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Summary

The ongoing worldwide deglaciation due to the climate change leads to a significant increase
in sea level, which affects many millions of people. Therefore, an important task is to estimate
the total global ice volume of glaciers and ice caps. The already existing model approaches for
total global ice volume estimations show large differences and therefore, a comparison with
observed ice thicknesses is crucial to make assumptions about their usability, especially for
ice caps.

In this master thesis, airborne GPR based ice thickness data, observed by the IceBridge
mission, is used to estimate the mean ice thicknesses for the catchments of the Barnes Ice
Cap and the Devon Ice Cap. Therefore, simple spatial interpolation methods such as Kriging-,
and “TopoToRaster’-interpolation are used, as well as a surface characteristics based interpo-
lation approach, which is based on a slope,- mean ice thickness dependency of elevation bins.
Furthermore, the usability for mean ice thickness estimation of these interpolation methods
is discussed. The spatial interpolation approaches are applied to a different set of data points
to simulate an increasing flight track spacing. Furthermore, an uncertainty assessment was
made for the different interpolation approaches. The resulting mean ice thicknesses were then
compared with the mean ice thicknesses received by the statistically and physically based
global model approaches, such as the Volume-Area-Scaling approach (e.g. Radi¢ and Hock
(2010) and Grinsted (2013)), the surface characteristics based model (e.g. Haeberli and Hoel-
zle (1995)) and the mass-turnover and ice flow based model approach (e.g. Huss and Farinotti
(2012)).

The resulting ice thickness distributions with the spatial interpolation approaches have
shown, that the Kriging-interpolation is not suitable for this purpose whereas the *TopoToRaster’-
interpolation yields good results. Thus, a total mean ice thickness of 321 +25 m is received for
the Barnes Ice Cap with the "TopoToRaster’-interpolation. Furthermore, it could be seen that
with an increasing flight track spacing, the mean ice thickness shows an underestimation and
the uncertainty increases. Therefore, the spatial interpolation method should only be applied
if an optimal flight track distribution is available.

The surface characteristics based interpolation yields a mean ice thickness per elevation bin.

II



With this method, a total mean ice thickness of 354 + 61 m was calculated although, a certain
overestimation of this result can be assumed.

The comparison of the own calculated mean ice thicknesses and the statistically and phys-
ically based model approaches have shown, that most model approaches can not represent
well the mean ice thicknesses of catchments. Although, on the scale of a whole ice cap, the
agreement of the modeled mean ice thicknesses with the own calculated mean ice thicknesses
is higher. Best results yielded the Volume-Area-Scaling approach by Grinsted (2013) and the
surface characteristics based model approach by Haeberli and Hoelzle (1995). As this study
is based on only few samples, these assumptions have to be taken with caution and further
studies have to be undertaken to make more sophisticated assumptions about the usability of
the global model approaches for mean ice thickness estimations for ice caps.

The ice thickness data, observed by the IceBridge mission, has a high potential for further
studies, although a better coverage of the ice caps in the Canadian Arctic and the Greenland

Periphery is needed.
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1 Introduction

1.1 Motivation

Glaciers and ice caps are important indicators for the global climate as they react to climate
changes by mass loss or gain and therefore, give a visible evidence of climate changes (Lemke
et al., 2007). The ice mass stored in the glaciers and ice caps around the world is estimated
at about 1% of the total global ice mass, but due to a short adaptation time to climate change,
the contribution to sea level rise by glaciers and ice caps plays an important role for the nearer
future (Radi¢ and Hock, 2010; Huss and Farinotti, 2012). Therefore, an accurate estimation
of the total ice mass stored in glaciers and ice caps is an important task (Huss and Farinotti,
2012). One method to calculate the volume of glaciers and ice caps is by interpolating ground
penetrating radar (GPR) based ice thickness observations. This method was for example ap-
plied to the Greenland ice sheet as well as on the Antarctic ice sheet (Bamber et al., 2013;
Fretwell et al., 2013). Furthermore, this method was applied to glaciers and ice caps around
the world, for example in Macheret and Zhuravelv (1982), Binder et al. (2009) or Dowdeswell
et al. (2004). However, these ice thickness estimations based on GPR are not enough for a
global ice volume estimation. Therefore, other ice volume estimation approaches have to be
used. Radi¢ and Hock (2011) and Grinsted (2013) for example used the Volume-Area Scaling
approach for a global ice mass estimation. Huss and Farinotti (2012) on the other hand used
a physically based model to estimate the ice thickness distribution for all the glaciers and ice
caps in the world. Furthermore, a surface characteristics based model, established by Haeberli
and Hoelzle (1995) exists, which allows an estimation of the ice volume for glaciers but is
not used for a global ice volume estimation. The global models yield quite large differences
in their estimations as for example the Sea Level Equivalent (SLE) calculated by Grinsted
(2013) is about 0.35 + 0.07 m whereas the calculated SLE by Radi¢ and Hock (2010) is about
0.6 = 0.07 m. The calculated SLE by Huss and Farinotti (2012) is about 0.43 + 0.06 m.

For glaciers, the above mentioned models yield reasonable results, whereas for ice caps, still
large uncertainties exist due to a lack of validation data (Huss and Farinotti, 2012; Grinsted,

2013) which could partly explain the large differences of the models. Therefore, a compari-



son of the ice thicknesses of ice caps modeled with the above mentioned model approaches
and calculated ice thicknesses based on observed ice thickness data, may help to get a better
estimation of the usability of the model approaches for ice caps. In the Canadian Arctic, one
ice thickness estimation based on airborne radar sounding exists for the Devon Ice Cap made
by Dowdeswell et al. (2004) which can be used for this comparison. However, more such ice
thickness data are needed for a better validation of the global ice thickness model approaches
for ice caps. In 2009, the IceBridge mission was established to observe ice thicknesses of the
Greenland and the Antarctic Ice Sheets. During the Greenland missions, additional flights over
the glaciers and ice caps of the Canadian Arctic Islands were made. With these byproducts
of the IceBridge mission, a great opportunity is now given to calculate mean ice thicknesses
for ice caps based on observed ice thickness data. They can then be used to compare them
with the above mentioned model approaches. Furthermore, the ice thickness observations can

directly be used to make a local comparison with the modeled ice thickness distributions.

1.2 Research questions

In this Master Thesis, the focus lies on the analysis of the GPR based ice thickness data, ob-
served by the IceBridge mission, for ice caps in the Canadian Arctic. The focus lies on the
ice thickness estimation as well as on the comparison with established ice thickness model
approaches on the examples of the Barnes Ice Cap and the Devon Ice Cap. Therefore, the

following research questions are formulated:

What are the possibilities and limitations of the airborne GPR based ice thickness data in

the Canadian Arctic for mean ice thickness estimations by simple interpolation approaches?
How do the ice thicknesses, calculated with statistically and physically based model ap-
proaches, perform for ice caps in the Canadian Arctic in comparison with interpolated GPR

based ice thicknesses?

How suitable are the currently available statistically and physically based model approaches

for ice thickness calculations for ice caps?

To answer these questions, the ice thickness data of two ice caps in the Canadian Arctic,



Banres and Devon, is analyzed. The ice thickness estimation is based on the one hand on
spatial interpolation approaches available in ArcGIS (Desktop version 10.0), and on the other
hand on an own developed interpolation method, based on surface characteristics. For the
uncertainty assessment of the interpolation methods, different approaches are used. For the
Barnes Ice Cap, the uncertainty can only be assessed by using the GPR ice thickness data
from the Ice Bridge mission whereas for the Devon Ice Cap the ice thickness distribution from
Dowdeswell et al. (2004) can be used. Furthermore, the statistically as well as the physically
based model approaches have to be applied to the catchments of the example ice caps. To make
assumptions about the usability of these models, the mean ice thicknesses for the catchments
as well as for the whole ice cap are compared. Furthermore, a direct validation of the modeled

ice thickness distribution can be made along the flight tracks of the Ice Bridge mission.



2 Background

2.1 Glaciers

2.1.1 Basic ice mass types

An ice mass on land is not simply a glacier. There are three main land ice mass types which
have to be distinguished by size and form: glaciers, ice caps as well as ice sheets. In the

following, the definitions according to Cogley et al. (2011) are given for these three ice mass

types:

Glacier

”A perennial mass of ice, and possibly firn and snow, originating on the land surface by the
recrystallization of snow or other forms of solid precipitation and showing evidence of past or

present flow” (Cogley et al., 2011).

Ice Cap

”A dome-shaped ice body with radial flow, largely obscuring the subsurface topography and
generally defined as covering less than 50’000 km?” (Cogley et al., 2011).

Ice Sheet

”An ice body that covers an area of continental size, generally defined as covering 50’000 km?
or more. Currently there are only two ice sheets, the Greenland Ice Sheet and the Antarctic
Ice Sheet” (Cogley et al., 2011).

