultiert in einer hohen Sensitivitat der
Gletscher gegentber Klimadnderungen, verbunden rmsieigenden Gletscher-
Gleichgewichtslinien und zunehmenden WassertemyeratDie Sensitivitat von in Schelfeis
endenden Gletschern ist hoch gegentber Veranderuageder Front, denn nach dem
Auseinanderbruch des Schelfeis ist deren Eisvesitisiht.

Diese Arbeit tragt einerseits dazu bei, das Mepregslaquivalent praziser zu bestimmen. Des
Weiteren wird aufgezeigt, wie ein solches Inventas Wissen Uber die Gletscher der
Antarktischen Halbinsel verbessern kann.
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Introduction

1 Introduction

1.1 Motivation

During the 28 century the extent of glacial and periglacial ees all over the world
experienced partially drastic changes due to thegimg climate (Haeberli and Beniston 1998;
Haeberli 2005; Vaughaet al. 2013). The knowledge about the amount of wateredtan
glaciers and ice caps is important to determindrthieence of melting glaciers on rising sea
level due to global warming. In this context, int@res such as the World Glacier Inventory
(WGI; WGMS and NSIDC, 1999, updated 2012) and theb@ Land Ice Measurements from
Space Initiative (GLIMS; Raugt al.2007) pursued the idea of a global glacier invento

Recently, the ice masses of the Antarctic Pening@R) received more attention as
exceptionally strong regional warming has been detein this region accompanied with
changing precipitation patterns (Ratal.2006; Hocket al.2009). Ratet al.(2006) illustrate
several direct consequences of these changes amytbgphere of the AP, such as ice shelf
disintegration and changing glacier front positions

“These small glaciers around the edge of the Adtiar Peninsula are likely to
contribute most to rising sea levels over the cgiecades, because they can respond
quickly to climate change’ said Dr. Davies from thepartment of Geography at
Royal Holloway” (Royal Holloway University of London, 2014).

This statement demonstrates the crucial role ofjtheers of the AP regarding climate change
and SLR. Therefore, the Intergovernmental PanelComate Change (IPCC) decided to
adjudicate the region of the AP to be one out giiteiegions for detailed investigation (Retu

al. 2006). The IPCC aims to consider all perenniafasa land ice masses to describe the
individual components of the cryosphere and themtgbution to sea level rise (SLR). Hence,
for the Fifth Assessment Report (AR5), releasedbeh September 2013 and November 2014,
“a new globally complete data set of glacier outvas compileti(Vaughanet al.2013: 335)
based on outlines from different published and Wtiphed sources (including GLIMS): The
Randolph Glacier Inventory (Arendt al.2012; Pfefferet al.2014).

However, neither GLIMS (GLIMS and NSIDC 2005, upth2015) nor the newest version of
the RGI (Arendtet al.2015) entirely include the glaciers on the maidlah Antarctica, most
of them probably located on the AP, due to missigaration of the glaciers from the Antarctic
ice sheet (Vaughaet al.2013). Therefore Vaughaet al. (2013: 335) admit:

“[The] separation is still incomplete for Antarctg and values discussed [in the
IPCC] refer to the glaciers on the islands in thet@ctic and Sub-Antarctic (Bliss et
al., 2013) but exclude glaciers on the mainland\ofarctica that are separate from
the ice sheet.”
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The separation of the individual glaciers from @m®ther, as well as from the ice sheet, is
rather challenging and the method is not distifastneret al. 2012; Blisset al. 2013).
Depending on the aim of a study, the definitiond arethods of this separation vary (Blets

al. 2013). Several studies are challenging the ladnofviedge about the amount of ice stored
in Antarctic (Hocket al. 2009; Radi and Hock 2010; Huss and Farinotti 2014). Howeasr,
no complete outline dataset separating the indaliglaciers from each other and from the ice
sheet is available, the glaciers on the mainlanthefAP are not included in these studies.
Hence, these glaciers are not separately takercamsideration for their estimation of the sea
level equivalent (SLE). The separation of the |lggatiers from the ice sheet is also necessary
because, firstly, the glaciers of the AP have airdisvely different behavior regarding glacier
sensitivities and time scales compared to the heets(Rauet al. 2006; Hocket al. 2009).
Secondly, it can help solving the problem of dotdmenting their sea level contribution, as the
ice mask of the Antarctic ice sheet might (pangialhclude glaciers of the AP (Paul 2011;
Pfefferet al.2014).

In general, previous available inventories of tH& &hich consist of different dataset formats,
are deficient in either spatial coverage or breaditiata (e.g. Rabassaal. 1982; Brauret al.
2001; Daviest al.2011; Blisset al.2013). The lack of a complete outline datasetrbesntly
been approached by Coekal.(2014) by generating dataset of all glacier catehinof the AP,
which would have to be further processed to crgkteier outlines. However, the full dataset
is neither published nor provided by any databa&teTherefore, as no global-scale inventory
includes a complete inventory of the AP, it is gent demand to acquire accurate and globally
complete information about the location and extéigiaciers and to amalgamate these datasets
into a glacier inventory.

In addition, to estimate the SLE, ice thickness aoldme information are needed. However,
the geometry of the AP’s glaciers is distinct dietregions. The often applied volume-area
scaling (e.g. Erasov 1968 (in Radnd Hock (2010)); Bahet al.1997; Radi et al.2007, 2008;
Radi and Hock 2010) is not appropriate for the veryines glacier hypsographies of the AP.
Hence, more physically based data are needed.

The two key open point are the missing delineatibthe glaciers as well as their separation
from the ice sheet. In addition, this lack of diad to a limited knowledge about the AP’s
glaciers, their characteristics and their corregipanrole in a changing climate.

1.2 Aim of the thesis, research tasks and questions

To fill this gap, this Master’s thesis aims at getieg a complete glacier inventory of the AP
consisting of glacier outlines, including a separabf the glaciers from the Antarctic ice sheet.
To achieve this, already existing inventory data egassessed and further processed. The
description of the characteristics of the glaci@rs. size and aspect distribution, median
elevation, glacier (frontal) types and glacier hypetry) and the extension of the inventory
with ice thickness, volume and SLE information desteate the potential of this dataset to
identify the impacts of climate change on the Aftaciers. Furthermore, the potential of this
dataset is demonstrated by identifying glacier égretes, glacier climate-sensitivities as well
as by describing similarities and differences teeofglacier regions.
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Hence, the main research tasks of this thesis are:

(1) The reassessment of currently existing inventafable glaciers of the AP

(2) The generation of a glacier inventory based oradlyexisting, suitable data to integrate
it into the GLIMS database

(3) The separation of the glaciers from the ice sheet

(4) Deriving the glacier parameters area, minimum, maxn, mean, median elevation,
mean slope and aspect for each glacier

(5) The extension of the inventory with ice thicknesdume and SLE information

(6) Analyzing the topographic characteristics of thecgrs on the AP in terms of size and
aspect distribution, slope, elevation, ice thiclsnaad volume, glacier (frontal) types
and overall glacier hypsometry

The realization of the above tasks should enabémswver the following research questions:

(1) Can geo-spatial datasets of different origin analigube merged to create a complete
inventory for the AP?

(2) What are the characteristics of the glaciers onARein terms of their topographic
parameters?

(3) What does the hypsometry reveal about the sengiti¥ithe glaciers on changes in air
or water temperature?

(4) What is the potential SL contribution of the AP?

(5) What are similarities and differences to other iglazed regions, namely Greenland,
Alaska/northwest Canada and Svalbard?

1.3 Organization of the thesis

This Master’s thesis is structured in seven sestiorcluding this first section describing the
motivation and the resulting aims, research taskisgaestions. Section 2 introduces the AP as
the study site. Some background information ismgimeSection 3 about the concept of a glacier
inventory and GLIMS, as well as the technical whnkfto generate a glacier inventory. The
main part of this study consists of a reassessofestisting inventory datasets of the glaciers
of the AP and the corresponding qualitative desiompand comparison (Section 4), followed
by the description of the methods applied for taeagation of the glacier inventory of the AP
(Section 5), and finally the presentation of theutes, regarding the current status and
characteristics of the glaciers, including glacs&e distribution, connectivity levels, 3D
parameters, glacier hypsometry, ice thickness,me|luSLE as well as the nominal glacier
parameterglacier typeandfrontal characteristic§Section 6). Further, a critical discussion of
the noteworthy results is performed. This inclushsrpreting the findings with respect to the
research questions as well as in a broader com{sd.encountered challenges and limitations
of the presented inventory are described (Sect)o e final section summarizes the main
conclusions and answers the research questiorsldition, perspectives for future work are
illustrated (Section 8). The thesis ends with #fenrences and an appendix.
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2 Study region

2.1 Antarctic Peninsula

The AP extends significantly northwards of the rted of Antarctica stretching into the
Southern Ocean (Figure 2.1). Following common dighims (Turneret al.2009; Zwallyet al,
2012; Cooket al.2014; Huss and Farinotti 2014) the AP spans frooua75°S for more than
1500 km north-easterly to 60°S, surrounded by amwasber of rugged islands. According to
Cogleyet al.(2010), the South Shetland Islands are not defasdaking part of the AP, as these
islands are not considered @sseto the mainland and therefore belong to the Swveiit
Islands. The mainland is dominated by a narrow rteoarchain with a mean height of 1500 m
and an average width of 70 km. The high elevatiabtepu region and steep-sided valleys of
the mainland are enclosed to the west by the Bmlliausen Sea and to the east by the Weddell
Sea (Turneet al.2009). The spatial focus of this work is on GraHaand and the peripheral
islands (green box in Figure 2.1).
The Antarctic Treaty System governs Antarctica &nel AP, regulates the international
relations, promotes scientific work and preventditany activity on the continent. The
sovereignty claims of Chile, Argentina and the ©diKingdom are not internationally admitted
(Fund and Hogan, 2013).
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2.2 Glacier cover

The mainland and islands are highly glacierizedh\wéveral rock outcrops interrupting the ice
cover (Figure 2.1). The topography causes a comglagier system with often unclear
topographic divides. The interior is dominated &g imasses flowing out of the plateau region,
but the steep valleys cause these glaciers todalherevassed. At the periphery the glaciers
are low-sloping ice streams. These glaciers arénrthioner compared to the ice sheet covering
the rest of Antarctica. Most of the glaciers on &R are marine-terminating glaciers, ending
with a grounded ice cliff producing ice bergs (tidger glaciers), have a floating terminus or
are ice shelf nourishing (Coai al.2005; Cooket al.2014). The glaciers along the AP’s west
coast north of the George VI Sound and along teeasast north of 66°S are mainly tidewater
glaciers. Further south the glaciers are ice shalirishing. In the east they area flowing into
the still existing Larsen C Ice Shelf (Coek al. 2014). The bottoms of several valleys and
channels underneath the ice are lying considetadliyw sea level (Huss and Farinotti 2014).
In contrast to most of Antarctica, the polythermlaciers in this maritime climate experience
a distinct melting period in summer, particulatg glaciers in the north. Therefore runoff from
surface melt is a significant component of theseigls’ mass budget (Turnet al. 2009;
Arigony-Netoet al.2014).

As mentioned before, there is no consistent saparat the glaciers and the Antarctic ice sheet.
The separations vary depending on the techniqtieecapplication (Bliset al.2013; Cooket

al. 2014). For this study the most recent Antarctecsbeet drainage divides dataset provided
by the Cryosphere Science Laboratory of NASA'’s [E&tiences Divisions (Zwallgt al.
2012) is considered for the separation of the Aitaice sheet and the AP with its glaciers (cf.
Section 5.2). Accordingly, the ice masses soutiiQ35 are classified as Antarctic ice sheets
and therefore are not taken into consideratiohigmgtudy.

The climatic and oceanographic regime varies adires#\P (cf. Section 2.3) causing varying
glacier dynamics and glacial response times (Aygetoet al.2014). However, the relatively
small glaciers of the northern AP (Graham Landmpared to the much larger ice masses
towards the south (Palmer Land), are expectedact reith rather short response times (years
to decades (Raget al.2006)) to changes in their mass balance. Henesetplaciers are major
indicators of changes of the regional climate (Raal. 2006). Nevertheless, the knowledge
about the mass balance of the glaciers of the Apasse (Rignot and Thomas 2002). Shepherd
et al. (2012) estimated the mass balance of the ice deatombining of a variety of
observations and models. Helket al. (2014) derived elevation changes of Antarcticanfro
CryoSat-2 data. These studies reveal change in ofas® AP between 1992 and 2011 by
-20 £14 Gt per year (Shepheetlal.2012) and even increased volume loss between &0d.1
2014 (Helmet al.2014). However, they admit, that for the AP immrd\wdatasets are required,
as the spatial and temporal sampling of mass fatictns is currently inadequate (Shephetd
al. 2012) and large uncertainties occur (Helhal.2014).

Many ice shelves are surrounding the Antarcticioent and the AP. Atmospheric or oceanic
warming is seen to have accounted for recent csdl@apents of ice shelves around the AP (Rott
et al. 1996; Rottet al. 1998; Scambost al. 2000; Rignot and Thomas 2002). Moreover, also
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structural glaciological factors are influencinge thtability of ice shelves, such as crevasse
propagation by meltwater (Scambaisal.2000; Glasser and Scambos 2008). However, several
studies affirm that the existence of ice shelvesiad the AP is mainly determined by the
-1.5 °C January isotherm and -8 °C mean annudiesot, which have moved south in the last
decades (Rott al. 1996; Rottet al. 1998; Scambost al.2000).

2.3 Climatic setting

The AP has a polar to subpolar maritime climatesrEthough it represents only about 1% of
Antarctica’s area, it receives about 10% of thecipigation (van Lipzig 2004). As about one
third of the area is found close to the coast titeralow elevations, temperatures above 0 °C
are frequent (Turneet al. 2009). Therefore, the AP is dominated by ausurairser rainfall,
austral winter snowfall and strong westerly windsigony-Netoet al.2014). In addition, the
Amundsen-Bellingshausen Sea low pressure systesesdloe advection of warm mid-latitude
air masses from the northwest, resulting in a rathiéd climate compared to the rest of
Antarctica and other regions at similar latitudéeThorth-south oriented mountain chain in
combination with the persistent Southern Oceanhrwdsterlies causes a strong orographic
effect. The prevailing winds from the warm Bellihgsisen Sea transport warm and humid air
towards the AP. Hence, large spatial variationprecipitation and accumulation are found.
Most of the precipitation (solid in winter, bothgliid and solid in summer) and highest
accumulation values are found in the northern ardral regions of the AP, whereas the east
and southeastern parts are affected by the pratgritshadow (Kinget al. 2003). In addition,

on the eastern side of the AP cold continentdl@ws northwards, due to a climatological low
east of the Weddell Sea, acting as a barrier fevtarm air of the Bellingshausen Sea. As a
result, the mean annual surface temperatures afelsecoast are 5 — 10 °C higher than those
of the east coast and monthly means can be posaivgp to four months (Kingt al. 2003;
Turneret al.2009). Figure 2.2 and 2.3 show the locations fiéint climate stations and the
corresponding annual variations of surface air enaoire. Table 2.1 lists the details of these
stations. Temperature gradients across the regi@nstrong in winter (June-August) and weak
in summer (December-February). The west and nartbeast of the AP show similar annual
cycles of temperature as other maritime regionérghrctica: Long summer maximum and
minimum temperatures in July/August. The annualecg€the southerly parts of the east coast
conform to those of continental Antarctica: A sheutnmer and a long winter season (Ketg

al. 2003).