2.1.2 Thermal regimes of glaciers

The formation of glaciers depends on temperature and precipitation as well as the terrain. The
temperature and precipitation define the elevation of the ELA and therefore give a character-

ization of the glaciers and ice caps. Haeberli and Burn (2002) defined the dependency of the



ELA from the precipitation and temperature in the cryospheric diagram which is shown in
Figure 2.1.
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Glaciers with a cold temperature regime Figure 2.1: Schematic cryosphere scheme accord-
are mainly situated in a dryer, more conti- 1ng to Haeberli and Burn (2002)
nental climate. This thermal regime is char-
acterized by cold firn as well as ice temperatures well below the melting point. Glaciers with
this thermal regime have normally an ELA at much lower temperatures in comparison to the
0°C annual isotherm. This is due to low accumulation rates and therefore, the melting season
has to be short. These glaciers are mainly located in northern Alaska, Arctic Canada, subarctic
Russia as well as in central-Asian mountain ranges. (Zemp and Haeberli, 2007)

Glaciers with a polythermal temperature regime are characterized by glacier parts with tem-
perate ice as well as parts with cold ice (Haeberli et al., 2013). The thickest parts of the glacier
is normally temperated due to geothermal heating and pressure, whereas the margin is frozen

to the ground.

2.1.3 Glacier distribution and changes
Glacier distribution

As the climate conditions for glacier formation are given in many locations in the world,
glaciers and ice caps are widely distributed (Zemp and Haeberli, 2007). Dyurgerov and Meier
(2005) estimated a total area, covered by ice, of about 785 + 100 * 10> km? excluding the

Greenland and Antarctic ice sheets. The glaciers and ice caps in the periphery of Greenland



and Antarctica contribute the largest area of about 245 + 100 * 10° km? (Dyurgerov and Meier,
2005), whereof 130’076 + 4’032 km? are in the periphery of Greenland (Rastner et al., 2012).
The largest ice covered area outside of Antarctica and Greenland is found on the Canadian
Arctic Islands with a total covered area of about 150’000 km?. The total number of glaciers
and ice caps, including the peripheries of Greenland and Antarctica, is estimated to about
1717000 (Huss and Farinotti, 2012). Furthermore, there have been several attempts to estimate
the total ice volume of the glaciers and ice caps. Dyurgerov and Meier (2005) for example
calculated a total ice volume of 260 + 65 * 10° km?, including the glaciers and ice caps of the
Greenland and Antarctica peripheries. Huss and Farinotti (2012) on the other hand, calculated
a total ice volume of about 170+21x10° km? which shows that there are still large uncertainties

in the total volume estimations and the used methods.

Glacier changes

Glaciers and ice caps respond to climate changes. The mass balance and the energy balance
of glaciers are influenced by solar radiation, air temperature as well as precipitation. Such
changes in mass balance and energy balance over decades lead to changes in glacier length
and volume (Zemp and Haeberli, 2007).

In the last 2.5 million years before present, there was a periodic growth and decay of ice
sheets due to climate variations. The latest glacial maximum was in the holocene and is called
"The Little Ice Age’, which is marked by the still existing moraines (Zemp and Haeberli,
2007). The period of the ’Little Ice Age’ is differentiated for the different regions in the world
as it can be seen in Figure 2.2. Since this last maximum in the holocene, at about 1850,
the glaciers retreated continuously due to an increasing temperature with some smaller re-
advances in some regions (Zemp and Haeberli, 2007). Dyurgerov and Meier (2005) calculated
the cumulative mass balance for large regions since the 1960s. It appears, that nowadays all
regions show a loss in ice mass compared to the 1960s. In the executive summary of the
changes in snow, ice and frozen ground in the Fourth International Panel on Climate Change
(AR4), it is written that mass loss has been strongest in Patagonia, Alaska, northwest USA as
well as southwest Canada.

For the future, a further increase in mean air temperature will lead to further decay of
glaciers and ice caps (Zemp and Haeberli, 2007; Zemp et al., 2006). For example, the glacier
coverage in the European Alps would lose about 80% of the actual coverage at a temperature
increase of 3 °C until the end of the twenty-first century (Zemp et al., 2006; Clark et al., 2009).
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Figure 2.2: Glacier changes since the Little Ice Age (Ahlenius, H, 2014).

2.1.4 Worldwide glacier monitoring

The interest in glacier monitoring already started in the end of the 18th century. The main
motive of glacier monitoring was that long term glacier change observations would give insight
into processes of climate change. Nowadays, data about glacier fluctuation and inventory data
are important variables in climate system monitoring. Furthermore, the monitoring of glacier
changes helps to asses impacts on fresh water supply as well as natural hazards (Zemp and
Haeberli, 2007; Géartner-Roer, 1, 2013).

With the foundation of the International Glacier Commission at the 6th International Ge-
ological Congress in Ziirich, Switzerland, in 1894, the worldwide collection of information
about ongoing glacier changes started. Since 1984, internationally coordinated systematic ob-
servations of glacier variations are the foundation for a data basis on glacier changes. In 1986
the World Glacier Monitoring Service (WGMS) was established (Girtner-Roer, I, 2013).

The main task of the WGMS is to collect standardized observations on mass-, volume-,
area- and length changes on glaciers over time. Furthermore, the WGMS collects statistical
information on the distribution of glaciers. Therefore, WGMS maintains a network of national
correspondents and local investigators all over the world (Zemp and Haeberli, 2007; Gértner-
Roer, I, 2013). With this Master Thesis, also a small contribution to the WGMS database is
made in kind of mean ice thicknesses of ice caps in the Canadian Arctic.

One of the WGMS products is the World Glacier Inventory (WGI) which contains informa-



tion of more than 100’000 glaciers in the world. The data basis contains location, area, length,
orientation as well as elevation information of the glaciers but not outline polygons of single
glaciers (Girtner-Roer, I, 2013).

On the other hand, the Global Land Ice Measurements from Space (GLIMS) database con-
tains, additionally to the data of the WGI, the digital outlines of the glaciers. These existing
glacier inventories are not complete and therefore several attempts have been made to estimate
the global glacier coverage.

The latest glacier outline inventory was produced by Arendt et al. (2012) and is called Ran-
dolph Glacier Inventory (RGI). It combines the glacier outline informations from the GLIMS,
Digital Chart of the World and WGI databases as well as outline data contributions from other
sources. Therefore, the highest quality was used for each region if it was available (Grinsted,
2013). But the RGI lacks on the above mentioned variables of the WGI.

2.2 Ground Penetrating Radar in glaciology

This section is about the basic principles of radio echo sounding. This short introduction in

radar echo sounding should help to better understand how the used data is generated.

2.2.1 Principles

Radio echo sounding is an active remote sensing method which is based on the emission and
detection of electromagnetic waves at a dominant frequency of between 1 MHz and 1000
MHz, which can propagate into ice (Plewes and Hubbard, 2001; Bogorodsky et al., 1985).
The beginnings of Radio echo sounding g back to the 1950’s and 60’s when the first radar
soundings of ice took place (Bogorodsky et al., 1985). Since then the radio echo sounding
became an established geophysical technique to investigate ice mass characteristics such as
ice thickness, basal conditions and internal structure of ice masses (Plewes and Hubbard,
2001). An example of such a radar observation is given in Firgure 2.3, where the ice surface
as well as the bed topography is shown. The observations could either be made by aircraft or
by moving vehicles on the ground or simply on foot (Bogorodsky et al., 1985). A radar system

normally consists of a processing unit, a transmitter, a receiver as well as two antennas.

Relative electrical permittivity and electrical conductivity

The main principle of radar echo sounding is that an antenna emits a short electromagnetic

pulse which penetrates into the ice and is reflected by the bedrock and inhomogeneity within
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Figure 2.3: An ice penetrating radar profile of the Devon Ice Cap obtained by Dowdeswell et al. (2004).

the ice whereupon a signal returns to the receiver (Bogorodsky et al., 1985). The propagation
of electromagnetic waves into ice is mainly controlled by the relative electrical permittivity
and the electrical conductivity (Plewes and Hubbard, 2001). The relative electrical permittiv-
ity (&;) describes the capacity of ice to store an electrical charge relative to that in free space
(Plewes and Hubbard, 2001). The relative permittivity of ice is around 3 whereat it can be
increased by water with a permittivity of about 80 (Plewes and Hubbard, 2001). Further-
more, the relative permittivity is dependent on the pressure, temperature as well as the crystal
structure (Johari and Charette, 1975).

The electrical conductivity (o) stands for the ability of a material to conduct an applied
electrical current and is about 0.01 mSm~™' for ice (Plewes and Hubbard, 2001). It is influenced
by the temperature and pressure but mainly dependent on the impurity content, such as sea salt
(Plewes and Hubbard, 2001). Both, relative electrical permittivity and electrical conductivity,

can be measured in situ or in laboratories (Plewes and Hubbard, 2001).

Radar wave velocity

Another important variable for radar-signal analysis is the radar wave velocity (Vi.), which
is used to calculate the depth (/) out of the two-way-travel-time (At) of the radar signal. This

relationship is given as:

2h
Vice

At = 2.1

The radar wave velocity is given as follows:



C
Vi = e + BT ) 22

where c is the speed of light and P is the loss factor. The loss factor is defined as P = cwe;,
which includes the relative electrical permittivity as well as the electrical conductivity and the
angular frequency (w). Therefore, the radar wave velocity is highly controlled by this two
variables (Plewes and Hubbard, 2001). The radar wave velocity can be determined in labo-
ratories by measuring the relative permittivity of ice as a function of density and temperature
(Bogorodsky et al., 1985). These results can be applied to all glaciers where the temperature
and density are known, which limits the selection. Another method to retrieve the velocity is
by in situ measurements, more precisely by logging in boreholes, sounding next to boreholes

and measuring the velocity between boreholes (Bogorodsky et al., 1985).

Signal attenuation

By propagating the ice, the signal strength of the radar wave weakens. This attenuation of the
signal is due to scattering effects, dielectric absorption as well as geometrical spreading. The
signal loss per unit distance from the signal source is given by the attenuation coefficient (@)
in dBm™. The attenuation coeflicient is positively related to the radar signal frequency and
dependent on the relative electric permittivity as well as the electric conductivity (Plewes and
Hubbard, 2001).

Scattering is dominated by reflection, refraction as well as diffraction. These processes can
produce unwanted reflections to the receiver which is called noise. The dielectric absorp-
tion includes conduction and relaxation. Conduction describes the transfer of energy into the
material, whereas the relaxation describes the energy loss through the oscillation of water.
Therefore, the dielectric absorption increases in impure ice. The signal attenuation by geo-
metrical spreading is due to an increase of the radar beam width with increasing distance from
the antenna (Plewes and Hubbard, 2001).

Penetration depth

The penetration depth is dependent on the used frequency as well as on the glacier type regime
(Plewes and Hubbard, 2001; Bogorodsky et al., 1985). The lower the frequency is, the higher
the penetration depth is due to the positive relation of the attenuation coefficient and the fre-
quency as described before. On the other hand, a better resolution of the upper layers is
achieved by using a higher frequency (Plewes and Hubbard, 2001). Therefore, Navarro et al.
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(2009) used a low frequency to detect the base of the glacier, whereas a high frequency was
used to detect firn layers.

The temperature difference between the cold thermal regime and the temperate thermal
regime is also characterized by differences in the electric properties as well as the internal
structure (Bogorodsky et al., 1985). Matsuoka et al. (1996) could measure, that the absorption
of electromagnetic wave in warm ice is greater than in cold ice. Furthermore, higher density
contrasts and the liquid water content in temperate glaciers increase the signal attenuation
(Bogorodsky et al., 1985; Conway et al., 2009). Therefore, Conway et al. (2009) used a low
frequency (1-5 MHz) to increase the penetration depth which made it possible to detect the
bottom of temperate glaciers.

2.2.2 Ice thickness observation

Ice thickness observations are the most common application of radar sounding. Due to the
difference in the signal between the ice mass surface and the bottom, the ice thickness can
be determined by subtracting the latter from the ice surface (Plewes and Hubbard, 2001). In
Greenland and Antarctica ice thicknesses of 3-4 km can be observed by radio echo sounding
(Arcone, 2009). Although, in regions with temperated glaciers, a strong reduction of the
penetration depth can be observed due to a high water content. Where a large number of ice
thickness information is available an elevation map of the bed topography can be produced
by interpolation of the data (Bamber et al., 2013). This was done for whole Antarctica by
Fretwell et al. (2013), as well as for Greenland by Bamber et al. (2013). Furthermore, this
helps to estimate the ice volume of these ice masses (Bamber et al., 2013). A detailed map
of the bed topography can also help to find a suitable spot for ice core drilling (Herren et al.,
2013).

2.3 CReSIS and IceBridge missions

2.3.1 Background

In 1991, NASA initiated a polar research project to determine the mass balance of the Green-
land ice sheet (Gogineni et al., 2001). At the beginning only a Ku-band radar altimeter was
used to measure the surface elevation. In 1993, a radar depth sounder was added to the Ku-
band radar altimeter, which was developed at the University of Kansas. As part of the NASA
PARCA project (Program for Regional Climate Assessment), established in 1995, the coher-

ent radar depth sounder was used at extensive aircraft surveys on the Greenland ice sheet
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(Gogineni et al., 2001). In 2005, the National Science Foundation officially established the
Center for Remote Sensing of Ice Sheets (CReSIS) with the University of Kansas as lead in-
stitute (CReSIS, 2013). The aim of CReSIS is to develop new technologies and computer
based models to measure and predict the response of sea level change to the mass balance of
ice sheets in Greenland and Antarctica (CReSIS, 2013).

The CReSIS project includes, beside the University of Kansas as lead institute, six fur-
ther Universities, namely: Elizabeth City State University, Indiana University, University of
Washington, The Pennsylvania State University, Los Alamos National Laboratory, as well as
the Association of Computer and Information Science Engineering Departments at Minor-
ity Institutions. Furthermore, the CReSIS project collaborates with universities and institutes
around the world (CReSIS, 2013).

Since 2010, the Ku-band radar altimeter, the snow radar and the radar depth sounder of CRe-
SIS are used by the IceBridge mission (Studinger et al., 2010). The IceBridge mission was
established by the NASA to fill the observational gap between ICESat and ICESat-2 (Ice,
Cloud and land Elevation Satellite) as the ICESat stopped collecting data in 2009 but the
launch of the ICESat-2 is planned not before 2015 (Studinger et al., 2010). The main goals of
the IceBridge mission are on one hand the airborne laser altimetry to monitor changing areas
of the ice sheets, glaciers as well as the sea ice, and on the other hand the usage of the ice

penetrating radar to map the bed topography of the ice sheets (Koenig et al., 2010).

2.3.2 Observed parameters

For the CReSIS and IceBridge missions three main types of aircrafts were used. For the
early CReSIS missions, the Lockheed P-3B (P-3B) and the Twin Otter (TO) aircrafts were
used. With the beginning of the IceBridge mission the Douglas DC-8 aircraft (DC-8) was
introduced to make high altitude measurements. In 2011, CReSIS installed their instruments
on the TO aircraft of the National Science Foundation (NSF); (Gogineni, 2012b; Zell, H and
Dunbar, B, 2013).

CReSIS developed several radar sensors for different purposes. They are also used for the
IceBridge Missions. The Multichannel Coherent Radar Depth Sounder (MCoRDS) is used
to measure the ice thickness and the bed topography. Furthermore, a snow radar is used to
map near-surface internal layers in polar firn. Therefore, an ultra-sideband radar is installed
on the aircrafts. The snow radar was also used to measure the snow thickness on sea ice. To
map variations in the snow accumulation rate, the accumulation radar is used. Furthermore,
CReSIS developed a wideband radar altimeter to measure high precision surface elevation
over the ice sheets (CReSIS, 2013; Pearce, S and Studinger, M and Hale, G, 2013).
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Figure 2.4: The P-3B aircraft with all the observation systems (Pearce, S and Studinger, M and Hale,
G, 2013).

For the IceBridge missions, several more instruments were installed on the aircrafts. One of
them is the Airborne Topographic Mapper (ATM), developed at NASA Wallops Flight Facility
in Wallops Island, Va. It is a laser altimeter to scan ice surface changes. There are also two
LiDAR (Light detection and ranging) systems used to measure the ice elevation. To measure
the shape of seawater-filled cavities at the edge fast moving glaciers, the gravimeter is used.
The purpose is to estimate the amount of water under ice which helps to better understand the
calving and melting of glaciers. Furthermore, a magnetometer is used to make assumptions
of the properties of bedrock beneath the ice mass. Another important instrument is the KT-19
radiometer which can measure the ice surface temperature. For all these instruments accurate
position information is very important. Therefore several GPS and inertial navigation systems
are installed on the aircrafts (Pearce, S and Studinger, M and Hale, G, 2013). In Figure 2.4 an
overview of the equipped P-3B is given.

The radar data products can be found on the CReSIS webpage (CReSIS, 2013) where the
data is freely available. Furthermore, the radar and all the other data products of the IceBridge
missions are provided by the NSIDC (NSIDC, 2014).
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2.3.3 Campaign overview

Ice thickness observations using the radar depth sounder from the University of Kansas al-
ready started in 1993. But as these missions are not well documented, and therefore, only the

campaigns from 2010 on are described.