Since the early 1950s significant atmospheric wagiiends (Turneet al.2009) and changing
ocean temperatures (Shephetdl.2003) have been observed across the AP. Howédwese t
trends are very complex as they are spatially aadanally heterogeneous. Tureeal.(2009)
showed that in winter the warming trend is mostnptoced in the north and west
(Faraday/Vernadsky Station: +1.03 °C per decada 850 — 2006), whereas the eastern part
of the AP experienced warming mainly during sumaned fall (Esperanza Station: +0.41 °C
per decade from 1946 — 2006). Hence, the west cb#s¢ AP is the region of fastest warming
trends of the Southern Hemisphere. The increasadsem of greenhouse gases and the
formation of the Antarctic ozone hole caused thsteries to strengthen. The resulting changes
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in southern hemisphere atmospheric circulation rfilgan winter) bring warm, maritime air
towards the AP (Turneat al.2009). The increase in summer temperatures ipabe50 years

is similar to other regions in the Southern Heméphand therefore not exceptional. However,
these small temperature changes in summer caude¢ esotherm to move further southward
resulting in drastic increases in summer melt (K8hgl.2003). As a consequence, ice shelves
and glacier fronts are collapsing and retreatingdffard and Vaughan 2007; Coekal.2014).
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Figure 2.3. Corresponding annual variations of surdice air temperature of the climate stations indicad Figure 2.2 and

described in Table 2.1.

Station Latitude | Longitude | Elevation Period in Period
[°S] [°S] [ma.s.l] operation analyzed

Bellingshausen 62.2 59.0 16 1968- 1968-2000
Esperanza 63.4 57.0 13 1945-8; 1952- 1952-2000
Faraday/Vernadsky 65.2 64.3 11 1947- 1951-2000
Larsen Ice Shelf (automatic 66.9 60.9 17 1985+ -
weather station)

Orcadas 60.8 44.7 6 1903- 1903-2000
Rothera 67.6 68.1 16 1976t 1976-2000

Table 2.1. Details of the climate stations of Figurg.2 and 2.3 from Kinget al. (2003).
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3 Background

3.1 Glacier inventory and Global Land Ice Measurementgrom
Space

The continued glacier-by-glacier studies, such lasigr-specific area and volume change
assessments, as well as global-scale assessmattsasspotential and future contribution of
glaciers to SLR, request glacier inventories. Thiegentories need to include the definition of
outlines for each individual glacier using a cotesis technique and need to store this
information comprehensively (Rastredral.2012; Coolet al.2014; Pfeffeet al.2014). During
the International Hydrological Decade (1965 — T¥)rtieed for a global glacier inventory arose,
leading to the establishment of guidance matedatreate a detailed global inventory of
existing perennial snow and ice masses (WGMS 1989a consequence, the World Glacier
Inventory (WGI; WGMS and NSIDC, 1999, updated 20®2)s established in the 1980s to
determine the amount, distribution and variationalf snow and ice masses for a better
understanding of their influence on the global wabalance (Ohmura 2010). The
internationally collected and standardized datasétsver 130 000 glaciers contain a set of
glacier attributes and represent the glacier thstion in the second half of the ®2@entury,
mainly based on maps and aerial photographs (WGMENSIDC, 1999, updated 2012).
However, the information is only available as paiatta, which makes tracing changes of
individual glaciers impossible (Racoviteaetal. 2009; Pfefferet al.2014). The full inventory

is available from the National Snow and Ice Datat€e(NSIDC) in Boulder, Colorado, USA
(http://nsidc.org/data/glacier_inventory/index.himAs the enhancement of remote sensing
techniques and automated computer processing agieelenventory work, the multi-national
Global Land Ice Measurements from Space initiattveIMS; Raupet al.2007) was launched
in 1995. This initiative aims at continuing the qahation of a global inventory of land ice
masses and monitoring these, using data from mogtigal satellite instruments and digitized
topographic maps (Kieffeet al. 2000; Ohmura 2010) to measure changes in the tegten
glaciers (Brauret al.2001; Ohmura 2010). The regularly extendeed GLiM@&ntory (GLIMS
and NSIDC 2005, updated 2015) also contains a fsgtacier attributes, but additionally
includes more recent digital glacier outlines idigital vector format. The idea is to archive
standardized and comparable results of glacierdlaid analyses in the database along with
corresponding meta-information of the analysishsaganalyst name, time of analysis, images
used, description of processing and so on (&al.2006; Paukt al. 2009, Raup and Khalsa,
2010, 2010). The NSIDC designed, implemented anchamtaining the GLIMS Glacier
Database (Raat al.2006; Paukt al.2009). The RGI (Arendet al.2012) has been compiled
in short time (1-2 years) and with limited sour@esorder to meet the needs of the Fifth
Assessment of the IPCC for a globally complete stavith accepted limitations in regional
quality (Pfefferet al. 2014). Hence, none of the RGI versions providesédume richness in
meta-data and source information as GLIMS datalihaeis designed to store multi-temporal
datasets (compared to the RGI being one snap ishiobe). It is a supplement to GLIMS and
currently merged into the GLIMS database to haeesdme spatial coverage (Rai@l.2013;
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Pfefferet al.2014). The newest RGI (v5.0; Arerettal.2015), the GLIMS, as well as the WGI
data are provided by the GLIMS/NSIDC website andloa obtained for free through the web-
based interfaces and map services (http://glimsmapgs/glims).

As this thesis aims, inter alia, at compiling acgda inventory, which then can be implemented
into the GLIMS database, the compilation bases hen recommendations and guidelines
provided by the GLIMS community (Raat al, 2005; Pauét al.2009; Racoviteanet al.2009;
Raup and Khalsa, 2010).

3.2 Technical workflow to generate a glacier inventory

The remoteness and the scale of the AP requiresiate sensing approach for the generation
of a glacier inventory. Remote sensing allows awggiinformation of areas and objects
without being in physical contact with it (Lillesauret al. 2015). Besides the availability of
digital source material, modern data-generation amalysis techniques, such as Geographic
Information Systems (GIS), are available (Paukl. 2009). The applications as well as the
definition of GIS are diversified. A general defion is given by Dueker and Kjerne
(1989: 7- 8):

“Geographic Information System - A system of hanmdyaoftware, data, people,
organizations and institutional arrangements follecting, storing, analyzing and
disseminating information about areas of the edrth.

The combination of remote sensing and a GIS enajgesrating a glacier inventory. The
schematic flow chart in Figure 3.1 illustratee general workflow of the generation of a glacier
inventory as applied for the glaciers on GreenlbpdRastneret al. (2012). By applying an
automated mapping algorithm on satellite data withi GIS, glaciers can be delineated
(Racoviteantet al.2009). In this context, the definition of a gladgecrucial. This is not further
discussed here, but a comprehensive explanatgwvda by the GLIMS analysis tutorial (Raup
and Khalsa, 2010) and GLIMS recommendations (Ré&eanu et al. 2009). Besides the
satellite data, a digital elevation model (DEMniseded as input data. The DEM enables to
calculate drainage divides for glaciers, for whegveral algorithms exist (Racoviteaeual.
2009; Bolchet al. 2010; Kienholzet al. 2013). The terms drainage basins, drainage divides
catchment outlines, glacier catchments and so@oféen, and also here, used synonymously.
The automated mapping algorithm as well as thendgg basin algorithm require subsequent
manual corrections. The accuracy of the resultragndge divides and hence the extent of the
remaining manual corrections mainly depend on tladity of the DEM and the topography of
the corresponding region. Good representationgeafpsridges in a rough terrain lead to an
accurate result. However, the delineation in smao#las, such as the top of ice caps, is rather
arbitrary (Rastner 2014). By intersecting the dagm basins and the glacierized area
delineation in a GIS, a vector layer of individggdciers is generated. The individual glaciers
can be further analyzed, for instance, in termsarfnectivity levels (cf. Section 5.2), area
(cf. Section 5.3.1) and glacier (frontal) type. dgitally combining the outlines of individual
glaciers (as vector format) with the DEM, topogragtarameters such as minimum, maximum,
mean and median elevation, mean slope and aspectbeaautomatically calculated

10
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(cf. Section 5.3.1). Henceforth, these parametansbe statistically analyzed, for instance, to
identify the characteristics of a glacierized regio

However, in the case of the AP not all of these&essing steps of glacier mapping are implicitly
needed as shown by Coekal.(2014). The AP is highly glacierized without largeeas of
rock, debris or frozen lakes. Hence, the band ragthod would basically delineate the entire
region as glacierized area. In addition, as theawdg extensively riddled with icebergs and sea
ice, which also would be classified as glacierizedas by the algorithm, time-consuming
manual exclusion would be needed. Hence, the psowestepGlacier Mappingin Figure 3.1
has not been applied neither by Catlal.(2014) nor for this thesis. However, as the drgéna
basins are solely based on the DEM, the coastisadbe digitized manually based on satellite
images and the location of the grounding line. lkent also ice velocity data should be
considered to revise the basin boundaries. Thisoapp was applied by Coa al.(2014) to
generate the glacier catchment outlines of the Wiortunately, as thesglacier catchment
outlinesstill include rock outcrops and hence areglatier outlinesadditional corrections are
needed. These outcrops can either be excluded thammuahe glacier catchments can be
intersected with an already existing rock outcropsaset to separate them from glaciers
(cf. Section 5.1), assuming all areas not bein§ mgcrops to be glacierized. Glacier-specific
parameters can be calculated subsequently anstistaty analyzed.

The process of determining ice thickness and ideme per glacier (needed to estimate the
SLE) is an additional working step applied for hresent inventory. The previously used
volume-area scaling to estimate the volume of glacfe.g. Erasov 1968 (in Radind Hock
(2010)); Bahret al.1997; Radi et al.2007, 2008; Radiand Hock 2010) is not appropriate for
the glaciers of the AP, as it does not accountirfdividual glacier characteristics, or more
precisely, their geometry (Huss and Farinotti 20012)e geometry of the glaciers on AP is
distinct from ice caps of other regions, to whittistapproach is appropriately applied.
However, a new approach was adapted to glaciettseofAP by Huss and Farinotti (2014) using
a physically based method It individually considére characteristics of each glacier (Huss
and Farinotti 2012, 2014). The resulting bedroatt iae thickness datasets are used to estimate
mean thickness, ice volume, ice volume groundedvbedea level and SLE per glacier
(cf. Section 5.3.2).

11
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of a glacier inventory for the AP as explained inhe text.
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4 Reassessment

The reassessment of available inventory dataset®dAP is performed in two steps:

(1) Qualitative description and comparison of the @xgstnventories of the AP glaciers,
including an overview on the accessibility of ttetakets

(2) Examination of the suitability of the datasets lokase (1) regarding their use as a basis
for the generation of the inventory, resulting idadaset selection

So far, there is no dataset available outliningtedl glaciers on the AP in detail. The available
datasets lack of different aspects needed for aplien glacier inventory and for the
implementation into the GLIMS database (e.g. litwain spatial scope and/or relevant data
attributes). In addition, missing consistency imtg of definitions and methodologies for
satellite data processing and glacier inventoryegaion does not allow simply merging the
different datasets. Therefore, several recommemaand guidelines have been published by
the GLIMS community to ensure some consistency biMS database entries (Paet al.
2009; Racoviteanet al. 2009; Raup and Khalsa, 2010). Hence, the followesassessment,
including the qualitative description and compamiss well as the suitability discussion of the
individual datasets, is carried out with respedhtse rules, guidelines and recommendations
for the generation of a glacier inventory for thelkdS database.

4.1 Inventory data currently existing

The following reassessment consideres existingnitorg datasets. For the purpose of this
Master’s thesis, requirements are defined for #itaskts to control the amount of information
and data for the reassessment. First, a spatiahitteai of the AP is introduced. The
reassessment focuses on the AP north of 70°S,drglislands not being close to the mainland
such as the South Shetland Islands. Even thougde tiséands belong to the same GLIMS
regional center (Regional Center 18), for this wttky are defined as Subantarctic Island
(Cogleyet al. 2010) and therefore not regarded as part of theA&Rhe ice masses south of
70°S are classified as Antarctic ice sheet, thesasaare not taken into consideration either
(cf. Section 5.2). Second, the reassessment m@colges on datasets covering a large part of
the AP (i.e. Graham Land), and not only small partsingle glaciers. Lastly, even though the
final dataset will be a vector dataset of glacigttines, point data about the glaciers on the AP
are also considered in the reassessment.

Based on literature and database review, the resmsat is applied to the following datasets:

» Glacier data of the AP already existent in the GEINatabase

* Glacier catchment outlines of the AP from the SiflenCommittee on Antarctic
Research (SCAR) Antarctic Digital Database (ADD;ABonsortium, 2012)

* Glacier catchment outlines of the AP from Calal.(2014)

13
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4.2 Qualitative description and comparison

This section describes and compares the diffetezddy existing inventory datasets of the AP
with respect to the suitability of a dataset fag firocessing and (re-)implementation into the
GLIMS database. Hence, it focuses on a limite@&aspects of the datasets, which are crucial
to determine their suitability, mainly on spatiosjgoral coverage and availability of relevant
parameters for individual glaciers. Hence, thiscdption does not include all characteristics
of the individual datasets. In terms of relevambpaeters, the final inventory dataset will have
to be accomplished with the following glacier paedens required by the GLIMS database as
described in Pawt al. (2009): Identification (ID), coordinates, daterfage area, minimum,
maximum, mean and median elevation as well as raspact and slope. The availability of
additional attributes (e.g. the primary classifieattype, form and frontal characteristics, etc.)
is not mandatory. However, if such additional ukéfiflormation is available it should be
included in the dataset. Hence, ideally these gitgmarameters can be provided by an already
existing dataset. In addition, the meta-information clear identification of the dataset,
including the acquisition dates of the satelliterszs used, is mandatory for the implementation
of a dataset into a GLIMS database (Paukl. 2009). As these meta-data can hardly be
reconstructed, they have to be included in thesgatiéself or, respectively, provided by the
analyst.

The comparison of the relevant characteristicslabig in the attribute tables of all datasets
discussed is summarized in Table 4.1.

4.2.1 Datasets of the Global Land Ice Measurements from&ce database
The GLIMS database provides three datasets whebfaelevance for this reassessment:

1. GLIMS glacier outlines (GLIMS and NSIDC 2005, upeta2015)
2. RGl version 5.0 glacier outlines (Arerettal. 2015)
3. WGI point information (WGMS and NSIDC, 1999, updh012)

The outlines of GLIMS and the RGI (Figure 4.2), efhiare overlapping on James Ross Island
but are not congruent, are available from the GLIMEobal Glacier Browser
(http://glims.org/maps/glims). The extent of thereuatly existing GLIMS glacier outlines of
the AP, shown in Figure 4.2 (yellow), illustratbatnot all of the AP is covered by this dataset.
The attribute table includes several parametersrnuividual glacier such as location, time
stamp, primary classification length and width rmplete) and so on. The 3D parameters as
well as the glacier classification (form, type draht) of the glaciers are missing. The analysis
of these outlines was carried out recently (2005 201.1), however the as-of date for several
outlines dates back several years or even decathesefore, these outlines are partly not
representing the current state of glacier extestiristance, the as-of date of the glacier outlines
on and around Ross Island dates back to 1988. &iecethe glacier recession, especially of
those glaciers nourishing an ice shelf has beesiderable. Also the Larsen B ice shelf, which
almost entirely collapsed in 2002, is still incldde this dataset. Figure 4.1 shows a close-up
of the area around Ross Island. The Landsat Imaggaid of Antarctica (LIMA; Bindschadler

14



Reassessment

et al. 2008; available for download at http://lima.usgs/fy, consisting of Landsat-7 ETM
scenes from 2000-2002, is overlaid with the curebhtMS outlines illustrating the changed
extent of these glaciers since 1988.
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Figure 4.1. Difference between the GLIMS outlines 0£988 and the LIMA, illustrating the glacier change.