Campaign in 2010

In 2010 the IceBridge mission initiated by NASA and supported by CReSIS started their sur-
vey in Greenland. The survey started in March 22 and continued until May 28. During this
period, surface elevation, ice thickness as well as snow thickness data were measured for land-
terminating as well as ocean terminating outlet glaciers. Between March 22 and April 25, high
altitude flights along IceSAT-I flight tracks were conducted with a DC-8 aircraft. Therefore
the aircraft was equipped with radar systems developed by CReSIS, more precisely: the snow
accumulation radar, Ku-band radar as well as the MCoRDS with five bow-tie antennas. Fur-
thermore an ATM was installed on the DC-8 (CReSIS, 2013; Zell, H and Dunbar, B, 2013).

After April 25, survey flights were conducted with the P-3 aircraft. The P-3 flights continued
until May 28. The main focus of this mission was the main Greenland Ice Sheet, but there have
also been some flights over ice caps in the Greenland periphery (CReSIS, 2013; Zell, H and
Dunbar, B, 2013).

Campaign in 2011

In 2011 the IceBridge mission over Greenland continued. The radar systems (MCoRDS, accu-
mulation radar, snow radar) were again provided by CReSIS. Between March 14th and May
19th, survey flights with the P-3 aircraft were conducted. During this mission first flights
over the Canadian Arctic were undertaken. During the mission, over 75’000 miles were flown
which are shown in Figure 2.5 (CReSIS, 2013; Zell, H and Dunbar, B, 2013).

Campaign in 2012

In 2012 the IceBridge mission in cooperation with CReSIS was undertaken between March 12
and May 25. During this time the mission team was stationed in different locations on Green-
land. The survey was again conducted with the P-3 aircraft and the usual radar equipment. In
total, data could be collected during 325 science flight hours. In Figure 2.6 all the flight tracks
from the 2012 campaign are displayed (CReSIS, 2013; Zell, H and Dunbar, B, 2013).
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Figure 2.6: IceBridge flight tracks of the 2012 arctic mission (Zell, H and Dunbar, B, 2013)
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3 Study Area

3.1 Arctic Canada

The Canadian Arctic Archipelago covers about 1’800°000 km? which is almost a fifth of the
total area of Canada (Fig: 3.1). It extends 2500 km from south to north. The northern most
point is Cape Columbia at 83 ° north, which is only about 800 km from the north pole. The
archipelago consists of many thousands islands whereof the Baffin, Victoria and Ellesmere

islands are the largest (Brown, 1972).

GREENLAND

Figure 3.1: Map of the Canadian Arctic Archipelago. a) Location of the Devon Ice Cap. b) Location
of the Barnes Ice Cap (Dowdeswell et al., 2004).
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Climate condition

The climate in the Canadian Arctic Archipelago is dominated by the tundra climate with frost
climate over the main ice caps (Fig: 3.2); (Peel et al., 2007). The tundra climate is defined
through the mean temperature of the warmest month, which is between 0°C and +10 °C for
this climate type. Temperatures are decreasing from south to north (Maxwell, 1981). In the
south of Baffin Island the mean annual air temperature is about —10 °C (Svoboda and Paul,
2009). There is also a temperature trend from east to west of about 3 °C. The precipitation
rate 1s highest on the eastern islands and lowest in the north west. There is also a decrease in
precipitation rate from south to north. The precipitation rates are quite low with the highest
rate of about 500mm per year in the south eastern part of the archipelago. In summer there is
a higher rate of precipitation than in winter (Maxwell, 1981).

Temperature trend analysis for Canada from 1950-1998 show that there is a cooling in the
north east. But there is almost no statistically significant trend for the Canadian Archipelago
(Zhang et al., 2000).
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Figure 3.2: Climate classification of North America (Peel et al., 2007).

Glaciers in the Canadian Arctic

With the cryospheric diagram (Haeberli and Hoelzle, 1995) and the local climate information,
it can be assumed that in the most northern part the cold thermal regime is dominant. In the
central and southern parts of the Canadian Arctic the polythermal regime is present (Irvine-
Fynn et al., 2006; Svoboda and Paul, 2009; Boon et al., 2010).

The Canadian Arctic is in the Randolph Glacier Inventory separated in two regions, namely
the Canadian Arctic North (CAN) and the Canadian Arctic South (CAS). In total there are
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about 9884 glaciers whereof two thirds are in the CAS. On the other hand, the area distribution
is reversed. In the CAS only an area of 40’893 km? is glaciated whereas in the CAN an area of
105139 km? is covered by glaciers and ice caps. The volume shows the same distribution as
the area. The glaciers and ice caps in the CAN have a volume of 34399 + 4699 km® whereas
in the CAS they only have a volume of 9’814 + 1’115 km®. This indicates that the CAN is
dominated by large glaciers and ice caps whereas the CAS has smaller but much more glaciers

and ice caps (Huss and Farinotti, 2012).

3.1.1 Barnes Ice Cap

Barnes Ice Cap is situated in the middle of Baffin Island which belongs to the Nunavut territory
in Canada (Gardner et al., 2012a). It has no access to the ocean and is believed to be a remnant
of the Laurentide ice sheet (Svoboda and Paul, 2009). Barnes Ice Cap is a 5’935 km? large ice
mass (Svoboda and Paul, 2009) with well defined margins and it is almost axially symmetric
(Abdalati et al., 2004). The ice cap is divided into eight catchments (Arendt et al., 2012). In
some parts, mainly in the north east, the ice cap is lake terminating. Due to the land around the
ice cap no complexities, associated with marine boundaries, exist (Abdalati et al., 2004). The
ice cap extends vertically from about 500-600 m.a.s.l up to over 1100 m.a.s.l. (Jacobs et al.,
1993).

The ice cap lies most probably in the polythermal regime (Abdalati et al., 2004) as it is
indicated by the climate condition. The mean annual air temperature is about —10 °C with a
July temperature of about 5 °C. Annual precipitation is between 200 mm to 300 mm whereof
25% as rain (Jacobs et al., 1993). In total, the precipitation is higher on the eastern side of the
ice cap then on the western side (Maxwell, 1981).

Studies on the ice cap started in 1950 when an expedition of the Arctic Institute of North
America went to the south dome (Jacobs et al., 1993). After that few studies in mass balance
observations were made on the ice cap (Gardner et al., 2012a). Abdalati et al. (2004) made a
repeated laser survey of the surface to detect thinning of the ice cap. He observed a general
thinning of the ice cap between 1995 and 2000 with rates between 0.5 and 1.5 meters per year.

3.1.2 Devon Ice Cap

The Devon Ice Cap (Fig: 3.3) is situated on the Devon island which lies south of the Ellesmere
island. It covers an area of about 14’400 km? and is divided into 53 catchments (Arendt et al.,
2012) whereof the largest drainage basin is about 2630 km?. In the south west an ice mass

arm of about 80 km with near stagnant ablating ice extends. The highest point of the ice cap
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Figure 3.3: Devon Ice Cap with elevation information. The contour interval is 200m. (Burgess and
Sharp, 2004)

is 1921 m.a.s.l. (Burgess and Sharp, 2004). Most parts of the ice cap lie on an upland plateau
dissected by steep-sided valleys. In these valleys the major outlet glaciers are located which
control the ice cap drainage (Dowdeswell et al., 2004). The eastern part of the ice cap faces
the North Open Water Polynya (NOWP) and is dominated by large outlet glaciers with a high
mass balance. The northern and southern parts are dominated by smaller tidewater glaciers.
The western part of the ice cap ends entirely on land at elevations between 300 m.a.s.I. to 500
m.a.s.l. (Burgess and Sharp, 2004). Totally 73 km of the ice cap margin ends in tidewater
(Dowdeswell et al., 2004). The volume, excluding the western arm, estimated by Dowdeswell
et al. (2004), is about 3980 km?. Furthermore, Dowdeswell et al. (2004) investigated the flow
of the ice cap, which has small velocity in the center of the ice cap and a 7 to 10 times higher
velocity at the outlet glaciers. Furthermore, the center of the ice cap has a cold thermal regime
whereas the outlet glaciers are warm based. It is also estimated, that the center of the ice cap is
frozen to the ground (Boon et al., 2010) which would explain the slow velocity in the center.
The climate in this region is classified as polar desert due to the very low mean annual
precipitation of about 200 mm. The mean monthly air temperatures are below 0 °C with the
highest mean temperature in July (Boon et al., 2010). The main moisture supply for the ice
cap is from the NOWP. There is a large difference in precipitation between the eastern and
western part of the ice cap. The western part of the ice cap lies in a precipitation shadow with

only halve of the eastern precipitation (Burgess and Sharp, 2004).
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Mass balance studies on Devon Ice Cap already started in the early 1960s (Mair et al., 2005).
Mair et al. (2005) investigated the mass balance between 1963 and 2000 and found out, that
the ice cap lost about 1.6 km?® water per year which is a mean mass balance of about -1.3 meter
Water equivalent per year. Burgess and Sharp (2004) investigated the changes in areal extent
of the Devon Ice Cap between 1960 and 2000. During this period the area decreased about
2.4%. This is mainly to a large decrease of the eastern tidewater glacier which retreated about
1-3 km (Burgess and Sharp, 2004; Dowdeswell et al., 2004). There has also been a detailed
ice thickness and flow study by Dowdeswell et al. (2004) where a ice thickness and ice flow

map was produced.
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4 Data

4.1 IceBridge and CReSIS data

For this Master Thesis the ice thickness data, observed by CReSIS and IceBridge missions, is
used. The data is provided by CReSIS (Gogineni, 2012a) and the NSIDC (Allen, 2010). In
this section the used sensors, the data availability and the data products are described.