In general, the RGI does not provide the same eshin meta-data and source information as
GLIMS does (Raupt al.2013). The extent of the currently existing RG.Q) glacier outlines

of the AP, provided by Blisgt al. (2013), is shown in Figure 4.2. This inventory acat
excludes glacier on the mainland of the AP but alstudes areas, which are not defined as
being part of the AP for this work, such as thetBdghetland Islands and Alexander Island.
These areas are therefore not considered in thewioly description. Of the 851 glacier
outlines, 232 glaciers are smaller than 0.0%.Khe attribute table includes parameters per
individual glacier such as location, time stamp areh. Classification (type, form, front), 3D
parameters, length and width are missing. Btsa.(2013) describe how they recorded feature
type (glacier or ice cap), terminus characteris{ids significant calving, Terrestrial ("dry")
calving, Marine calving, Lacustrine calving or Ishelf), glacier type (Land- or lake-
terminating, Marine-terminating, Lake-terminatir&helf-terminating), volume estimates and
so on. However, the classification of glacier tyged form of Blisset al. (2013) is not
corresponding with the GLIMS/RGI classification ®m and therefore not included in the RGI
dataset. Also here, the as-of dates lay back deyeaas: About one third of the outlines
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represents glacier extents between 1956 and 199€.other outlines have an as-of date
between 2000 and 2005. Furthermore, many islands Ross Island, Joinville Island and
surrounding islands) are represented as one glaaiéne (Figure 4.2). Meaning, for those
islands the division of individual glaciers baseddrainage divides is missing.

Figure 4.3 illustrates the WGI point dataset (WGMfsl NSIDC, 1999, updated 2012), which
is also available from the GLIMS Global Glacier & er (http://glims.org/maps/glims),
including information about 816 glaciers of the AlRis dataset also includes areas not defined
as AP, which are hence not included in the follailescription. Besides location, year of the
photo, the nominal attributes glacier type, forront and some additional classifications, time
stamp, elevation (min., max., mean), total areaanmeidth, length (max.), orientation of
accumulation and ablation area and so on are retable for the glaciers on the AP. In
addition, the laying back of the available as-cdrgecauses the inventory not to represent the
current state of the glaciers of the AP.

4.2.2 Glacier catchment outlines of Coolet al. (2014)

The dataset of Cooét al.(2014), illustrated in Figure 4.4, consists of Q%facier catchment
outlines of the AP with an area of 96 982%movering the AP between 63°S-70°S. Islands
smaller than 0.5 kAand ice shelves are excluded. However, the catehomglines still include
rock outcrops, which should be excluded in a glairigentory. The glacier catchments are
delineated automatically in ArcGIS applying hydmital tools based on the recently derived
100 m DEM of Coolet al.(2012). This is the common approach to divide igoioius ice mass
into individual glaciers (Paul 2003; Rastner 20I@)e ice velocity dataset of Rignet al.
(2011) was considered by Coekal.(2014) to manually verify and adjust the side ldarres

of glaciers. However, as the DEM does not inclutlsiands around the AP, the coastline and
some islands were digitized based on images bet@@ehand 2002 of the Landsat Mosaic of
Antarctica (LIMA; Bindschadleet al. 2008). Hence, for some islands, mainly in the lsout
western part, the drainage divide analysis is mggdBut the dataset ensures a consistent time
period of all basins. It also includes several paaters per glacier such as location, time stamp,
area, classification of type, form and front. T2 @arameters as well as length and width are
missing. The definition of nominal parameters aategory numbers conform to the GLIMS
classification system as Coek al. (2014) applied the GLIMS Classification Manual (R&

al., 2005) and the Glossary of Glacier Mass Balanog&y et al.2011). The dataset provides
some meta-information, but it is not complete. Rernore, it has to be noted, this dataset is
indeed available for download from the ADD (ADD Gontium, 2012), but does not include
any of the above named attributes per glacier besislea and length. The dataset with the
complete attribute table is not published and leenlprovided directly by Alison Cook for the
purpose of this Master’s thesis.

The close-up, combining and visualizing all theadats described so far, reveals similarities
and differences among the datasets regarding ttsidn and delineation of the individual
glaciers (Figure 4.5). For instance, in severaésame glacier/catchment outline of the RGI,
GLIMS or Cooket al.(2014) includes several WGI points. Or for som#ioes no WGI point

IS existent.
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Figure 4.2. Existing GLIMS and RGI glacier outlinesand the LIMA.
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Figure 4.3. The WGI consisting of point informationfor the individual glaciers and the LIMA.
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Figure 4.4. Glacier catchment outlines from Cook eal. (2014) and the LIMA.
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Figure 4.5. Close-up of all datasets considered .
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4.2.3 Glacier catchment outlines from the Antarctic Digital Database

The SCAR ADD provides seamless topographic dataAfdarctica to 60°S. Version 6 was
released in 2012 and is updated regularly. The wafacely available for scientific and

operational use through an easy to use web ine(fdtps://bas.ac.uk/project/add/). The ADD
provides a dataset of the AP, which merges theetfolbowing datasets (ADD Consortium,

2012):

1. ARGI file (Blisset al.2013), which covers most of the islands arounchfatica (see
also Figure 4.2)

2. The glacier catchment outlines of Caetlal.(2014) of the northern part of the Peninsula
(see also Figure 4.4)

3. An analysis of the catchments of the main Antaride sheet and Palmer Land of
Fretwellet al.(2013)

Figure 4.6 shows the area covered when merginththe datasets. The region covered by the
Fretwellet al.(2013) dataset is not of relevance for the reassest and generation of a glacier
inventory of the AP, as the ice masses of thisoregire part of the Antarctic ice sheet as
deliberated in Section 5.2. Therefore, this datasseither discussed nor is this region included
in the glacier inventory.

According to Pfefferet al. (2014), the ADD is an accurate source for invesgtogns. With an
area of 100 889 kfr(excluding the dataset of Fretwetlal.(2013) and the Subantarctic Islands
of the Blisset al.(2013) dataset), this dataset covers the largeatd the AP (Table 4.1). The
limitations of the RGI dataset are already desdrileove. In addition, the combined dataset
available for download from the ADD (ADD Consortiur2012) only includes the glacier
attributes glacier type, length and area, evenghdhbe original datasets of Bligs$ al. (2013)
and Cooket al.(2014) include more glacier attributes (Table 4A1)d what is more important,
the dataset does not provide the mandatory mebanaition.
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Origin of the datasets

RGI (Bliss et al. 2013)
Cook et al. (2014)
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Figure 4.6. Overlay with the catchment outlines daset of the Antarctic Digital Database (ADD).
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Dataset Cooket al.
characteristics GLIMS RGIVS.0 WG (2014) ADD
Count 587 851 816 1590 1638
Vector outlines Yes Yes No Yes Yes
Drainage
- Y Mostl N Mostl Y
divides es ostly no 0 ostly yes es
Mainland
and James | Islands around . 1 . .
Area covered 1 Entire AP Entire AP Entire AP
Ross Island AP
(both partly)
Area [km?] 26 450 15 961 Not available 96 983 100 089
. Yes for 1274, no
Time stamp Yes Yes Yes for 316 glaciers No
Period (1 1988-2009 | 1956-2005 | 1957-2002 |  2000-2002 No
available)
3D parameters
(elevation, No No No No No
slope, aspect)
Length Yes No No No Yes
Classification
(type, form, No No Yes Yes No
front)
. Bliss et al.
ASTER and I\é?)':ls);ﬁza Aerial DEM of Cooket | (2013), Cooket
Source Landsat al. (2012), al. (2014),
. (2000), photographs .
images Version 3.0 Landsat images| Fretwellet al.
' (2013)
Free only without
Accessibility Free Free Free complete attribute Free
table
GLIMS and Arendtet al ADD Consortium
NSIDC (2015) ' WGMS and (2012); ADD ADD
References (2005, Bliss et al NSIDC (1999, Consortium; Consortium
updated (2013) ’ updated 2012) Cooket al. (2012)
2015) (2014)

Table 4.1. Comparison of existing glacier inventoryglatasets of the AP, regarding relevant characterigts to generate a
complete glacier inventory of the AP.

! The RGIV5.0, WGI and the ADD also cover severalnds, which are not defined as being part of tRefdr
this work, such as islands further north (e.g.3beth Shetland Islands) and islands further sauth Alexander
Island). Hence, these areas are not taken intauatdo this compilation.
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4.3 Suitability examination and data selection

Table 4.1 shows that the existing dataset of thd M&MS and NSIDC, 1999, updated 2012)
does not include any vector outlines and the vetatasets of GLIMS and the RGI cover the
least areas of the AP. In addition, numerous gltagcidlines are not up-to-date. Hence, a
compilation of a new complete inventory for the Aging semi-automated glacier mapping
techniques would be required. As explained in $ac3i2 this would include:

1. Glacier mapping by applying for example the recomdsel and well-established semi-
automated band ratio (Paetl al. 2009) and manual corrections

2. Creation of drainage divides to separate glacrera £ach other and manual corrections

3. Intersection of the glacierized area delineatiothwhe drainage divides to obtain
outlines of the individual glaciers

This workflow is very time-consuming for such agarand complex region as the AP: The first
step would require extensive manual correctionnigas a lot of ice on water exists around
the AP which is difficult to distinguish from glaized islands. In addition, to exclude ice
shelves, further data would be needed (e.g. grogntine data). Also the second step is
elaborate. Even though the drainage divides cacalmilated automatically by a watershed
algorithm (e.g. Bolchket al. 2010; Kienholzet al. 2013), adjustments are needed because an
algorithm will divide the glacierized areas inttaege number of individual divides that do not
make sense (Rastner 2014). Laborious manual asahte part subjective merging of the vast
number of separate small basins, which form oneiglawould be needed based on a set of
rules to separate glacier-complexes (Rastner 2&ief)ce, to do this for the entire AP would
go beyond the scope of this Master’s thesis. Fattly, all glacier catchments are already
included in the dataset of Coek al.(2014), apart from a few peripheral islands, axidtent

in the composite dataset of the ADD (ADD Consortiud®12). However, the enclosed
attributes in the attribute table of the vectoradat available from the ADD is limited. The
glacier parameters calculated by Bletsal. (2013) and Coolet al. (2014) are not available in
this dataset. Time-consuming and redundant sdbieeddion or gathering and merging of the
different attributes from different sources for leaadividual glacier would be required.
Considering the relevant characteristics to deteenai dataset’s suitability (spatial coverage,
being up-to-date and availability of relevant pagdéens for individual glaciers) as described in
Section 4.2, the dataset of Coeikal. (2014) directly provided by A. Cook is the bestale
existing and available dataset to achieve the &im®thesis. Besides the good spatial coverage
of this dataset and the availability of relevamtilatites for a GLIMS glacier inventory, another
main advantage is that the criteria set out by GRIMive been used for its compilation.

For additional qualitative assessment of the acstiidrainage divides have been automatically
derived as a reference based on the approach loh Biodl. (2010), as done for the glaciers on
Greenland by Rastnet al.(2012). As mentioned before, this watershed arsatyises a large
number of separate basins with partially inapputprdivides (too small or too large divides)
as shown in Figure 4.7 (blue). Especially the alese to the sea is separated in an inadequately
large number of separate basins. Separation angingesf these outlines is not needed to be
done here, as exclusively the general pattern l@dnain topographic divides are compare
with the drainage basins of Coekal.(2014) to assess their appropriateness. Companidg
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overlaying the output of the watershed analysid e catchment outlines of Coek al.
(2014) shows that the general pattern and espgdtral main topographic divides along the
mountain ridges of the AP are coincident (Figui®.4As a consequence, to generate the desired
glacier inventory, the dataset of Coek al. (2014) is further processed and analyzed as
described in the following sections.

55"0I'0“W 50“0I'0“W

66°0'0"S

E Catchment outlines Cook et al. (2014)

I:I Watershed analysis based on Bolch et al. (2010)

62°00"S—] Skidos

[—68°0'0"S

/ [-70°00"s
64°00"S

0 3060 120 180 240
II—:—Kilometeps

1
75°0'0"W
Figure 4.7. Catchment outlines of Coolet al. (2014) vs. the basin delineation resulting from # watershed analysis
based on Bolctet al. (2010). The general patterns of the two datasetsecoincident.
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5 Methods applied

This chapter describes the specific methods appiietieet the research tasks described in
Section 1.2. The following steps result from thécome of the reassessment (Section 4). The
already existing catchment outlines of Caakal. (2014) are further processed (Section 5.1),
the approach of separating the glaciers from tleesteet is applied (Section 5.2) and the
individual glacier parameters are derived (Seci@)

5.1 Excluding rock outcrops

The dataset of Coadt al.(2014) consists of 1590 glacier basins and hentglacier outlines,
meaning that rock outcrops are still included akefy were glacier covered. When generating
an inventory based on the semi-automated band magithod (Paukt al. 2009) such rock
outcrops are mostly excluded. As this has not lbleme by Coolet al.(2014), these basins are
intersected in ArcGIS with the detailed vector dataf rock outcrop boundaries obtained from
the ADD (ADD Consortium, 2012). The sources of thek outcrops layer of the ADD are
rather complex (a list of sources wused in the ADDB &vailable from
http://add.scar.org/manual/add3ch5.pdf). The firstk outcrop data originate from the
digitization of different maps with different acewwy and detail in the 1990s. Some areas have
been updated by including Landsat imagery, butupiate is not complete for the whole AP
(Adrian J. Fox, British Antarctic Survey, writtemrmmunication, 16.9.2015). The quality and
possible improvements of the rock outcrop datdwatber discussed in Section 7.2.2. This rock
outcrops dataset has already been used for inskanBésset al. (2013) to create the glacier
inventory of glaciers of the Antarctic peripheryodR outcrops can also be detected on the
LIMA. The close-up of the very northern part of tA@ (Trinity Peninsula and James Ross
Island) exemplifies the rock outcrops layer (Figbrg). The LIMA is overlaid by the glacier
basins of Cooket al. (2014) and the rock outcrops of the ADD. By exahgdthese rock
outcrops from the catchment outlines of Ceolal.(2014) a vector layer of individual glaciers
is generated, assuming that areas not identifiedcksoutcrops are ice covered.

Apart from removing the rock outcrops, no additigmacessing of this dataset has been done
as the dataset of Coat al. (2014) is generally in accordance with the procesluand
guidelines for deriving GLIMS glacier information.
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ock outcrops

32 [
Kilometers X [ | catchment outlines Cook et al. (2014)

y
60°00W

Figure 5.1. Close-up of the Trinity Peninsula and Jaes Ross Island showing the rock outcrops which arexcluded
from the catchment outlines of Coolet al. (2014).