4.1.1 System description and data processing

The radar systems, used to measure the ice thickness of the ice sheets, are developed at the
University of Kansas. First ice thickness measurements were taken in 1993 as described in
2.3.1. For this, the Improved Coherent Radar Depth Sounder (ICoRDS) was used which had
a maximum penetration depth of 3.5 km (Bamber et al., 2013; Chuah, 1997). For the usage in
Greenland, the ICoRDS was installed on the P-3 aircraft and it was used until 2002. From 2003
to 2005 the Advanced Coherent Radar Depth Sounder (ACoRDS) was used (Bamber et al.,
2001) which had problems due to a high signal attenuation at outlet glaciers with a temperate
bed (Namburi, 2003). With the foundation of CReSIS in 2005, further development for the
radar depth sounder was made (Lohoefener, 2006). Between 2006 and 2009 the Multi Channel
Radar Depth Sounder (MCRDS) was used to measure the ice thickness (Bamber et al., 2013)
which was also used on the TO and P-3 aircrafts. With the start of the IceBridge mission
in Greenland in 2010 a new radar depth sounder was introduced, namely the Multichannel
Coherent Radar Depth Sounder (MCoRDS); (Bamber et al., 2013). The improvements of
the MCoRDS allow to collect data over a larger range window (Allen et al., 2012). For the
campaigns in 2011 and 2012 the MCoRDS2 sensor was used which is an improved version of
the MCoRDS sensor. The specification of the MCoRDS?2 sensor are listed in Table 4.1.

As the radar depth sounder measures the ice thickness, an echogram has to be made that
shows the surface and bottom of the ice. Therefore, the SAR processor code (CSARP), de-
veloped by CReSIS, is used to generate the data products. Furthermore, the processor code

can perform pulse compression as well as coherent integrations. In the echogram there can
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Table 4.1: MCoRDS2 specification according to Gogineni (2012b) and NSIDC (2014).

Parameter Value
Platform P-3B
Bandwidth 180-230 MHz
Transmittance power 1050 W
Waveform Eight channel chirp generation

2 Wavelength, 3.5 Wavelength and

Aperture 2 Wavelength apertures, baseline
of 6.4m between each aperture

smooth surface: 323m

Cross track resolution
rough surface: 651m

Along track resolution 25m
Depth resolution 4.5m
Dielectric error (€) 1%
Ice thickness error (-T x€)/2

be seen the ice surface, the ice-bedrock interface as well as internal layers in the ice. Such
an echogram shows not yet the actual depth in meters but the travel time of the signal to the
layers. For further processing, the echograms are loaded into a layer tracing program which
was also developed at CReSIS. This program can identify the surface and bottom layers and
the resulting time difference between this layers. With this time difference the ice thickness
can be calculated by multiplying the travel time (#) and the electromagnetic wave velocity in
ice (Vie); (Shi et al., 2010).

4.1.2 Data availability

For this master thesis the L2 ice thickness products of the radar depth sounder are used. These
data products are freely available on the CReSIS ftp-server (CReSIS, 2013) as well as on
the NSIDC server (NSIDC, 2014). On the CReSIS ftp-server the data from 1993 to 2012 is

available whereas the NSIDC server only provides the data from the IceBridge mission from
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2009 to 2012.

CReSIS ftp-server

On the CReSIS ftp-server the data is structured by year, location as well as the used aircraft
e.g. 2011_Greenland_P3. This means that the data is from the 2011 mission in Greenland
flown with the P3 aircraft. Each of these mission folders contain CSARP_LayerData products,
csv files, csv_good files, kml files, kml_good files, images of the flight tracks as well as pdf
files with the flight tracks and the appendant echograms.

NSIDC ftp-server

The main structure on this ftp-server is the sub-division by date e.g. 2009.10.16. There is one
csv-file and one csv.xml-file for each survey day. The file names contain the system informa-
tion, year, month, day as well as the segment number e.g. IRMCR2 _Data_ 20091016_01.csv.
In the file names, there is no information about the location of the survey. Furthermore, the
data files contain all the data points including the points where the ice bottom could not be

detected and therefore no ice thickness information is available.

4.1.3 Data products

For this Master Thesis, only the csv_good data files from the CReSIS ftp-server are used as
they contain all the points with ice thickness informations. Therefore, only this file type is

explained in this section. Furthermore, the PDF-files are explained here.

PDF -files

There is one PDF-file for each segment of the survey. Such a PDF-file contains the whole
flight line of this segment where a single frame is marked in red (Fig: 4.1). For each frame
there is an echogram with the coordinates and the depth (Fig: 4.2). Furthermore, there is a
second echogram where the ice surface and the ice bottom is marked (Fig: 4.3). It is possible
that only the ice surface is detectable but not the ice bottom and therefore no ice thickness

information can be retrieved.
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Figure 4.1: Flight line of the second segment of the flight on Mai 5 in 2011. The Figure in the top left
shows the study area in a larger context. The right Figure shows the segment of the flight line, with the
frame marked in red. The bottom left Figure shows the marked frame (Gogineni, 2012a).
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Figure 4.2: The echogram of the frame marked in Figure 4.1 (Gogineni, 2012a).
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Figure 4.3: The echogram with identified ice surface and ice bottom (Gogineni, 2012a).
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CSV-file content

Each csv-file has the same structure. It contains the latitude, longitude, the UTC-time, thick-

ness, elevation, frame, surface, bottom as well as the quality (Fig: 4.4). The descriptions of

these parameters are as follows (Gogineni, 2012b):

Latitude (deg North): The precision up to six decimal places.
Longitude (deg East): The precision up to six decimal places.

UTC time (s): The UTC time is given in seconds of the day. The full time information

is reported in the frame ID.

Thickness (m): The ice thickness is calculated by subtracting the Surface from the Bot-

tom.
Elevation (m): The elevation is the flight altitude referenced to the WGS-84 ellipsoid.

Frame ID (YYYYMMDDSSFFF): The frame ID consists of the information about the
year (YYYY), month (MM), day(DD), segment number (SS) and the frame number
(FFF).

Surface (m): The parameter Surface is defined as the range from the aircraft to the
ground surface. To get the ground elevation, the parameter Surface has to be subtracted

from the parameter Elevation.

Bottom (m): The parameter Bottom is given as the range from the Elevation of the
aircraft to the ice bottom. A dielectric constant of 3.15 (no firn) is assumed to converting

propagation delay into range.

Quality: The Quality of the ice thickness data in the csv_good file is divided in three
levels. Level 1 indicate a high confidence in the detected ice surface and bottom. Level
2 indicates a medium confidence and level 3 stands for a low confidence in the picking

of the ice surface and bottom.

4.1.4 Data set

Total data set

In total there are 538’750 ice thickness data points available for the Greenland periphery and

the Canadian Arctic. The specific distribution of the data points can be retrieved from Table

4.2.
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Figure 4.4: An extract of a csv_good-file. The ice thickness is in this part zero as it is over the sea
(Gogineni, 2012a).

Table 4.2: Number of the ice thickness data points per region. Compiled by the ice thickness Data
observed by CReSIS and IceBridge (Gogineni, 2012a; Allen, 2010) and the Randolph Glacier Inventory
3.0 (Arendt et al., 2012).

Study Region Number of data points Number of covered catchments
Greenland 155°578 365
Arctic Canada North 319°475 457
Arctic Canada South 63’697 24
Total 538’750 846

The Arctic Canada North (ACN) has the highest number of points and covered catchments.
This could be due to the fact that the survey flights over this region were mainly made on

purpose whereas only few planned flights over the Greenland periphery were made. There
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have only been few flights over the Arctic Canada South (ACS).

Data set for the Barnes Ice Cap

For the Barnes Ice Cap there has only been a survey flight in 2011. During this flight, 54’108
ice thickness data points were collected which are stored in the Data 20110512 _2.csv - file
(Gogineni, 2012a). For the survey flight over the Barnes Ice Cap the MCoRDS2 sensor was
used with the specification given in Table 4.1.