5.2 Assignment of connectivity levels

Glaciers connected with outlet glaciers of theslkeet might experience a change in their flow
behavior. Furthermore, the missing separation efsheet and glaciers leads to errors in
estimating sea-level rise due to potential doublenting (Rastneet al. 2012). Therefore, the
concept of connectivity levels (CL) with a consigt@utomated classification method was
introduced by Raster et al. (2012) for the glacigentory of Greenland. The CL describe the
connection of a glacier with the ice sheet. Thegassent of three connectivity leveiserve[s]

the varying requirements of different communitiesy.( hydrological and glaciological
modeling)” Rastneret al.(2012: 1487). They defined the three CL as follows

» CLO: no connection

* CL1: weak connection (clearly separable by draindygdes in the accumulation
region, not connected or only in contact in theaibh region)

 CL2: strong connection (difficult to separate ire tiaccumulation region and/or
confluent flow in the ablation region)
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The differentiation between CL1 and CL2 is basedttts most recent Antarctic ice sheet
drainage divides dataset provided by the CryospBerence Laboratory of NASA’s Earth
Sciences Divisions (Zwallgt al.2012) shown in Figure 5.2. This dataset definesi2arctic
drainage systems based on a 500 m resolution DENWedefrom ICESat observations
(cf. Zwally et al.2012). Of the four systems defining the AP (syst@#h — 27), the systems 24
and 27 are connected to the East Antarctic icetshberefore, these glaciers would be assigned
CL2. Rastneet al.(2012) suggested that the glaciers on Greenlatidaxstrong connection to
the Greenland ice sheet (CL2) should be regardpdrasf the ice sheet. Accordingly, the CL2
glaciers of the AP are not included or further ¢deed in the inventory introduced here.

The assignment of the CL can be performed autoaibtiwithin a GIS (cf. Rastneat al.2012).
However, the assignment of the CLO and CL1 foigllaeiers of the AP is rather straightforward
and hence is made by hand: All glaciers on islauwisounding the AP are assigned CLO and
the glaciers on the mainland are assigned CL1.

40

60

100 -

120

140 L L L | | L
20 40 60 80 100 120 140 160

Figure 5.2. Antarctic drainage systems developed ke Goddard Ice Altimetry Group from ICESat data from Zwally
et al. (2012). The numbers on Antarctica are the drainageystem id’s. The portions of the drainage systems thin the
MODIS grounding line are filled with solid color. The portions between the MODIS grounding line and theoastline
are hatched.

5.3 Deriving glacier parameters

The final glacier inventory of the AP will be accpamied with several glacier parameters,
which can be further analyzed (cf. Section 6),dtednine the characteristics of this inventory.
Furthermore, the inventory dataset is supplementl information needed to accurately
assess the impacts of climate change regionallygkotlly (Paulet al.2009).
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The calculations are conducted using GIS technolBgul (2003) describes the advantages of
this technique: It provides reproducible resultives detecting geometry changes of the 2D
glacier outlines in vector format and stores theciglr parameters in a relational database. In
addition, by incorporating additional data, sucla&@EM or ice thickness grids, and combining
these with automated processing methods, furtlaeregtspecific parameters can be calculated.

The derivation is divided in two sections, whiclk dased on different datasets:

(A) Using a digital elevation model (DEM) to derive tlelowing set of topographic
parameters guided by the recommendations for thapitation of a glacier
inventory data from digital sources by Pauhl.(2009)

a. Area

b. Minimum, maximum, mean, median elevation
c. Mean slope

d. Mean aspect

e. Overall area-elevation distribution (hypsometry)

(B) Using the bedrock and ice thickness datasets of Huod Farinotti (2014) to extend
the inventory with ice thickness, volume and SL#imation

5.3.1 Topographic parameters

The processed dataset of Coetkal. (2014), meaning the two-dimensional glacier oesin
(excluding the rock outcrops), is used to automadljicalculate the two-dimensional parameter
area for each glacier within ArcGIS. To calculatéacger-specific three-dimensional
topographic parameters (minimum, maximum, meanjaneglevation, mean slope and aspect)
the glacier outlines dataset is digitally combimeth a DEM and DEM-derived products such
as slope and aspect (Palal. 2009). All parameters are derived using zonestiedi (each
glacier entity representing a zone) and are listedtle attribute table of the final inventory. In
addition, the area-elevation distribution (hypsay)efior all glaciers on the AP is calculated in
steps of 100 m by combining the glacier outlinethwi DEM sliced into 100 m elevation bins.
The DEM used and the calculations are shortly enpthhereafter. All these parameters are
calculated on the South Pole Lambert azimuthal leaipea projection.

Digital elevation model

A 100 m resolution DEM of the AP (63 — 60°S) aviaiéafrom the National Snow and Ice Data
Center (NSIDC; http://nsidc.org/data/NSIDC-0516)piwvided by Cooket al. (2012) and
shown in Figure 5.3. As the high-quality ASTER GlbDigital Elevation Model (GDEM) still
contains large errors and artifacts, Cakal. (2012) developed a new correction method to
create this DEM, which therefore is an improvemanthe GDEM products (cf. Cooét al.
2012). Compared to former elevation data, suctheslata acquired by ICESat, the original
ASTER GDEM has a mean elevation difference of -18nmd an accuracy af97 m (RMSE:
root mean square error, a dimensional measureattesy; whereas the new DEM has a mean
elevation accuracy of -4 @5 m RMSE). However, the accuracies are reducadamtain
peaks and steep-sided slopes (Cetkal. 2012). In addition, small anomalies had to be
removed, resulting in small inherent gaps alongthest and missing islands. Hence, the DEM
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Is spatially not perfectly congruent with the gixooutlines. Of the total 1588 glacier outlines,
48 do not have any elevation information. Thereftiie calculations including the DEM are
applied only to 1540 glaciers, of which some onawd partial elevation information. The
problem is illustrated in Figure 5.4. The closeeadiphe region of Renaud and Biscoe Islands at
the north-western coast of the AP exemplifies 8whe outlines do not have any elevation
information, and others do have elevation inforovatut not for the entire glacier extent.

To avoid ambiguity, unless otherwise stated, emeh & DEM is addressed in the following, it
refers to the DEM of Cookt al.(2012).

/
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Figure 5.3. a) Color-coded visualization of the DEMprovided by Cook et al. (2012) with 500 m contours
corresponding hillshade.

and b)
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Figure 5.4. Digital elevation model of Coolkt al. (2012) overlaid by the glacier outlines illustrating that for some glaciers
the elevtion information is partly or entirely missing. This region of the Renaud and Biscoe Islands ispresentative for
other regions.

Area

The glacier area is an important parameter forigfachange assessment and is easy to
determine using the (horizontally projected) twardnsional glacier outlines (Paatlal.2009).

The area of each individual polygon (glacier) isoauatically calculated within ArcGIS using
thezonal statisticdool and stored in the attribute table. As recomaeel by Pauét al. (2009)

the values are stored in square kilometers witketloligits after the decimal point. The glaciers
are sorted into the same nine logarithmic sizeselass the glaciers on Greenland (Table 5.1).

Value 1 2 3 4 5 6 7 8 9

Size Class [km] | -0.1| -0.5| -1.0| -5.0 | -10.0| -50.0 | -100.0| -500.0 | >500

Table 5.1. Definition of the size classes and theroesponding values. Only the upper boundary value er size class is
given.

Elevation

Many parameters influencing the glacier mass balaare dependent on the elevation. In
addition, elevation information helps understanding general characteristics of a region’s
glaciers. By combining the DEM with the glacierlogs and applying theonal statisticsool
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the minimum, maximum and mean elevation is caledlafor each glacier. The median
elevation represents the elevation of the lineding the glacier surface in half (Paat al.
2009).

Mean aspect (degree and sector)

Aspect is a glacier parameter necessary to appetgimadiation impacts and valuable for
modeling (Evans 2006). As the aspect values rarmge 0 — 360° the mean aspect cannot be
determined by calculating tlz®nal statistic®f the aspect grid. By doing so, for a glaciehwit
expositions between 10° and 350°, the mean would 8@ instead of 0° (Paul 2003).
Therefore, an aspect grid is generated in ArcGEethan the DEM, of which a sine and cosine
grid is calculated using thmster calculator Then, the arctangent is calculated out of mean
sine and the cosine values per glacier. The aretéanglue allows calculating the correct mean
aspect for each glacier after assigning the cogaatirant to the respective sine and cosine
values. For the cardinal direction, the degreeesre converted into the eight aspect sectors
(Table 5.2) and stored in the attribute table (P&ai3).

Grid Value N NE E SE S SW w NW

End of sector range [°]| 22.5| 67.5| 112.5| 157.5| 202.5| 247.5| 292.5| 337.5

Table 5.2. Aspect sectors and the corresponding caergion from 360°

Mean slope

Slope can be used to approximate different parassteh as glacier thickness (Paterson 1994;
Haeberli and Hoelzle 1995) and determines the térsansitivity of a glacier as it influences

its response time (Oerlemans 2007). Therefors,ieéommended to include this topographic
parameter in an inventory. The mean slope is détearby first generating a slope grid based
on the DEM and the applying tlzenal statisticdool to derive a mean slope value per glacier.

Overall glacier hypsometry in 100 m bins

The areal distribution with elevation controls tilacier sensitivity to a rise in the Equilibrium
Line Altitude (ELA). For instance, glaciers withlarge, relatively flat accumulation area are
more sensitive to a small increase in ELA than iglacwith a steeper accumulation area
(Davies, 2014). Thus, this parameter provides esd@nformation to improve the assessment
of glacier response to climate change (Rawl.2009) by combining it with atmospheric data
or model outputs (Pfeffeet al. 2014). The total area-elevation distribution (fypetry) is
calculated for the entire AP. First, tegtract by maskool has been used to extract the areas of
the DEM being spatially congruent with the glaaeitlines. Second, the resulting DEM is
transformed from float to integer format using sipatial analystool. Third, thereclassifytool

is used to create the 100 m elevation bins frorm#ve integer DEM, by defining the intervals
to be 100 m. A second glacier hypsometry is geadnaicluding the rock outcrops to show the
effect of rock outcrops on the hypsometry. In addit the area-elevation distribution is
calculated for each of the sectors (NE, NW, SE & to identify differences between the
sectors. To compare different hypsometric curvasinistance with the curves of other regions
or curves of single glaciers (cf. Section 7.1.3 &t5), the distribution of the normalized
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glacierized area is calculated and plotted, byding the area of each elevation band by the
total area represented by the corresponding curve.

5.3.2 Ice thickness, volume and sea level equivalent

Besides the thermal expansion of the ocean, gkaarera major contributor to SLR. Therefore,
global time series are needed to determine theibatibn of glacier mass changes to SLR.
However, the assessment of cumulative ice massaladshe SLE of the IPCC (AR5) only
include glaciers outside the mainland of Antarctid¢ance, the dataset introduced here provides
mean ice thickness, volume and SLE values for nldévidual glaciers on the AP for more
accurate future assessments.

As mentioned before, the often used volume-arelingd® estimate the volume of individual
glaciers does not account for the distinct geomatttize glaciers on the AP (Huss and Farinotti
2012). In addition, the scaling approach does nowige any distributed ice thickness
information, which is needed to model, for instgniteure contributions to SLR (Huss and
Farinotti 2012). A new approach by Huss and Fatii@12), which recently has been adapted
for the AP (Huss and Farinotti 2014) counteracts problem. Huss and Farinotti (2014)
derived a bedrock and an ice thickness datasetidl®an grid (Figure 5.5a and b) based on
surface topography and simple ice dynamic mode@ugnpared to the ice bed, the surface and
thickness dataset Bedmap2 of Fretve¢lal. (2013) with a resolution of 1 km, the resolutidn o
this dataset captures the rugged subglacial topbgran great detail. The narrow and deep
subglacial valleys, partially below sea level, #mel high ice thickness variability are reflected
much more accurately, which allows modeling of $reahle processes. Therefore, the bedrock
and ice thickness dataset of Huss and Farinotli4P® used to compute mean thickness, total
volume, volume grounded below sea level and SLE&sh individual glacier of the inventory.
As those datasets are based, inter alia, on the DE®boket al. (2012) they are also not
spatially congruent with the glacier outlines. #1588 glacier outlines, the thickness, volume
and SLE values can be determined only for 1539@aof the inventory, of which some only
have partial ice thickness and volume informati@me glacier is only covered by one
100x100 m pixel of the DEM. This pixel does haveg bedrock/thickness information in the
dataset of Huss and Farinotti (2014). Hence, 1340eys have topographic information and
only 1539 glaciers have thickness, volume and Shiérimation. These parameters are
calculated on the WGS84 Antarctic Polar Stereogcaptojection.
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Figure 5.5. Modeled a) ice thickness and b) bedroadevation of the AP from Huss and Farinotti (2014)

Mean thickness per glacier is determined by appglyirezonal statisticdool to the thickness
grid and the glacier outlines. A volume grid isccdéted by multiplying the thickness grid (in
meters) by 10 000 with thaster calculator With this volume grid and theonal statisticgool

the total volume per glacier is determined. Toreate the volume grounded below sea level,
first, the areas of the bedrock grid with negatradies (areas below sea level) are extracted.
This grid is converted to a vector dataset serasdayer to extract the volume values for the
areas below sea level. The resulting grid represta distribution of the volume grounded
below sea level. Again tleonal statisticsool is used to determine the volume groundedvbelo
sea level for each glacier.

The SLE can be calculated by first multiplying tridume of ice by 0.9 (assuming a mean ice
density of 900 kg ) to determine the corresponding volume of watéviding the volume

of water by the ocean surface area (3¢6BP kn¥) gives the SL contribution of the volume in
in m SLE, assuming all ice volume directly conttdmito SL if melted. Nevertheless, the ice
grounded below sea level has a negative (sea lewelring) effect as this volume will be
replaced by water (with a higher density). Thiseefffis considered in the presented SLE
estimations. However, the mass of the ice grourmidw sea level, which lies above the
floatation level, still contributes to SLR (Fretwelt al. 2013). This and other effects, such as
the cooling and dilution effect of ocean waterdlodting ice (Jenkins and Holland 2007), are
not taken into account here.

35






Results

6 Results

After processing the dataset of Coek al. (2014), as described in Section 5.1, the final
inventory dataset covers the area between 63°S &0d 55° — 70°W , consists of 1588 glacier
outlines in vector format and covers an area o793 kntf. Rock outcrops, ice shelves and
islands <0.05 krare excluded. The exclusion of the rock outcropsifthe catchment outlines
(Section 5.1) reduced the covered area by 2239%7(861982.6 krito 94 742.9 kif). The
smallest and largest glaciers have an area ofkdrB@&nd 7004.3 ki respectively.

This section presents some statistics of the glg@eameters in tabular and graphical form.
The following parameter combinations and visuaiorag should help identifying glaciological
characteristics of the glaciers of the AP. In Tahle all parameters of the attribute table are
listed. Several parameters, such as the nominaleglparameterprimary classification form
andfront, and several meta-data about the satellite imaged have been determined and
provided by Coolet al. (2014). The others are the result of the methedsrbed in Section
5.2 and 5.3. The AP is additionally divided intaifsectors (NW, NE, SW and SE) to reveal
latitude and exposition related differences ambgglaciers on the AP. The division west/east
is based on the main topographic divide, and neotlth is based on the 66°S latitude.

Name Item Description
Name Name String, partially available
Satellite Image Date SI_DATE Date of the satellirage used for digitizing
Year YEAR Year the outline is representing
Satellite Image Type SI_TYPE Instrument name eagpdsat 7
Satellite Image ID SILID Original ID of image
Coordinates lat, long
Primary classification class cf. Appendix
Form form cf. Appendix
Front front cf. Appendix
Confidence confidence cf. Appendix
Mainland/island mainl_|sl cf. Appendix
Area area krh cf. Section 5.3.1
Connectivity level CL cf. Section 5.2
Sector sector NW, NE, SW or SE
Size class size_class 1 -9, cf. Section 5.3.1
Minimum elevation min_elev m a.s.l., cf. SectioB.5.
Maximum elevation max_elevation m a.s.l., cf. Section 5.3.1
Mean elevation mean_elev m a.s.l., cf. Sectiorl5.3.
Median elevation med_elev m a.s.l., cf. Section 5.3.1
Mean aspect in degree mean_asp| | °, cf. Sectioh 5.3

Mean aspect nominal

mean_aspect

8 cardinal directions, cf. Section 5.3.1

Mean slope mean_slops °, cf. Section 5.3.1
Mean thickness mean_thick m, cf. Section 5.3.2
Total volume tot_vol krf) cf. Section 5.3.2
Mean volume mean_vol km?, cf. Section 5.3.2
Volume grounded below sea level vol_below 3kof. Section 5.3.2
SLE SLE mm, cf. Section 5.3.2

Table 6.1. Glacier parameters in the attribute tableof the inventory of the AP.
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6.1 Area and size classes

Table 6.2 gives the total number, area and correipg percentage of the nine size classes,
into which the 1588 glaciers are divided. Figure gortrays the percentages per size class in
terms of number and area. The mean area (59% iknsonsiderably higher than the median
area (8.2 krf), reflecting the areal dominance of the rather fawmger glaciers as shown in
Figure 6.1. Most of the glaciers can be found ze slasses4 6 (1.0- 50 knf). These glaciers
account for 75% of the total number but only fo?d df the total area. The glaciers larger than
100knt are representing most of the area (77%) with anB6 of the total number. With an
area of 7004kmthe Seller Glacier is the largest one, accourfting% of the total area and is
twice as big as the second largest glacier (MerdagoPiedmont, 3483 kin

Sizeclass | ) | 55| 90| 5 -10 50 | -100 | -500 | >500 | Total
[km?]
Count 3 26 65 510 258 436 113 148 29 1588
% 0.19 1.64 4.09 32.12 16.25 27.46 712 9,32 1.83 100
Area [km2] 0.23| 7.99| 51.61| 1389.81| 1818.42| 10295.15| 8049.7 | 32362.59| 40767.44| 94742.93
% 0.0002| 0.008 0.05% 1.4]7 1.92 10.87 B.5 34.16 48.03 100
Mean Size 0.08 0.31 0.79 2.73 7.05 23.61| 71.24 218.67| 1405.77 59.66

Table 6.2. Statistics of all glaciers of the inventy and the nine size classes. In the top rosize class only the upper limit
of each class is listed.
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Figure 6.1. Percentage of glacier number (blue) andrea (red) per size class. Values are given in Tabb.2.

6.2 Connectivity levels

Figure 6.2 illustrates the assigned connectivitaele CLO and CL1 as a color-coded map. As
explained in Section 5.2, the glaciers on islandsassigned CLO (no connection) and the
glaciers on the mainland are assigned CL1 (weakeaxdiion). As the glaciers further south are
in connection with the ice sheet, they would begaesl CL2 (strong connection) and should
be regarded as part of the ice sheet (Ragthatl. 2012). Hence, they are not included in this
dataset. The 617 glaciers located on islands (€h@r an area of 14 240 Rmrepresenting
15% of the total glacierized area. The remaining §i@ciers are located on the mainland (CL1)
covering 80 503 kdand 85% of the total area
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Figure 6.2. Assigned connectivity levels (color-ced) overlaid over the LIMA.

6.3 3D parameters

Figure 6.3a and b, plotting area against mean/meaa area against minimum/maximum
elevation, indicate that the mean, median and maxinelevation is increasing for larger
glaciers. Three glaciers have a maximum elevatimve 3100 m a.s.l., being 300 or more m
higher than the others. The highest maximum elemais 3158 m. Many glaciers have a
minimum elevation of (close to) 0 m a.s.|. as maoisthe glaciers are marine-terminating
glaciers. The average mean elevation of the 154€iagk involving elevation information is
406 m and the average median elevation is 390 rh. &gyure 6.4, illustrating the spatial
distribution of the median elevation as a colorembdisualization, reveals an increase of the
median elevation from the coast and islands 00 m a.s.l.) to the interior of the AP (up to
about 1800 m a.s.l.).
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Figure 6.3. @) mean and median elevation vs. areadb) minimum and maximum elevation vs. area of thd540 glaciers
involving elevation information.
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Figure 6.4. Color-coded glacier areas for visualizeon of the median elevation for 1540 glaciers.
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Figure 6.5 shows the distribution of glacier numdned area as percentages of the total for each
aspect sector. The distribution is rather balararedl is not revealing any trends. Somewhat
fewer glaciers and areas present aspects from smstuth-east. The large value in the area of
the south-western sector derives from the coniobubf the largest glacier of the AP (Seller
Glacier). Figure 6.6, plotting mean aspect agamsi@an elevation, does not reveal any
significant trends either. However, the highest mekevation values are lower in the south-
eastern sector.

The scatter plot of mean slope against area (Figuiereveals the dependence of mean slope
on glacier size: the larger the glacier, the smale mean slope. Additionally, the scatter is
smaller the larger the glacier, indicating that Brgkaciers exhibit a larger range of slope
inclination.
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Figure 6.5. Percentage of glacier number (blue) andrea (red) per aspect sector.
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Figure 6.6. Mean glacier elevation vs. mean glaciespect of 1540 glaciers.
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Figure 6.7. Mean glacier slope vs. glacier area @540 glaciers.
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6.4 Glacier hypsometry

Figure 6.8 depicts the glacier hypsometry (areigudk distribution) for (a) the entire AP as
well as for (b) each sector, revealing a bimodapghof the hypsometry. Figure 6.8a
additionally displays the effect of excluding tleek outcrops as well as the hypsometry only
for marine-terminating and ice shelf nourishingcgges. Hence, excluding the rock outcrops
does not change the general shape of the hypsartwever, it slightly reduces the glacier
cover below 1500 m a.s.l. with a maximum areal c8dn at 200— 600 m and
1000- 1200 m a.s.l.. The total areal reduction amotmt® 2239.7 kri The creation of a
hypsometry only for marine-terminating and ice shelrishing glaciers confirms that most of
the glacierized area is covered by these two gldgpes. Additionally, it demonstrates that
these prevalent glacier types are extending oeetttire elevation range. Hence, this bimodal
shape of the glacier hypsometry does not arise théerent glacier (types) at lower and higher
elevations. It is rather determined by and refléleestopography of the AP: The low-sloping
and low-lying coast regions covered by ice streaot®unt for the maximum of the glacierized
area at about 200 500 m a.s.l.. The glacierized plateau region actofor a secondary
maximum at about 15601900 m a.s.l.. The steep valley walls connedtiegplateau with the
coastal region cause the minimum at about-80a@00 m a.s.l.. In addition, the hypsometry
reveals that 6000 kfrof the 93 250 krhglacierized area covered by the DEM are foundhén t
lowest elevation band (0100 m). These areas are in direct or in clos¢éacbmvith water or
ice shelves, which is crucial regarding the sevigiton changes of the ice shelves and ocean
temperatures, respectively (cf. Section 7.1.2).itkaltally, it has to be noted that the area in
the lowest elevation band, and therefore in comaitt water or ice shelves, is expected to be
somewhat higher as the DEM has several gaps ahengoiast.

The hypsometry per sector (Figure 6.8b; all exgisock outcrops), the glacier number and
the glacier cover per sector (Table 6.3) show tthetargest ice-covered areas can be found in
the southerly sectors and most of the glaciersaaned in the northerly sectors. Both maxima
of the hypsometric curve are reduced for the ndttsectors compared to the southerly sectors.
The elevation of the maxima is about the same #f, NE and SW, whereas both maxima of
the SE sector are somewhat lower. The glacier qoesector reflects the bedrock topography
of each sector (cf. Figure 5.5a). The bedrock efrtbrthern sectors has less area in the high
plateau regions and therefore, most of the gla@drareas are at lower elevations. The southern
sectors have a more dominant plateau region fayomore glacierized areas at higher
elevations. However, the north-eastern sectorieatgest fraction of area in the lowest 100 m
and therefore in direct or in close water or icelsbontact.
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Figure 6.8. Glacier hypsometry of 1540 glaciers dhe AP. a) Total areal distribution (blue), the area distribution
without rock outcrops (red) and areal distribution for marine-terminating and ice shelf nourishing glaiers (green). b)
Areal distribution of the glacier cover per sector.

Sector | Count | Area [km?] | Count [%] | Area [%)]
NW 703 16864.67 44.3 17.8
NE 246 18296.75 15.% 193
SW 378| 30984.51 23.8 32.7
SE 261 28597 16.4 30.2
Total 1588 94742.93 100 100

Table 6.3. Total glacier number and area as well afi¢ percentage per sector.

6.5 Thickness, volume and sea level equivalent

The average mean thickness of all 1539 glacier@wng thickness information is 237 m. The
Eureka glacier, located in the south, has the sinrgean thickness with 853 m. The dependence
of mean thickness on area and slope, indicatingttieasteeper/smaller the glacier, the thinner

43



Results

the ice (Figure 6.9), is not surprising, as thekthess is neither entirely observed nor measured
but modeled based on, inter alia, surface topogréphss and Farinotti 2012, 2014). However,
low-sloping glaciers reveal a large range of mdackhesses. As visible in Figure 6.10, the
large but low-sloping glaciers of the high plateend in the very south towards the Antarctic
ice sheet construct a cluster of glaciers with éighean thicknesses. The mean thicknesses per
sector and per mean aspect (Figure 6.11a and mjtdeveal any significant spatial patterns.
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Figure 6.9. Scatter plot of the 1539 glaciers invaing thickness information. a) mean thickness vs.raa and b) mean
thickness vs. mean slope.
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Figure 6.10. Color-coded glacier areas for visual@ion of mean glacier thickness.
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Figure 6.11. Boxplots of a) mean thickness per measpect and b) mean thickness per sector.

The total ice volume of the AP is 34 650%As the volume is calculated based on the thicknes
dataset, the volume distribution is basically dexfon of the thickness distribution. Figure

6.12 and Table 6.4, showing the total volume petosgexhibit that most of the ice volume can
be found in the south-west and south-east secB8¥%3 and 32% of the total volume). This is
not surprising as these two sectors make up 63theofotal glacier covered area. Regarding
the total glacier volume per total glacier areadwery individual glacier, visualized in Figure

6.13, the highest values are nevertheless previal¢hé very south of the AP, adjacent to the
ice masses regarded as being part of the Antacetisheet.

Figure 6.14 visualizes the areas of the bedroakbska level, revealing numerous, partly very
pronounced valleys below sea level especially enrtbrth-eastern sector. As a consequence,
about one third of the total volume is groundediedea level (Table 6.4), which has a negative
effect on SLR. Even about 50% of the volume ofib&h-eastern sector is grounded below
sea level (Figure 6.15). Nevertheless, this negaffect on SLR is very small. Therefore, the
southern sectors, holding most of the volume amtéeevealing a SLE of 32 and 26.8 mm,
contribute most to SLR. All in all, these calcutets reveal that the glaciers of the AP could
potentially raise the global sea level by 83.2 mm.
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Figure 6.12. Total ice volume per sector.
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Figure 6.15. Volume grounded below sea level percier relative to the total volume per sector.

Sectorl Count Area |Count| Area Volume Volume | Volume< | Volume<o SLE
[km? | [%] | [%] [km?] [%] [km?] [%] [mm]
NW 703|16864.67 44.3| 17.8 4029.7 11.6 1092.7 27.1 9.7
NE 246|18296.79 15.5| 19.3 6172.7 17.8 2955.7, 47.9 14.6
SW 378|30984.51 23.8| 32.7 13375.1 38.6 4848.9 36.3 32.0
SE 261| 28597 16.4| 30.2| 11072.24 32 2889.7, 26.1 26.8
Total 1588(94742.93 100 100 34649.9 100 11787 - 83.2

Table 6.4. Glacier number, area, volume, volume growded below sea level, the corresponding percentagasd SLE
per sector.

6.6 Nominal inventory parameters

The attributegprimary classificationglacier type)form andfrontal characteristicsare rather
subjective and dependent on the point of time wherclassification was made, as changes in
short time are possible. However, these attribatestill useful as they characterize the glacier
in terms of inner dynamics, present state of dgaraknt and surrounding climatic conditions.
Therefore they should be included in an inventdérgviailable (Rawet al, 2005; Paukt al.
2009). Table 6.5 summarizes the count (total andemage) as well as the area (total and
percentage) of each glacier (frontal) type. Fighi6a and b visualize the spatial distribution
of the glaciers according to their primary and fedtiype classification. The classification was
performed by Coolet al.(2014) and is based on the GLIMS Glacier Classiiben Manual of
Rauet al.(2005). Most of the glaciers are mountain glacfers 550). However, outlet glaciers
account for most of the area (n = 240, 67 565, kh% of the total area). The glacier tyeall
ice-covered islan@n = 102, 387 krf), which is not a GLIMS glacier type, was addediash
features are prevalent close to the AP. The fracttatacteristics are useful to determine the
climate-sensitivity and vulnerability of glaciefdost of the glaciers (by area and number) of
the AP are marine-terminating glaciers (n = 872466 knt), draining about 63% of the total
glacierized area. These glaciers are highly vubleréo changes in ocean circulation and
temperatures (cf. Section 7.1.2). The ice shelfishing glaciers (n = 264, 33 260 kn35%

of the total area) are exclusively located in thats-eastern sector. Only 9 glaciers are land
terminating (113 krf) 0.1 % of the total area). However, 443 glacia@6¢ knt, 2% of the
total area) have not been clearly classifiablerms of frontal characteristics.
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As the nominal categorization is rather subject@epk et al. (2014) introduced a degree of
confidence in their classification decisions, whialas assigned to each glacier as the
confidencaattribute. One value was assigned to summarisevitiall confidence in allocation
of class, formandfront attributes. For further specification on how théadat was compiled
and how the nominal attributes are defined see Agipeand Cooket al. (2014).
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Figure 6.16. Color-coded glacier areas for visual@ion of the nominal parameters a) primary classiftation (glacier
type) and b) frontal characteristics of the 1588 giciers. Values are given in Table 6.5. The classiftian was done by

Cook et al. (2014).

Count Count [%] Area [km2] | Area [%]
Class | Ice field 77 4.8 3305.5 3.5
Ice cap 234 14.7 12697.8 13.4
Qutlet glacier 240 15.1 67564.9 71.3
Mountain glacier 550 34.6 8185.§ 8.6
Small ice-covered island 102 6.4 387 0.4
Uncertain/Miscellaneous 385 24.2 2602 2.7
Front Calving (tidewater) 671 42.3 27053.1 28.6
Calving/Piedmont 78 4.9 3826.2 4.(
Calving/lobed 41 2.6 4530.5 4.8
Ice shelf nourishing 264 16.6 33259.7 35.1
Floating 82 5.2 23996.4 25.3
Land-terminating 9 0.6 113.3 0.1
Uncertain/Miscellaneous 443 27.9 1963.8 2.1
Total 1588 100 94742.9 100

Table 6.5. Primary classification (Class) and frontecharacteristics (Front) of the 1588 glaciers.
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7 Discussion

So far, it was to possible to compile a completeimory dataset of the AP based on existing
data (Section 5.1), separate all glaciers fromdbesheet (Section 5.2), derive glacier-specific
parameters (Section 5.3), and further analyze tipasameters (Section 6). The following
paragraphs evaluate and discuss the results vepleceto the research questions of this thesis
(Section 1.2). Thereby, the potential regardingsfids applications of the compiled inventory
is demonstrated (Section 7.1). Moreover, diffi@dtfaced and restrictions of the inventory are
illustrated as well (Section 7.2).

7.1 Applications of the Antarctic Peninsula glacier innentory

Applications of a glacier inventory are shown, ifmstance, by Rastner (2014) exemplified on
the Greenland glacier inventory. The following pdials of the compiled inventory are only a
selection and exemplifies the wide range of possiipiplications of such an inventory.