Data set for the Devon Ice Cap

There have been flights over the Devon Ice Cap during three missions, in 1995, 2011 as well
as 2012. Altogether 84’033 ice thickness data points were collected. The data is stored in the
following data sets (Gogineni, 2012a):

e Data 19950530_01.csv (1’677 points)
e Data 20110505 _01.csv (41°243 points)

e Data 20120504_01.csv (41113 points)

During the 1995 mission the ICORDS sensor was used. For the 2011 and 2012 missions
the MCoRDS?2 sensor with the specification in Table 4.1 was used.

4.2 Randolph Glacier Inventory

For the glacier outlines and the areal information, the Randolph Glacier Inventory Version 3.2
is used (Arendt et al., 2012). In February 2012, the first version was released and since then
there have been many improvements e.g. topology error improvements, separation of glacier
complexes into single glaciers, identification of tidewater basins. Furthermore, all the glacier
polygons are checked on their quality (Arendt et al., 2012).

The RGI3.2 is divided in 19 first-order regions which were taken from Radi¢ and Hock
(2010) with some modifications. Furthermore the first-order regions are subdivided into
second-order regions. For this Master Thesis, the first-order regions 3 and 4 are used. Re-
gion 3 is the Arctic Canada North (Fig: 4.5) and region 4 the Arctic Canada South (Fig: 4.6).
The data is available as glacier outline shape files that are georeferenced to the WGS84 datum.
The attribute tables of the glacier polygons contain a RGI-ID, a GLIMS-ID, the survey date,
the coordinates as well as the area. Furthermore, the region order and the glacier type is given
(Arendt et al., 2012).
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Figure 4.5: First order region number Figure 4.6: First order region number
3 of the RGI3.2: Arctic Canada North 4 of the RGI3.2 (bottom left): Arctic
(Arendt et al., 2012). Canada South. (Arendt et al., 2012).

4.3 Elevation information

For the study region, three Digital Elevation Models (DEM) are available: the Canadian
Digital Elevation Data (CDED), the DEM observed by the Advanced Space borne Thermal
Emission and Reflection Radiometer satellite (ASTER-DEM) and the DEM derived from the
Satellite Pour I’Observation de la Terre (SPOT-DEM). The ASTER-DEM is used by Huss
and Farinotti (2012) for their model approach. The ASTER-DEM contains gaps and large
discontinuities especially in the accumulation areas of the ice caps (Huss and Farinotti, 2012;
Gardner et al., 2012b). Also the SPOT-DEM contains errors and discontinuities in the flat
homogeneous accumulation areas of the ice caps (Korona et al., 2009). Therefore, the CDED
is chosen for this study as it is the most continuous DEM without any gaps.

The CDED is based on areal photography from 1961 which is quite old and a certain bias to
more recent DEM’s can be assumed. It is available at scales of 1:50°000 and 1:250°000. The
CDED can be accessed on the Canadian Geospatioal Database (GeoBase, 2014).

The horizontal datum of the CDED is referenced to the North American Datum 1983
(NAD1983). The vertical datum of the CDED is the Canadian Vertical Geodetic Datum 1928
(CVGD28) that is defined as the mean sea level at six tide gauges during the year 1928. The
tide gauges were measured at the Pacific as well as the Atlantic.

For this thesis, the 1:50°000 CDED is used. In this dataset the grid spacing in south di-
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rection always corresponds to 0.75 arc seconds or 23 m. The longitudinal grid spacing is
dependent on the latitude. Canada is separated in three areas to define the longitudinal grid
spacing. The Barnes Ice Cap and the Devon Ice Cap are within the zone B which extends
from 68 °N to 80 °N. Therefore, the longitudinal grid spacing is 1.5 arc seconds or 17 m to 8
m (Government of Canada, 2007).

4.4 Ice thickness distribution of the Devon Ice Cap

For the Devon Ice Cap, Dowdeswell et al. (2004) interpolated an ice thickness distribution
using airborne GPR ice thickness data. Therefore, they used a 10 km regular grid to cover
the whole Devon Ice Cap. Furthermore, they flew along the main outlet glaciers to get a
maximum of coverage. They then thinned out the ice thickness data points with an along
track seven point filter. For the interpolation, they used an own generated Inverse Distance
Weighting (IDW) interpolation algorithm. The resulting ice thickness distribution is given in
a one km grid. This ice thickness distribution, provided by Dowdeswell et al. (2004), is used
to compare the ice thicknesses with the own calculated ice thickness distribution and mean ice
thicknesses of the Devon Ice Cap. As no uncertainty is given in the study from Dowdeswell
et al. (2004), the accuracy is assessed by using the IceBridge & CReSIS airborne GPR ice
thickness observations. The mean deviation is about -14 m with a standard deviation of 90 m.
The Standard Error of Estimate (SEE) is about 91 m. Therefore, the ice thickness distribution
by Dowdeswell et al. (2004) is no absolute certain reference for the comparison with the other
calculated mean ice thicknesses.
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5 Methods

5.1 Ice thickness estimation by interpolation of observed
data

In this section the methodical approach for the interpolation of the CReSIS and IceBridge ice
thickness data is explained. The analysis of the data is made with ArcGIS.

5.1.1 Spatial interpolation methods

For the interpolation two methods are used. On one hand the Kriging algorithm is used that is
a good interpolator for irregularly spaced point data (Dowdeswell et al., 2004). The Kriging
algorithm is a geostatistical local estimation technique that is based on the variogram (Isaaks
and Srivastava, 1989). For the variogram, the sill and range are used for defining geostatistical
spatial correlation. Furthermore the average error in each data point is included by the nugget
(Binder et al., 2009).

On the other hand, the *TopoToRaster’-interpolation ("'TTR’) is applied which is based on
the ANUDEM-algorithm presented by Hutchinson (1989). It was developed to generate hy-
drologically correct terrain models and it yields smooth surfaces. Meister (2010) compared
this method with other interpolation algorithms for complex surface structures. Hence, it
was found out that the "TTR’-interpolation gives good results for complex digital elevation
data. Linsbauer et al. (2012) used the "TTR’- algorithm in the GlabTop model approach for
ice thickness interpolation. The *TTR’-algorithm gives larger ice thickness values then other

interpolation algorithms and a stronger smoothing of the subglacial topography is attained.

Barnes Ice Cap

For the interpolation the data set described in 4.1.4 is used. Furthermore, the RGI polygons of
the catchments of the Barnes Ice Cap are used to define the ice cap margins which are set to

zero meter ice thickness. The catchments of the Barnes Ice Cap are shown in Figure 5.1. In the
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following, only the last five digits of the catchment code are used as catchment identification
name (e.g. 06181 for RGI32-04.06181).
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Figure 5.1: The eight catchments of the Barnes Ice Cap due to the RGI.

The lakes surrounding the ice cap are neglected, as the observed ice thicknesses decrease
to zero at these margins. To reduce the disparity in along and across track spacing of the
data, it is averaged in a 1 km grid (Fig: 5.2) as it was also made by Bamber et al. (2013) for
interpolating the ice thickness data of the Greenland ice sheet. Thus, the data point number
can be reduced to 978. The position of the averaged point is not in the center of the grid
cell. Instead, the averaged coordinates of the observed ice thickness points within a grid cell
are used. Therefore the spacing between the averaged observation points can also be smaller
than one kilometer. To evaluate the interpolation results, control points have to be selected
and for that, two selection methods are applied. The first method is to extract whole flight
lines whereas the second method is to extract specific points out of the whole data set. For
the uncertainty assessment by extracting whole flight tracks, three datasets are generated to
simulate an increasing flight track spacing. To simulate a high track density, only two flight
lines are extracted as control points and therefore, the ControlFlightLine dataset (CFL) is
created (Fig: 5.3). The remaining flight line dataset (FL) is used for the interpolation. For
the second interpolation, a flight track spacing of 20 km is chosen and thus, the FlightLine20
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Figure 5.2: 1 km averaged ice thickness data point marked in red.

(FL20) dataset is created. The remaining flight line dataset, ControlFlightLine20 (CFL20), is
used for the uncertainty assessment. For the last simulation, only two flight tracks are used to
simulate a flight track spacing of > 30 km. For this, the FlightLine30 (FL30) dataset is created.
This flight track spacing might be most representative for the coverage of other ice caps with
ice thickness data in the Canadian Arctic and the Greenland Periphery. For the uncertainty
assessment, the remaining ControlFlightLine30 (CFL30) dataset is used.

For the single point selection, the following criteria should be fulfilled:
e to take points that are regularly distributed over the ice cap
e to take points in the same amount of the CFL dataset

An extraction of every fifth data point is assumed as most appropriate for the uncertainty
assessment. Thus, the ControlPoint5 (CPS5) dataset is created. For the interpolation the re-
maining Point5 (P5) dataset is used.

Table 5.1 shows all the used data sets for interpolation as well as the control point datasets.

After preparing the data sets, the interpolation methods are applied. The Kriging algorithm
is only applied to the P5 dataset. The "TTR’- interpolation on the other hand is applied to all
four datasets (FL, FL.20, FL30, P5). The pixel spacing of the interpolated ice thickness grid is
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Figure 5.3: The flight line distribution over the Barnes Ice Cap with the CFL dataset marked in blue.

set to 1 km as for modeling purposes, the grid cell size should be larger than the maximum ice
thickness (Dowdeswell et al., 2004) which for the Barnes Ice Cap is around 760m. After the
interpolation the mean ice thickness for catchments can be calculated.

For the uncertainty assessment, the mean deviation (k) with its standard deviation (STD)
and the standard error of estimate (SEE) are calculated. The SEE gives the mean deviation of

the estimated value and the observed value.

Table 5.1: The used data sets for the interpolations with the control data subsets.

Data Set Number of Points

FlightLine (FL) 766
ControlFlightLione  (CFL) 212
FlightLine20 (FL20) 500
ControlFlightLine20 (CFL20) 478
FlightLine30 (FL30) 281
ControlFlightLine30 (CFL30) 697
Point5 (P5) 783
ControlPoint5 (CPS) 195
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Devon Ice Cap

For the ice thickness interpolation of the Devon Ice Cap only the 2012 data set is used. The
ice thickness data from 2011 are used as control points. In Figure 5.4 these two datasets are
shown.

The interpolation was made the same way as for the Barnes Ice Cap. Here as well, a 1 km
grid is used for thinning out the data set. The ice thicknesses at the ice cap margins is set to
zero meter. In contrast to the Barnes Ice Cap the Devon Ice Cap has a lot of tidewater glaciers
and therefore, the zero meters margins have to be removed at the glacier- /water contact zones.
Furthermore, the ice thickness interpolation is only made for the eastern part of the ice cap as
the arm to the south west is not covered with any ice thickness observation points.

The interpolation is only made with the *TTR’-algorithm. For the uncertainty assessment
the 2011 data set is used and the mean deviation and the according standard deviation is
calculated. Furthermore, the ice thickness distribution modeled by Dowdeswell et al. (2004)
is used for comparison.

In contrast to the Barnes Ice Cap, the Devon Ics Cap has a complex shape as it is domi-
nated by outlet glaciers and it consists of much more catchments. Therefore, the mean ice

thicknesses and the accuracy analysis is only presented for the following catchments:

e RGI32-04.02436 (02436)
e RGI32-04.02441 (02441)

e RGI32-04.02490 (02490)

The selection of these catchments, that are marked in Figure 5.5, is due to their high cov-
erage with data points for the years 2011 and 2012. Furthermore they represent different
catchment types of ice caps. The 02436 catchment is dominated by a single outlet glacier
which terminates into the ocean. It is characterized by large slope differences and narrow
glacier channels. The 02441 catchment has no outlet glaciers and there are no large slope
differences within an elevation band. The 02490 catchment has two outlet glaciers and also a
good coverage of data points. Most flight tracks are along the flow line of the outlet glaciers

and therefore cover a large number of elevation bins.

5.1.2 Surface characteristics based interpolation

In this section an alternative simple interpolation approach is presented to estimate the mean

ice thickness of a catchment. This interpolation is based on the assumption, that the mean ice
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Figure 5.4: Flight track distribution over the Devon Ice Cap. Blue is the ice thickness data which is
used for the interpolation. The control data points are in red.
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Figure 5.5: The three selected catchments of the Devon Ice Cap.
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thickness of a single elevation bin is given by averaging all mean ice thickness observations of
the IceBridge and CReSIS missions within this elevation bin. By averaging the area weighted
ice thicknesses of the elevation bins, the mean ice thickness of the whole catchment can be
determined. As it is possible, that there is no ice thickness data available for single elevation
bins of a catchment, the mean ice thickness for these specific elevation bins is estimated by ex-
trapolating the existing mean ice thicknesses. The extrapolation is based on a slope-, mean ice
thickness dependency which is given by the mean shear stress equation (Cuffey and Paterson,
2010):

T = pgh * sin(a) 5.1

Where 7 is the basal shear stress, g is the gravity acceleration, 4 is the ice thickness and «

is the surface slope. By changing this equation the ice thickness can be calculated as follows:

h=—t (5.2)
pg * Sina

From this equation it can be seen that the ice thickness is proportional to the slope:

1
sin(a)

h o«

(5.3)

An expected relation of ice thickness and slope can be seen in Figure 5.6.

On the basis of this theoretical background such a slope-, ice thickness dependency can
be made for each catchment by taking the mean ice thickness and the mean slope of each
elevation bin and plotting them against each other. Then a best fit curve has to be estimated
which is used as basis for the extrapolation. Thus, an individual curve for every catchment can

be estimated to assess the ice thickness.

Barnes Ice Cap

The interpolation approach just described (above) is now applied to all eight catchments of
the Barnes Ice Cap (06181 - 06188). Therefore the elevation bin interval has to be defined.
Due to Cuffey and Paterson (2010) and Linsbauer et al. (2012), the surface slope should be
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Figure 5.6: Expected dependency of the ice thickness and the surface slope

averaged over a reference distance, which is about one order of magnitude larger than the
local ice thickness. Therefore, elevation bins of 100 m are chosen, that result in a reference
distance of about 4-9 times the maximum thickness of the catchment. The slope information
can be derived from the CDED. As ice thickness data, again the data set from 2011 is used. As
there is only one data set for the Barnes ice cap available, control points have to be selected
out of this data set (Fig: 5.7). Therefore, whole flight tracks are extracted for each catchment
individually. The control flight tracks where chosen such as there is still a good coverage of
the elevation bins with the remaining flight tracks. For the catchments 06182 and 06184 no
flight tracks were selected as there is only few data. After taking out the control points, the
remaining ice thickness data as well as the slope are averaged for each elevation bin. Now
the slope-, ice thickness dependency can be estimated by using the SPSS statistics program
(Fig: 5.8). The equations of the best fit curves for the catchments are listed in the Table 5.2.
With the estimated best fit curve, the ice thicknesses for the elevation bins with no data can be
calculated. By combining the elevation bins with observed ice thickness data and the elevation
bins with interpolated ice thicknesses, the mean ice thickness of the whole catchment can be
calculated. Therefore, the mean ice thickness of each elevation bin is weighted with the area.
Furthermore, a mean ice thickness is calculated per catchment by using only the modeled
ice thickness data. For the uncertainty assessment of the model, the control points are also
averaged for the elevation bins and thereof the mean deviation and the standard deviation of

the control points can be estimated. To estimate the mean ice thickness of the catchments
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06182 and 06184 a ’global’ slope-, ice thickness dependency is produced by taking the slope

and ice thickness information from all elevation bins from the whole Barnes ice cap.
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Figure 5.7: This figure shows the selected control flight lines (red) for each catchment of the Barnes

Ice Cap.
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Table 5.2: The best fit curve equations for each catchment of the Barnes Ice Cap except for the catch-
ments 06182 and 06184. Furthermore the equation for the ’global’ best fit curve is given. The variable
x stands for the slope.

Catchment best fit curve equation R?

06181 902.766 * 0.7479* 0.86
06183 767.560 % 0.7872* 0.98
06185 634.114 * 0.6903* 0.93
06186 682.082 * 0.6634" 0.62
06187 932.527 % 0.7251* 0.99
06188 851.286 % 0.8145* 0.98
global 806.774 x x~1:0183 0.7

Devon Ice Cap

The above mentioned model approach is as well applied to the ice thickness data of the Devon
Ice Cap but only for the three selected catchments. The three catchments are the same as used
in 5.1.1 for the same reasons. For the elevation and slope information the CDED is used. Here
as well, elevation bins of 100 m are defined which results in a reference distance of about 5
times the maximum ice thickness of the catchment. The ice thickness data set from 2012 is
used for the best curve estimation of the slope-, ice thickness dependency (Tab: 5.3) and the
data set from 2011 is used for the uncertainty assessment. Therefore, no flight tracks have to

be extracted for the uncertainty assessment.

Table 5.3: The best fit curve equations for the three catchments of the Devon Ice Cap. The variable x
stands for the slope.

Catchment best fit curve equation R?

02436 590.858 % 0.9475* 0.13
02441 686.007 % 0.9027* 0.94
02490 710.605 * 0.9239* 0.58
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5.2 Ice thickness estimation with statistically and physically

based models

5.2.1 Volume-Area-Scaling

Volume-Area-Scaling is based on empirical scaling laws that give a direct dependency of the
surface (A) and the volume (V). Normally there are different scaling factors (¢ and ) for

valley glaciers and ice caps (Bahr et al., 1997).