7.1.1 Identifying glacier tendencies based on median elation and aspect

Influence of the digital elevation model

The accuracy, hence the total number of glacidées,number of glaciers per size class, the
aspect distribution and other topographic parametes directly related to the location, quality
and accuracy of the glacier outlines. The accuistlyerefore highly dependent on the quality
of the DEM (Paukt al.2009; Frey and Paul 2012) and the automated dyaibpasin delineation
algorithm. According to Coolet al. (2014), the applied 100 m DEM is suitable for the
delineation of the steep glacierized areas. Neeta$ls, the delineation is rather arbitrary for
the gentle and smooth high plateau (Figure 4.7¢.manual division and merging of basins by
considering additional datasets, such as grourldiegdata and ice velocity data, as done by
Cook et al. (2014), is recommended but introduces subjectiterpretation. However,
objectivity regarding the calculation of glaciergaeters is maintained, as they are calculated
within a GIS. Frey and Paul (2012) investigatedifieence on topographic glacier parameters
for Swiss glaciers when applying two different DEM®£. ASTER GDEM versus SRTM
DEM). The analysis revealed that the influence ddpeon the parameter, on the sample size
as well as on different acquisition dates and teghes of the DEM. First, the parameters based
on a single DEM value (e.g. minimum and maximunvai@n) are more prone to variability
than parameters calculated for the entire gla@ey. (nean elevation and slope). Second, the
values can vary largely for individual glacierst these differences are evened out if a large
number of glaciers is considered. However, both BEMthe study by Frey and Paul (2012)
are appropriate to be used for the calculatioropbgraphic glacier parameters. Based on this
outcome and as the new DEM of Caatlal.(2012) is a major step forward in terms of accyrac
compared to the former ASTER GDEM, the applicatodrthis DEM is regarded as being
appropriate for the calculations within the presglatier inventory. Nevertheless, the DEM
still has limitations, which reduce the qualitytbé inventory (cf. Section 7.2.2).
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Median elevation

As shown in Figure 6.4, there is an increase ofntleelian elevation from the islands and the
coast towards the interior. The same has beentddtatother regions with maritime climate
such as for the glaciers around Greenland (Rastnalt 2012), glaciers in Alaska (Le Bret

al. 2011) and in Norway (Paek al.2011). As proposed by Braithwaite and Raper (200@)
median elevation, which is the elevation of the Icividing the glacier surface in half, can be
used as proxy for the equilibrium line altitude @&l which in turn divides per definition the
glacier into an accumulation and ablation area.ddeffor Greenland (Rastnet al. 2012),
Alaska (Le Briset al.2011) and Norway (Paw@it al. 2011) a strong decrease of precipitation
from the coast towards the interior is interprdtedccount for the increasing median elevation
towards the interior. However, as the glaciershaf AP, similar to the glaciers of Svalbard
(Evans 2007), are mainly marine-terminating glagighe lower limit of the glacier is
predefined. Therefore, for these regions, includnegAP, the median, mean, mid-point or other
elevation ratios proposed (cf. Paatlal. 2009) do not act as an appropriate approximatfon o
the ELA. Because, if the lower limit is set to zeite variability of the elevation ratios is only
determined by the topography (i.e. maximum elevatiBut the maximum elevation does not
have any influence on the ablation. Hence, thelusaracept and use of the ELA-proxy is not
appropriate in this case. Therefore, the ELA-prisxgeither calculated, nor interpreted based
on such an elevation ratio, nor on any other agpration. There is no technique proposed by
the GLIMS community, which seems reliable to apprate the ELA of marine-terminating
glaciers. Nevertheless, the increasing median gt@viowards the interior does not come from
decreasing precipitation towards the interiorsitather an artefact of glacier delineation and
depends on whether the glacier reaches sea leneltor

Glacier aspect

Regarding the aspect of glaciers, several studiés/ans and others (Evans and Cox 2005;
Evans 2006, 2007; Evans and Cox 2010) give risleet@xpectation of poleward tendencies in
numbers and lower glacier altitudes, and hencerangtnorth-south contrast of the AP’s
glaciers due to radiation differences. The studidsot consider Antarctic glaciers but reveal
that these effects are reduced towards the poleshas factors such as wind, diurnal cycles
and (lineated) topography can superimpose thetaffe@diation and aspect (Evans and Cox
2005; Evans 2006). In addition, anomalies haveadlydeen discovered for regions also mainly
consisting of marine-terminating glaciers, suctSaalbard (Evans 2007). As seen in Figure
6.5 and 6.6, the glaciers of the AP do not shoveffext of poleward tendencies, as the number
of glaciers and the mean elevation per aspect isectather balanced, with somewhat less
glaciers facing to the south(-east). Three facioesseen to mask the effect of aspect: First, the
elongated extension of the AP to the north caukesegs to flow out of the mountain ridge
towards the ocean in the north, east and west.n8etie surrounding ocean as a barrier causes
to terminate the glaciers at the same elevatiooyi@b m a.s.l.). And third, as a result of the
glacier favorable climate the entire AP is gla@ed anyway. Hence, a possible effect of
poleward tendencies cannot evolve. However, theysisaf the glaciers’ aspects might come
to a different outcome in the future, as with fertlglacier recession the AP will not be entirely
glacierized anymore and the ocean might not beneshby some glaciers. Furthermore, the
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analysis of the aspect distribution of the glaciesated in the Antarctic Dry Valleys, lying
between the East Antarctic ice sheet and the Ressrgight reveal a different pattern.

Mean thickness and volume also do not appear tersepn aspect. Moreover, a dependence
on precipitation patterns cannot be interpretedhastioned before. These parameters rather
seem to be dependent on the topography and hypsomiethe AP: Increasing median
elevation towards the (higher) interior (Figure)6idcreasing mean thicknesses (Figure 6.10)
and volumes (absolute and relative (Figure 6.18)egions where the bedrock lies below sea
level, and towards the low-sloping interior and Argarctic ice sheet in the south. Also the ice
volume grounded below sea level reflects the beédngpsometry of the individual sectors. For
instance, a large fraction of the bedrock of themeastern sector lies below sea level, hence
almost 50% of its ice volume can be found grounoldw sea level.

7.1.2 ldentifying glacier sensitivity to climate based orglacier hypsometry

As the ternsensitivityis not used consistently in glaciology, Rastn&l¢@ gives an overview
on different understandings of climate and masasza sensitivity. In this thesis, glacier
sensitivity is used to qualitatively describe hostrgngly) the glaciers are expected to be
influenced by and react on changes in air or wat®peratures as well as on changes of their
frontal characteristics.

As explained in Section 7.1.1, there is no sigaifictrend in any glacier parameter, which could
be explained through the climate pattern of the Rirerefore, it is not possible to give a clear
statement about climate-sensitivity based on thEm@ameters. However, considering the
glacier hypsometry (Figure 7.1; with normalized areallows giving a statement on the
sensitivity of the glaciers if changes in air ort@&ratemperatures occur. As mentioned before
and explained by Jiskoatt al. (2009) the glacier elevational distribution deteres its
sensitivity for instance to a rise in the ELA. Agttopography of the AP is reflected in the
bimodal shape of the glacier hypsometry, as setardoa Section 6.4, all the many (marine-
terminating) glaciers have large areal fractionth @ lower and higher elevations. Therefore,
both, changes in atmospheric, associated with Ehanges, as well as changes in ocean
temperatures give rise to the expectation of hgstivities. In tangible terms, on the one
hand, top-heavy glaciers and regions, meaning thagea lot of glacierized area at higher
elevations, are at some point expected to be \@T5itsve to rising air temperatures associated
with a rising ELA. As long as the ELA lays betwesdout 1000 — 1500 m a.s.l., not that many
areas are additionally exposed to ablation. Bistoas as the ELA reaches the elevations with
a lot of glacierized areas (above 1000 — 1500 nh)a.small rises in the ELA expose huge
additional areas to ablation. Based on this, thehseastern sector, having most glaciarized
areas at higher elevations with the maximum beimgewhat lower, is expected to react
soonest and most sensitively to changes in air ¢éeatpre. But localizing the current ELA
would be needed, which has not been done herestésndine the imminent migration of the
ELA and the corresponding effects on the glaciemrmore detail.

On the other hand, as most of the glaciers areialgiirect water contact, they are not only
influenced by atmospheric forces but are also stlbpeoceanographic forcing and subglacial
topography. Even though, the response of theseéegtagn changes in their mass balance is
complex (Vieliet al.2002; Pfeffer 2003), all the many marine-termingtglaciers of the AP

51



Discussion

are very sensitive to climate change and assoctstedn temperature changes. Hence, glaciers
and regions with a high areal fraction in directevacontact (i.e. the north-eastern sector) are
highly sensitive to water temperature changes. Wewesome of these glaciers are ice shelf
tributary glaciers, most of them located in theteeeastern sector, meaning that they are rather
sensitive to changes of their frontal charactessbecause the retreat and collapsing of ice
shelves is known to accelerate their nourishingigta (Cooket al.2005).

Accordingly, all glaciers of the AP are affected &agd sensitive on both: Changes in air
temperature associated with ELA rise and chang&gter temperature. Ice shelf nourishing
glaciers are additionally highly sensitive in caseollapsing of their ice shelf.

These assumptions about the glacier sensitivitg@ahwith the findings of recent studies of
the AP illustrating glacier changes (Coek al. 2005; Cooket al. 2014) and widespread
acceleration of marine-terminating glaciers (Patchand Vaughan 2007). The latter showed
that the flow rates of 300 marine-terminating géasion the AP north-west coast increased by
12% on average from 1992 to 2005 as a responsareft and thinning glacier fronts due to
the observed warming and corresponding increasadhsu melt. Coolet al.(2014) calculated
the area changes of 860 marine-terminating glaérers 1945 to 2010, showed the spatio-
temporal differences in change in (a) absolute (Bhdelative area (Figure 7.2) and discussed
correlations between glacier characteristics ardatiea lost. What is really noticeable is, that
ice shelves or rather their collapsing plays aietuole for the spatial patterns of ice loss and
the differences between east and west. As showigure 7.2, the glaciers which once fed an
ice shelf showed highest absolute and relative breses. These findings confirm former
studies, which already display the buttressingotféd stable ice shelves and the devastating
effect of collapsing ice shelves on their nourighglaciers of the AP (e.g. Scambos 2004;
Wendtet al.2010; Rottet al.2011; Berthieet al.2012).

Allin all, the marine-terminating glaciers of teeuth-western, north-western and north-eastern
sector of the AP are expected to react most seelsitio climate changes, at least currently.
Especially those who fed an ice shelf until regentlhe glaciers in the south-eastern sector
seem to be less affected at the moment by suchgebamas described for former ice shelf
tributary glaciers. This is because almost alhefglaciers in this sector are currently nourishing
the Larsen C ice shelf and hence benefit from thérdssing effect. This most southern ice
shelf of the AP seems to be stable at the momassedon flow modelling and analysis of
surface morphological features (Glasseal.2009; Janseat al.2010). However, as the -5 °C
mean annual isotherm, to which ice shelves disiatemn is linked, is approaching the Larsen
C ice shelf, it might change its stability (Rettal. 1996; Rottet al. 1998; Jansent al.2010)
and lead to its break up in the future. This woalfct about 250 glaciers with an area of
32 726 knd currently nourishing this ice shelf. Additionaltersive ice volumes of these ice
shelf tributary glaciers are then potentially prdoethe devastating effect of collapsing ice
shelves. Besides this devastating effect, theme sdditional effect if the bedrock is below sea
level and deepens towards the inland as seen foy negions of the AP: Woutees al.(2015)
describe how retrograde slopes influence (i.e.gefthe stability of glaciers and that glaciers
laying on bedrock below sea level reveal incredlething. Hence, not only the development
of precipitation, air and water temperature, bsbahe behavior of the remaining ice shelves
and the glaciers’ bedrock topography have to bertakto account to identify the response of
glaciers in terms of future changes.
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Figure 7.1. Distribution of normalized glacier cove with elevation for the entire AP and for each semr.
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Earliest records, on average, from 1958 and latesin average, 2004.

7.1.3 Comparison of inventory characteristics with thoseof other regions

In this section, a selection of inventory charastas (i.e. total number of glaciers, glacierized
area, area covered by marine-terminating glaameeslian elevation and hypsometry) of the AP
is compared with inventory characteristics of regian similar environments (mountainous
coastal regions with maritime climate). Therefdhe, glacier inventories of Alaska (including
northwest Canada) derived by Kienhe@lizal. (2015), Greenland (CLO and CL1) derived by
Rastneret al. (2012) and Svalbard derived by Nuwh al. (2013) are considered. Table 7.1
reproduces the total number of glaciers, whichargély influenced by the minimum-area
threshold, the glacierized area and the area cdygyemarine-terminating glaciers for each
region. Accordingly, the AP has the largest glazest area, followed by Greenland and
Alaska/northwest Canada. Least glacierized areafoand in Svalbard. However, the AP has
the largest absolute and the second largest relatea covered by marine-terminating glaciers,
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which are expected to be very sensitive on clincainge and associated ocean temperature
changes, as mentioned before. The glacier numletraega distributions presented in the
corresponding studies of Alaska/northwest Canadegi@and, Svalbard and the AP reveal that
the few larger glaciers make up for most of theaafiéhis areal dominance of the rather few
larger glaciers in all regions is reflected in thedian area, which is considerably smaller than
the mean area (Rastrnatral.2012; Nuthet al.2013; Kienholzet al.2015).

Though, in Alaska/northwest Canada, Greenland avalb8rd the number of glaciers is
distinctively higher for smaller glaciers, with aarimum number between 0.25 and 12km
(Rastneret al. 2012; Nuthet al. 2013; Pfefferet al. 2014; Kienholzet al.2015). The glaciers
of the AP do not exhibit this pattern, which comfg the findings of Pfeffeet al. (2014)
showing that Antarctic and Subantarctic glaciersdbdisplay this common pattern.

The median elevation, shown for Alaska by Le Brisal. (2011) and Kienholzt al. (2015),

for Greenland by Rastnet al. (2012) and for the AP by this work, seems to ddpam the
distance from the coast, rather than on aspect.edery as these regions are dominated by
marine-terminating glaciers, the appropriatenesside the increase of median elevation
towards the interior as an indicator for decreagregipitation is questioned, as explained in
Section 7.1.1. Marine-terminating glaciers wouldrdndo be excluded to see whether this
pattern of increasing median elevation is still seemt, allowing statements about the
precipitation pattern based on inventory data. glheiers on Svalbard reveal a dependency on
mean aspect showing a tendency of glacier numbesa tis the north (Nutét al.2013), which

is interpreted as an evidence of solar radiatimdence as the dominant influence for this
region (Evans and Cox 2010).

Marine- Marine- Minimum-
: Area | terminating terminating area
eI (SIels [km?] glaciers glaciers of the threshold RETEMEES
[km?] total area [%] [km?]
Alaska/ Kienholz et
northwest 27 109| 86 723 10 372 19 0.025
al. (2015)
Canada
Rastneret al.
Greenland 19 323| 89720 31 106 31 0.05 (2012);
Pfefferet al.
(2014)
Nuth et al.
Svalbard 1668 | 33 775 22 967 68 0.05 (2013)
AP 1588 | 94 743 59 406 68 0.05

Table 7.1. Summary of selected inventory parameteis different regions.

What really strikes the eye is the exceptionallgpsd hypsometric curve of the AP (Figure
7.1), comparing the glacier hypsometry of the ent&P with those of glaciers in
Alaska/northwest Canada (Kienhatizal.2015), Greenland (Rastnetral.2012) and Svalbard.
The AP has a distinctly different hypsometric cursempared to the parabolic-shaped
hypsometries of the other regions, with increasirgg percentages towards their mid-elevation.
Hence, the AP has most of its glacierized areavatil elevations and has a secondary peak at
higher elevations. Whereas the other regions havst wf their area in the middle of their
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elevation ranges, confirming the findings of Pfefeal.(2014). As the hypsometry of a glacier

controls the sensitivity on a rising ELA (Jiskaett al. 2009) this comparison identifies the

regions of high sensitivities on an equal rise ILAEHigher sensitivities are expected for the
AP, compared to the regions such as Alaska/northWesiada, Greenland and Svalbard
because depending on the current location of th& &k the AP, at some point a rising ELA

causes huge additional glacierized areas to beeiahlation zone. Regarding the sensitivity on
changes in ocean temperatures, the sensitivitjagsfegs in Svalbard and on the AP is highest
due to the high areal fraction of marine-termingitiiaciers.

7.1.4 Comparison of the sea level equivalent with that adther studies and regions

As the volume and the potential SLE at individulalcger level has not been assessed so far,
the comparison of the results presented here Witbet of other studies is limited. The volume
per sector, the total volume and the volume grodridow sea level has been calculated for
cross-validation and confirm the values presenteHilss and Farinotti (2014). The SLE was
also calculated by Huss and Farinotti (2014) basetheir, and hence the same bedrock and
ice thickness dataset. However, their approachmas sophisticated. For instance, they used
a modelled mean ice density of 852 kni# and for the ice grounded below sea level they also
considered the SLR contributing mass between thesquivalent surface and the floatation
level (Fretwellet al. 2013). The SLE calculations introduced here areenstementary and
straightforward. Hence, the SLE values differ: Tietal SLE value (68.8 mm) is slightly lower
than the SLE calculated here (83.2 mm), but theysét in a very similar range. However,
Huss and Farinotti (2014) do not provide thickngsfyme and SLE information per individual
glacier. Hence, compared to the data of Huss anddta (2014), the dataset provided here
has two advantages:

1. Warranty of simple reproducibility
2. Availability of thickness, volume and SLE infornaat per individual glacier

An updated estimate of distributed glacier SLE feaently been calculated by Huss and Hock
(2015) based on RGIv4.0 outlines. Compared to thvedees, the AP has a much higher
contribution potential than the glaciers of Alagkd mm), Central Asia (10 mm), Greenland
periphery (38 mm), Russian Arctic (31 mm), Svalb@@d mm) and is about equal to Arctic
Canada North (67 mm) and South (20 mm) togethéinAdll, the global glaciers and ice caps
sum up to a potential SLR of about 374 mm (Husstacdk 2015) to 500 mm (Paul 2011;
Huss and Farinotti 2012; Vaughahal.2013), which is still significant for low-layingoastal
regions (Paul 2011). Compared to the Antarcticsloeet with a SLE of 58.3 m (Vaughenal.
2013), the SLE of the AP seems negligible. Howeraggarding the high sensitivity and short
response times of these glaciers on climate chdhgg,are expected to be major contributors
to SLR in the next decades. Moreover, the contionubf the AP’s glaciers has not yet been
fully considered in most of the studies.
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7.1.5 Representativeness of the mass balance glaciers the World Glacier
Monitoring Service

Benchmark glaciers have often been used in thetpasdtimate glacier change in a specific
region (Fountairet al. 2009). The WGMS provides mass balance measurerfanéssmall
number of glaciers on and in the proximity of thB,Auch as the Anvers Ice Cap and the
glaciers Bahia del Diabolo, Hurd and Johnson (WGA$5). These glaciers and their mass
balances might be used for upscaling and as repetses for this region to assess glacier
changes. @strem and Brugman (1991) list differeiterga, which a benchmark glacier should
meet to represent a geographical area. Thus, hdiwdaveghe WGMS mass balance glaciers
mirror the 1588 glaciers of the AP?

The inventory presented here only includes twchefWGMS glaciers, which are located on
two different islands around the AP as shown inuFég/.3.: The Montiel Glacier, alias Anvers
Ice Cap (WGMS name), is located in the north-wessexctor, whereas the Glaciar Smit, alias
Bahia del Diabolo (WGMS name), is located in theme@astern sector. The two glaciers Hurd
and Johnson are located further north on Livingsstand (South Shetland Islands). Table 7.2
compares a selection of the attribute values o$eh®o glaciers as found in the present
inventory and as provided by the WGMS. Due to ddfe¢ delineations of the glaciers and
methodologies applied to determine the attribugesye values differ a bit more, some a bit
less. However, they are in the same order of madeiand reflect the general pattern similarly.
For consistency, the values of the present invgritere are used in the following discussion.
The Montiel Glacier is far larger than the mearciglnarea of all glaciers (59.7 Kyof the AP
but is thinner than the mean thickness of all glec(237 m). The Glaciar Smit is somewhat
smaller than the mean area, but thicker and casrefspwith the mean thickness of all glaciers.
The attribute combinations area versus mean skiperge 7.4a) and mean aspect versus mean
elevation (Figure 7.4b), reveal that the two glexiare not outliers and do not belong to
boundary values. Nevertheless, as the range in siigze, aspect and mean elevation of the
AP’s glaciers is rather large, trends and deperiderare not that strong, their fitting is not very
surprising. However, considering the glacier hypstsgnwith normalized area, the curves of
the two glaciers do not represent the general sbhffee hypsometry of the entire AP (Figure
7.5). Whereas the Glaciar Smit only represents aP@% of the elevation range, the Montiel
Glacier represents about 80%. The glacierizedatrree Glaciar Smit is restricted to the lowest
500 m. Most of the glacierized area of the Mon@Gédcier is found below 1000 m a.s.l. with
three peaks, which are reducing towards lower él@vs. And above all, this glacier does not
have a secondary peak at higher elevations, ragregea glacierized plateau region. @strem
and Brugman (1991: 9) state that a representalaeieg should cover at lea%he main
[elevation] range of other glaciers in the areaThis is obviously not given by these two
WGMS glaciers. And hence based on the hypsoméiysensitivities of these two glaciers on
climate change associated with a rising ELA diffem those of the entire AP. On the other
hand, both glaciers seem to be marine-terminatiageys as almost all other glaciers on the
AP. Therefore, they do reproduce the high sengitomh changes in ocean temperature. But the
sensitivity on climate change might be overestimhat®, firstly, these two glaciers are located
in very low elevations. And secondly, the WGMS gag, especially Glaciar Smit and the
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glaciers Hurd and Johnson on Livingston Island,lacated at the very north and hence in
warmer regions.

All in all, these two glaciers might represent tilaciers regarding parameters such as size,
aspect, slope and mean thickness. But they mighienadequate for crucial hypsometry-based
assumptions and statements (i.e. sensitivitiedhefentire glacier sample to assess glacier
changes and estimate SLR. Whether these two giaarer well representing area changes,
annual mass balance variations and (cumulative)s ncasnges cannot be stated as this
information is not provided here for the individggéciers. However, as already elaborated by
Fountainet al. (2009) and aptly expressed by Pritchard and Vau@R@07: 2):“[T]here is
strong evidence that the behavior of individualogtas may be quite different from the mean
(see Cook et al. 2005) and so the use of a fewhneguk glaciers could be misleading2ven
though Pritchard and Vaughan (2007) stated thihéncontext of the regional glacier flow,
Fountainet al.(2009) show that SLR estimates based on benchghaclers might cause a lot
of uncertainty. Hence, being aware of the extensif@rt and limitations, the mass balance
measurement network should be extended all oveAEh&or an appropriate representation of
the true range of conditions.

64°0'0"S=

J66°00"S

Figure 7.3. Location of the two WGMS mass balance atiers indicated by the two yellow arrows.
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Name

Year of investigation

Glaciar Smit

Number of Observations in
the registered dataset

2000

Area [km?]

1

Class

35.5

Form

Mountain
glacier

Front

Uncertain/Misc

Minimum elevation [m]

Calving,
tidewater

Maximum elevation [m]

4.4

Mean elevation [m]

593.4

Median elevation [m]

284.1

Mean Slope [°]

281.8

Mean Aspect

5.5

Mean thickness [m}

N

Volume [km?]

Bahia del Diabolo

2004, 2008, 2010
2014

14

12.9 (2014)

Outlet glacier

Simple basin
Single lobe, mainly
clean ice

50

630

390

Accumulation area
NE
Ablation area: E

Table 7.2. Selection of glacier attributes as provietl by the present inventory (left) and as providedy the WGMS
(2015; right). The Montiel glacier and the Anvers le Cap refer to the same glacier (red). Same is trder the Glaciar

Smit and the Bahia del Diabolo (green).
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Figure 7.4. Localization of the WGMS mass balance atiers Montiel Glacier (red) and Glaciar Smit (grea) in the
scatterplots area vs. mean slope (a) and mean aspes. mean elevation (b), based on values of theéroduced inventory.
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Figure 7.5. Glacier hypsometries with normalized aga for the entire AP (blue), the Montiel Glacier (ed) and the
Glaciar Smit (green). The calculations are based athe here provided outlines.

7.2 Challenges and restrictions

7.2.1 Challenges of the inventory compilation based on esting datasets

The collection of existing datasets to compile acgr inventory, in this case of the AP, is
associated with difficulties, which have to be soumted. Not only the searching of data, but
also the accessibility and the inconsistency ofd&i themselves, as well as the methods the
data are generated with, bear different challengé=b-based research platforms, advanced
search engines as well as a wide range of datape»dde possibilities for extensive research
in an enormous pool of scientific studies and dbtefind and consider all the publications and
data dealing with the glaciers and glacier relégics of the AP is almost impossible and goes
beyond the scope of a Master’s thesis. Besideshhkienges of finding appropriate published
work, the knowledge about the existence of unphbbtismaterial requires insider information,
which still does not guarantee the accessibilitymbublished data. Generally, it is of interest
to the scientific community to progress in suchigelealing with the current state of glaciers
to assess ongoing and future changes. Therefasewtrk about the glacier inventory of the
AP was met with great approval among the reseasctemtacted in the framework of this
thesis. The will to help and support was abunddotvever, the dependency on the willingness
and finding time to provide the data requestectrgists, which are in possession of relevant
data, exists with no doubt. Also the available pravided data themselves caused difficulties,
as they are, for instance, of different formatscal meta-data were partially missing making
reproducibility impossible or the method they weagenerated with did not meet the
requirements. All of these challenges have beesdfactall conscience to achieve the best result
possible in the framework of this thesis. Howeliaritations of an inventory dataset based on
existing data (cf. Section 7.2.2) are inevitablenke, this thesis and the results are largely
influenced by these challenges and how these clggtehave been surmounted.
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7.2.2 Restrictions of the inventory: origins, impacts and suggestions for
improvements

The restrictions arising from the compilation oflacier inventory based on existing data are
similar to the limitations of a satellite-derivet/entory as described by Paul (2003): The data
availability, the data quality and data (pre-)pssieg. In case of the inventory provided here,

besides the challenge of receiving the data neasetkscribed in Section 7.2.1, the following

is seen to account for most of the restrictions:

1. The quality of the rock outcrops dataset, which haen used for processing the
inventory of Cooket al.(2014)

2. The quality of the DEM, which has been used toretee the glacier parameters

3. The assignment of the connectivity levels and, tmdiwith this, the delineation and
separation of the AP from the Antarctic ice sheet

Rock outcrops

As mentioned in Section 5.1, the rock outcrops s#tgrovided by the ADD (ADD
Consortium, 2012) originates from different sourdess partially been updated and is therefore
of varying accuracy and detail. The accuracy iditaievely assessed by overlaying the Landsat
Image Mosaic of Antarctica (LIMA; Bindschadlet al. 2008) with the rock outcrops layer.
Figure 7.6a, b and c visualize three major probldrarstly, some areas (mainly islands) are
detected which are entirely or for the most paatsified as rock outcrops, even though they
obviously seem to be glacierized (Figure 7.6a aphdSecondly, the dataset has locally
considerable georeferencing inaccuracies. Thirdly, intersecting this dataset with the
catchment outlines, some glacier outlines becamielyniragmented as exemplified in Figure
7.6¢. Before the intersection, the glacier shows wade up of one complete polygon. Now
the glacier consists of several smaller polygoinss Taises the question whether this is still one
glacier, more than one glacier or not a glaciallaHence, extensive time-consuming manual
corrections for the entire AP would be needed. Rigg the time management of this thesis
and as these manual corrections would furtherdiite subjectivity and reduce transparency
and reproducibility, this has not been done hemeaddition, there are ongoing efforts to
improve the underlying data for the ADD (Fox, watitcommunication). In this context, a study
about a new rock outcrops dataset is currentlgunewv and will probably be published soon.
This new dataset has been generated by autom#tacian of outcrops for the entire continent
from Landsat images using a combined methodologptéikes into account sunlit rock, shaded
rock, water, cloud and snow. The new dataset isendetailed and suggests that the actual
amount of outcrop is only around half the areahat in the ADD at present (Peter Fretwell,
British Antarctic Survey, written communication12016). Thus, once this new rock outcrop
dataset is available, it should be used to imptbeenventory derived here.

Furthermore, other limitations might arise in riglatto the rock outcrops dataset, such as the
assumption of all area not classified as rock begtarierized. This assumption seems
appropriate for the almost entirely glacierized Afdwever, as snowfields might look like
glacierized areas, it is advisable to validateghtre region, for instance, with velocity field
data, to identify possible snowfields. The studyNzgler et al. (2015) demonstrates the
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potential of the Sentinel-1 mission for mapping amzhitoring the surface velocity of glaciers
and ice sheets. These might ultimately help tardisish the both and also verify the DEM
derived drainage divides over flat terrain.
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Figure 7.6. Examples of glacierizedslands incorrectly classified as rock outcrops (@nd b) and an example of a
highly fragmented glacier outline after intersectirg with the rock outcrops layer (c). In addition, gereferencing
inaccuracies are detectible.

Digital elevation model

As mentioned in Section 5.3.1, the DEM of Costkal. (2012) provides currently the best
quality and covers the area of the AP most acdyratéowever, the DEM only covers
93 250 knd and hence 98.4% of the total glacierized arearéfbee, the calculation of the
topographic parameters (mean, median, min., maxagbn, slope, aspect) was not possible
for 48 glaciers, which are entirely excluded by BEM, representing an area of 1044%m
about 3% of the total number and 1.1% of the tatah. As some glaciers are only partially
covered by the DEM, for instance one glacier isyardvered by one pixel of the DEM, the
values of their 3D parameters are based only @staicted area and are not representative for
the entire glacier. Even though only about 1.6%heftotal glacierized area is not covered by
the DEM and mainly a few islands are affected,rthaiues of the 3D parameters are expected
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to have inaccuracies. In addition, as the glacygsbmetry is calculated based on the DEM,
the curves represent only the area covered by EM.DTherefore, these curves might also be
slightly altered by including the missing areasttkermore, as the ice thickness and bedrock
dataset of Huss and Farinotti (2014) is based enDiaM of Cooket al. (2012), the mean
thickness, the volume and the SLE could not beutatied for 49 glaciefs Accordingly, the
values of mean thickness, the total volume and fltEhe glaciers on the islands which are
not completely covered by the ice thickness anddmddataset are not representative for the
entire glaciers. Hence, the total SLE of the APusthde somewhat higher than calculated here,
as the SLE of 49 glaciers is missing.

As a fast and result-oriented solution, a new DEMIld be generated by completing the
incomplete outlined areas based on statistics efgart of the area including elevation
information. For instance, a glacier with missirajues at the coast the DEM would be filled
with the lowest occurring elevation value. This Weboounteract the problem of glaciers with
incomplete elevation information. However, the aacy and hence adequacy of this method
would have to be further assessed. In additiatpds not solve the problem for areas were no
elevation information is available at all. Henceopther DEM should be used or a new DEM
should be generated to provide elevation infornmefow the remaining 48 glaciers. Coekal.
(2012) gives an overview on high resolution elevatilatasets for the AP and how existing
DEMs can be improved. Accordingly, the bedrock #ndkness dataset should be completed
for the areas of missing information, for instariz@sed on the procedures of Huss and Farinotti
(2014).

Delineation and separation from the ice sheet

The decision about what still belongs to the AP ahdt is not part of it anymore has a major
influence on the results. As the generation ofittventory is mainly based on the existing
dataset of Coolt al.(2014), the glaciarized islands further northhe# thainland and nearby
islands of the AP are not included. These islameésrasome cases seen as Subantarctic Islands
and, are already existent in the RGI (Areattl. 2015). The assignment of the connectivity
levels and, connected with this, the separatiomfice sheet (cf. Section 5.2) is based on the
Antarctic ice sheet drainage divides dataset peaviay the Cryosphere Science Laboratory of
NASA'’s Earth Sciences Divisions (Zwallt al. 2012), which is shown in Figure 5.2. As a
result, the ice masses south of 70°S are assigh2dafd therefore seen as being part of the
Antarctic ice sheet. However, these glaciers assigmth CL2 might still reveal behaviors,
dynamics, sensitivities and time scales similah#&glaciers further north (CLO and CL1), even
though their drainage divide is connected to tleesiceet. Hence, depending on the scientific
research question, it might be more accurate &ati€L2 ice masses as glaciers. The separation
from the ice sheet presented here mainly countethetproblem of double-counting of the ice
masses on the AP. But it might not correspond afidat the boundary between glacier and
ice sheet regarding individual internal dynamics.

2 One glacier was only covered by one 100x100 m Ipofethe DEM. This pixel does not have any
bedrock/thickness information in the dataset of Hasd Farinotti (2014). Hence, 48 glaciers do ratehany
topographic information and 49 glaciers to not hamg thickness, volume and SLE information at all.
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8 Conclusions and perspectives

8.1 Compilation of the glacier inventory

In the framework of this thesis, it was possibledmpile a complete glacier inventory of the
AP north of 70°S based on several already exidiingnot fully complementary geo-spatial
datasets (Section 5.1), including the separatidghefjlaciers from the ice sheet (Section 5.2),
the derivation of glacier-specific parameters (Bech.3) and the analysis of these parameters
to identify the characteristics of the glacierghis region (Section 6). In addition, this work
demonstrates the potential of inventory data fgrowing the knowledge about the glaciers on
the AP (Section 7.1). Furthermore, as neither GLIMEIMS and NSIDC 2005, updated
2015), the RGI (Arendtt al.2015) nor any other database currently providesplete glacier
outlines dataset of the AP, a significant gap wbgl glacier inventory can be closed. Hence,
this dataset makes an important contribution tb@l&L change estimations as most studies
did not fully consider the glaciers of the AP.

The compilation was achieved by combining alreaxigteig data and GIS techniques. The
reassessment revealed that the dataset of €pbak (2014), consisting of glacier catchment
outlines, provides the most appropriate basistigrinventory. The exclusion of rock outcrops
by the use of the corresponding dataset of the ABDD Consortium, 2012) resulted in 1588
glacier outlines (excluding ice shelves and islax@95 knf), covering an area of 94 743 km
Based on the recommendations for the compilatioa gfacier inventory (Pawdt al. 2009),
combining the outlines with the DEM of Coak al. (2012) enabled to derive topographic
parameters per individual glacier (i.e. area, asp&ope, minimum, maximum, mean and
median elevation). By the application of the icekhess and bedrock dataset of Huss and
Farinotti (2014), volume, mean thickness and SlfBrmation is provided for each glacier.

By applying the concept of connectivity levels wiie ice sheet as introduced by Rasetexl.
(2012) for the glaciers around Greenland, the gmobbdf the missing separation of the glaciers
from the ice sheet is approached. All glaciersstemids are assigned CLO (no connection) and
the glaciers on the mainland are assigned CL1 (veeskection). Based on the Antarctic
drainage systems of Zwalbt al.(2012) ice masses south of 70°S are connectedthetice
sheet. Therefore, glaciers in these areas (Pal@aed)Lare assigned CL2 (strong connection)
and are regarded as being part of the ice sheenandtcluded in the present inventory.
Nevertheless, depending on the research objeatige gingle glacier modelling), it might be
more appropriate to consider these ice massesaalgaciers. In such cases this separation
might have to be reconsidered.

The resulting inventory as well as its quality &dely influenced by the availability and
accessibility of accurate data. Two facts aboutda& used account for limitations of the
inventory: First, the quality of the applied rocktorops dataset is reduced. Second, the DEM
does not entirely cover the glacierized area, 184%. Hence, for less than 50 glaciers the
topographic glacier parameters as well as thicknedsme and SLE information are missing.
For some other glaciers these values are not meuas/e for the entire glacier extent.
However, prospective improved rock outcrops and BElsih solve this problem.
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8.2 Major findings of the glacier inventory analysis

The analysis of the glacier inventory reveals thleoWwing major findings with respect to the
research questions (2) — (5) (Section 1.2):

(2) Topographic characteristics of the glaciers

« The glacier size distribution reflects the areahdwance of the rather few large glaciers,
but most of the glaciers can be found in the siasses 4- 6 (1.0- 50 knf).

* The glacier aspect distribution is balanced and ¢ reveal any aspect tendencies.

* The median elevation increases from the islandscastitowards the interior, but this
is influenced by the variability in maximum ele\ati

* Mean slope is dependent on glacier size: the latgeglacier, the smaller the mean
slope (with increasing variability towards smaligaciers).

e The modelled ice thickness is unsurprisingly depahdon area and slope: The
steeper/smaller the glacier, the thinner the iad.Bean ice thicknesses are higher in
the very south towards the ice sheet.

« The total ice volume is 34 650 RnAccording to the ice thickness distribution, 70%
the total volume is found in two southern sectfsich are also largest in terms of area.
But also the highest volumes per individual glaees found in the south towards the
ice sheet. About one third of the total volumerisumpded below sea level.

« In terms ofglacier type outlet glaciers account for most of the glaciediarea (71%),
whereas numerically, mountain glaciers are mostgbeat (n = 550).

* In terms ofglacier frontal type marine-terminating glaciers are numerically most
prevalent (n = 872) as well as accounting for nabshe area (68%). About 35% of the
area is covered by ice shelf nourishing glacierseyTare exclusively located on the
south-eastern sector.

* The hypsometric curve has a bimodal shape: The manri of glacierized areas is
located at about 260500 m a.s.l. and a secondary maximum is fourathatit 1506
1900 m a.s.l..

The glacier number, size and aspect distributierhaghly dependent on the quality of the DEM
and the automated drainage basin delineation #hgoriThe mean, median, maximum and
minimum elevation, mean thickness, volume distrdntthe glacier hypsometry as well as the
glacier (frontal) types are determined by the toppgy of the AP and no dependence on aspect
or precipitation patterns is detectable.

(3) Sensitivity of the glaciers on changes in airavater temperature

As most of the glaciers are both, marine-termimptgtaciers and extending into higher
elevations, they reveal large areal fractions @atkeloas well as at higher elevations. At some
point, rising ELAs due to rising air temperaturgp@ses enormous additional area to enhanced
ablation. Rising ocean temperatures increase rgedtid calving of the glaciers with water
contact. Hence, both, changes in atmospheric, mésdavith ELA changes, as well as changes
in ocean temperatures are expected to cause higitigties of these glaciers. Which sector
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will be affected most and first from one or theeastklimate induced change depends on the
warming pattern of the region as well as on thesbymetry of each sector. Ice shelf tributary
glaciers reveal additional high sensitivities oramfges of their frontal characteristics (i.e.
collapsing of the ice shelf). Due to the buttregs#ffect of a stable ice shelf, glaciers of the
south-eastern sector nourishing the Larsen C ied ahe currently expected to show lower
sensitivities on climatic changes. However, a @diag of the ice shelf would result in a
devastating effect.

(4) Potential sea level contribution:

Based on the proposed simple calculations assuaingan ice density of 900 kg¥and an
ocean surface of 3.62 10° km? the AP has a SLE of 83.2 mm. Due to the expecteigjly
sensitivity and short response times on climategbaompared to the ice sheet, these glaciers
are expected to be major contributors to SLR imive decades.

(5) Comparison with the glaciers of Greenland, Aldsa/northwest Canada and Svalbard:

» The AP has the largest glacier cover.

* In all regions, the few larger glaciers make uprnfmrst of the area.

 The number of glaciers is distinctively higher femaller glaciers in all regions
compared to the AP.

* AP has the largest absolute and the second larglesgive area covered by marine-
terminating glaciers.

* The bimodal-shaped hypsometry of the AP is disgndifferent from the parabolic-
shaped hypsometries of the other regions, withdsghrea percentages towards their
mid-elevation. This results in a different sendiyiwf the AP on rising temperatures.

* Regarding the sensitivity on changes in ocean tesypes, the sensitivity of glaciers
in Svalbard and on the AP is highest due to thk hrgal fraction of marine-terminating
glaciers.

8.3 Outlook

As mentioned above, there is still room for impnmesit and also considerable potential of this
dataset to be trapped. Therefore, a number ofdugbhggested improvements of the dataset
itself as well as a selection of possible furthealgsis and applications of the dataset are
presented in the following.

8.3.1 Suggested improvements

Rock outcrops: The application of a revised rock outcrops datagiéimprove the quality of
the outlines and the inventory in general. Theee @rgoing efforts revising the ADD rock
outcrops dataset (Fretwelt al.2015).

65



Conclusions and perspectives

DEM: Through the application of a DEM of at least tame resolution and quality as well as
of a thickness dataset covering the entire glamedrarea, the topographic glacier parameters,
thickness, volume and SLE can be calculated fat58B glaciers based on their outlined area.

Glacier (frontal) types: The distinction between glacier types and fromtahracteristics
should be completed as this is missing for somei@ia This information is needed to identify
and model glacier sensitivity and response timditoate change (Rastner 2014).

Surface velocity data:The application of ice surface velocity data fritma Sentinel-1 mission
allows identifying possible snow fields as weltaseview the accuracy of the latera boundaries
of a glacier outline.

8.3.2 Possible further analysis and applications

Statistics: Further (multivariate) statistical analysis ansianlizations are suggested to identify
primary influences on glacier parameters.

Glacier parameters: The inventory could be extended with further gdagparameters for
different practical purposes as described by aal. (2009). For instance, the glacier length
or the glacier-specific hypsometry in 100 m binkeTormer would allow deriving length
changes. The latter provides information for im@awalculation of the glacier response on a
changing climate (Pawt al.2009).

Areal change: The dataset could be extended with the datas€ook et al. (2014), which
provides ice front positions of 860 marine-termingtglaciers of the AP since the 1940s.
Hence, studies about future areal changes throogtincied monitoring and repeated surveys
as well as about past areal changes, as alreadgdddy Coolet al.(2014), could be added.

Volume change:The generation of new and high-quality DEMs in thire does not only
allow improving the quality of the drainage dividaad topographic parameters but, also
generating new thickness and volume datasets dAhehich makes it possible to determine
volume changes.

This thesis, presenting and analyzing the firstglete glacier inventory of the AP, consisting
of glacier outlines accompanied with parameters theg individual glaciers, is a major
contribution for forthcoming regional and globahgilological investigations. To approach data
availability and consistency, this dataset willdgsevided to the GLIMS database. This enables
to apply and add additional and/or new arising d@etd approaches to improve, extend and
further investigate the glaciers of the AP. Thi#l e needed to further improve the knowledge
about the glaciers of the AP and their behaviohwaspect to a changing climate.
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10 Appendix

Definitions of Nominal classifications as applied  Cook et al. (2014)

Definitions of nominal parameters obtained from Gebal Land Ice Measurements from
Space (GLIMS) Classification Manual (Rati al, 2005) and the Glossary of Glacier Mass
Balance (Cogleyt al.2011). The category numbers conform to those iftM&L.classification
system.

Primary classification (Class):

2 - Ice-field: ice covering mountainous terrain,t rtbick enough to overwhelm
surrounding topography, and where flow is not raglialome shaped. This may include
low-lying areas where ice divides are not cleargtedtable. Flow is influenced by
underlying topography. It can include an ice mass has flow features visible but does
not qualify as an outlet glacier or an ice cap.

3 - Ice-cap: dome shaped ice mass with approximeddial flow, which largely obscures
bedrock and where the profile is even/regular. Tdee mass is unconstrained by
topography. It can include a low-relief, radial rmass with little flow that originates from
mountains. Large islands that are covered in iee dmfined as an ice-cap, even if
topography may imply ice-field.

4 - Outlet glacier: glacier (usually of valley gikaccform) that drains an ice sheet, ice field
or ice cap. It follows local topographic depressiofhe catchment area may not be
clearly delineated. These are larger than mourdginiers, flow features are clearly
visible and the ice velocity tends to be greatanttine surrounding ice mass. Includes ice
draining from icefield/ice caps that have had flegtongues in the past.

6 - Mountain glacier: the glacier adheres to momrgales and is any shape, often located
in a cirque/niche. The terminus is often constrdimathin a bay, has clear ‘pinning
points’ at the edge of the drainage basin andlbasféatures visible. The accumulation
region is not on a broad plateau and has cleaflgatde catchment.

10 - Small ice-covered island: the island is betwee 5 km long/wide, and the majority
is ice-covered. This is not a GLIMS glacier typet was added as such features are
prevalent close to the Antarctic Peninsula.

0 - Uncertain/Misc

Form:

1 - Compound basins: more than one compound biagimterge together.
2 - Compound basin: more than one accumulatiomlfasding one glacier system. In
many cases on the AP separate glacier entitieesmalto form a single glacier at the
terminus.

3 - Simple basin: glacier is fed from one singleuaulation area.

0 - Uncertain/Misc
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Front:

4 - Calving: tidewater, sufficiently extending irdea to produce icebergs.

10 - Calving/Piedmont: occurs in unconstrained ¢ppphic areas, with expanding
glacier fronts or from an ice field. These haveeptr-sloped calving fronts than lobed
glacier fronts and flow is not radial.

12 - Calving/lobed: initial stage of tongue fornaati part of an ice cap or ice field with a
radial margin, and is grounded. The front has aloslope angle than a piedmont front.
13 - Ice-shelf nourishing: tributaries of an icel$h

14 — Floating: the terminus is floating in the s@a an approximate grounding line may
be detectable. The grounding line is not cleargnidiable for many marine-terminating
glaciers on the AP so the term ‘floating’ was omlgsigned in cases where it was
considered to be unambiguous. These decisionshasesl on the positions of the ASAID
grounding line, combined with interpretation fronrface features visible on the LIMA.
20 - Land-terminating: the terminus is behind thilA coastline.

0 - Uncertain/Misc

Confidence:

Due to the subjective nature of nominal categansata degree of confidence in decisions
made was assigned to each glacier. One value wigmad to summarise the overall confidence
in allocation ofClass, FormandFront attributes:

1 — Confident about alQlass, FormandFront) classification types
2 — Confident about some aspects of classificdiidmot others
3 — Unsure/guess as to all aspects of classifitatio

Mainland/Island:
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1 — Situated on mainland
2 — Situated on large island
3 — Situated on medium island
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