V = cA” (5.4)

Bahr et al. (1997) derived the scaling factors from a physical basis and then used 144 moun-
tain glaciers for calibration. The used glaciers were distributed over most of the northern
hemisphere. Therefore, Bahr et al. (1997) obtained a value of y=1.36 as scaling factor for
valley glaciers and y=1.25 for ice caps. The volume-area scaling yields a mean ice thickness
but not a ice thickness distribution.

There have been attempts by Radi¢ and Hock (2010) and Grinsted (2013) to estimate the
total global ice volume by Volume-Area-Scaling. Therefore, Radi¢ and Hock (2010) used a
combination of scaling factors estimated by Chen and Ohmura (1990) and Bahr et al. (1997)
whereas Grinsted (2013) used their own calibrated factors (Tab: 5.4).

Table 5.4: Volume-Area-Scaling laws used by Radi¢ and Hock (2010) and Grinsted (2013)

Glacier Ice Cap

Radi¢ and Hock (2010)  V =0.0365 « A3V = 0.0538 « A'»
Grinsted (2013) V =00433 « AV =0.0432 % A5

In the study by Grinsted (2013) it is mentioned that applying the ice cap scaling factors to
each catchment of an ice cap individually does not yield the same total ice volume as applying
the factors to the total ice cap area. Thus, for this study, the glacier scaling factors are used
for each individual catchment.The ice cap scaling factors are applied to the whole Barnes Ice

Cap.
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5.2.2 Surface characteristic based model

The model approach by Haeberli and Hoelzle (1995) yields the mean thickness of a glacier but
not an ice thickness distribution over the whole glacier. The mean ice thickness is basically
estimated from the mean slope (@) and the mean basal shear stress (7) along the major flow
line of a glacier. Therefore, basic parameters such as the total length (L) and the maximum
and minimum altitude (H.x , Hmin) are needed. With these parameters, the vertical extent
(AH = Hy,ax - Hpin) as well as the mean slope (@ = arctan[AH / Ly] ) can be calculated. The

mean ice thickness is calculated as follows:

- T
h = i Fogsin@ (5.5

where f is the shape factor, p is the density and g is the acceleration due to gravity. For
glaciers, the shape factor f is determined by the value W which is calculated by divide the
half width of the glacier its thickness. As this value is relatively large for all catchments f can
be assumed as 1 (Cuffey and Paterson, 2010). The basal shear stress can be estimated by the
vertical extent and shear stress relationship based on the study by Haeberli and Hoelzle (1995)

which is given as:

7 =0.005 + 1.598AH — 0.435AH* (5.6)

To apply this model approach to the catchments of the Barnes Ice Cap and Devon Ice Cap,
a flow line per catchment has to be drawn manually to get Ly (Fig: 5.9). Hp.x and Hpy, can
be retrieved from the CDED. Furthermore, the density p of 917 kg/m? is assumed for the
Canadian Arctic (Abdalati et al., 2004).
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Figure 5.9: Manually drawn major flow lines of the catchments of the Barnes Ice Cap.

5.2.3 Mass-turnover and ice flow mechanics based model

The method by Huss and Farinotti (2012) is a physically based approach to calculate ice
thickness distributions for glaciers and ice caps. This method is based on the mass turnover
as well as the ice flow mechanics of a glacier. These parameters are used to calculate the ice
thickness distribution by using Glen’s flow law (Glen, 1955). The main inputs for this model
approach are a DEM and the glacier outlines. The ice thickness 4; for individual elevation

bands is modeled with the following equation:

poo | fra n+2 (5.7)
2A4(T) (F,ipgsina;)"

where n=3 is the exponent of Glen’s flow law, f,; is the factor accounting for basal sliding,
q; 1s the ice flux normalized by glacier width, A¢(T) is the rate factor to the flow law for tem-
perate glaciers, F;; is a valley shape factor, p is the density of ice, g is the acceleration due to
gravity and @; is the mean slope of the individual elevation bin.
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Figure 5.10: Example of an ice thickness distribution grid calculated by Huss and Farinotti (2012).
The example shows the catchment 06181 of the Barnes Ice Cap.

o

Huss and Farinotti (2012) applied this model approach to all glaciers and ice caps around the
world, given by the RGI. For the elevation input the SRTM as well as the ASTER DEMs were
used. The resulting ice thickness distributions for the catchments of the Barnes and Devon Ice
Caps are provided by Huss and Farinotti (2012). In Figure 5.10 an example of a calculated ice
thickness distribution by Huss and Farinotti (2012) is shown.
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6 Results

6.1 Mean ice thicknesses

6.1.1 Mean ice thicknesses by spatial interpolation
Barnes Ice Cap

The method described in subsection 5.1.1 is applied to the Barnes Ice Cap and therefore the
mean ice thicknesses for all the catchments can be calculated. As interpolation methods the
"TTR’- as well as the Kriging-algorithms are applied. The *TTR’-interpolation is applied
to the PS5 as well as the FL datasets which are described in subsection 5.1.1. The Kriging
interpolation is only applied to the P5 dataset. Figure 6.1 shows the resulting ice thickness
distributions for the Barnes Ice Cap. The largest maximum ice thickness is received by the
“TTR’-interpolation with the P5 dataset. With the interpolation of the PS5 dataset with the
Kriging-algorithm, the ice thickness distribution contains large areas with zero ice thicknesses.
Negative ice thicknesses can only be found at the very margin of the ice cap. Furthermore,
some negative ice thickness pixels outside of the ice cap are shown, which is due to a bug
in ArcGIS. Figure 6.2 shows a profile of the Barnes Ice Cap. It can be seen that with the
Kriging-interpolation, the ice thickness decreases rapidly to 0 m within the ice cap. With
the "TTR’-interpolation on the other hand, the ice thickness decreases constantly to ice cap
margin.

From the interpolated ice thickness distributions, the mean ice thicknesses for the catch-
ments can be calculated which are shown in Table 6.1. First, the mean ice thicknesses result-
ing from the P5 dataset are compared. With the Kriging-interpolation, the resulting mean ice
thickness for the whole Barnes Ice Cap is about 324 m, whereas with the "TTR’-interpolation
the mean ice thickness is about eight meters thinner. By looking at the single catchments, it
can be seen, that the mean ice thickness is not in general larger with the Kriging-interpolation.
Only half of the catchments have larger mean ice thicknesses with the Kriging-interpolation
than with the "TTR’-interpolation. As the mean ice thickness of a catchment is weighted by its

area to calculate the overall mean ice thickness, the larger catchments have a higher influence
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Table 6.1: Mean ice thicknesses and the volume for the catchments of the Barnes Ice Cap calculated
by standard interpolation methods. The mean ice thicknesses for the "TTR’-interpolation with the P5
dataset are shown. Furthermore, the mean ice thicknesses derived from the Kriging-interpolation with
the P5 dataset is given. Finally, the mean ice thicknesses derived from the *TTR’-interpolation with the
FL dataset is shown.

"TTR-PS’ Kriging "TTR-FL
Catchment Area Volume h Volume h Volume h

[km?] [km’]  [m] [km’] [m] [km’] [m]

06181 960.80 385.28 401 382.39 398 380.47 396
06182 110.39 33.01 299 32.23 292 32.67 296
06183 123.30 28.73 233 28.60 232 26.51 215
06184 40.96 5.24 128 4.34 106 5.24 128
06185 585.70 166.93 285 173.37 296 158.14 270
06186 220.55 38.38 174 38.82 176 37.71 171
06187 277547  849.29 306  863.17 311 849.29 306
06188 1052.81 37691 358 376.91 358 365.33 347

Total Ice Cap  5869.96  1884.26 321  1899.83 324  1855.56 316

on the overall mean ice thickness than the smaller catchments.

By comparing the P5 and the FL dataset it can be seen, that the overall mean ice thickness
is lowest for the FL dataset with the "TTR’-interpolation. Figure 6.3 shows the hypsometric
distribution of the area, volume as well as the mean ice thickness, interpolated with the FL,
FL20 and FL30 datasets, per elevation bin. The mean ice thickness is constantly increasing
with increasing elevation which is typical for an ice cap. It can be seen, that the ice thickness
is constantly decreasing with decreasing flight line density especially for the elevation bins
between 600 m and 1000 m. This can also be seen in Table 6.2 where the total mean ice
thicknesses, derived from the *TTR’-interpolation of the different datasets, for the Barnes Ice

Cap are shown.
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Figure 6.1: Ice thickness distribution of the Barnes Ice Cap by using the Kriging- and "TTR’-
interpolation and using the P5- and FL-datasets. The isolines of the thickness have an interval of
100 m. In Figure b, the O isoline is the boundary between zero (or negative) ice thickness values and
positive ice thickness values.
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Figure 6.2: A profile of the Barnes Ice Cap, with the ice surface elevation and the bed topography
derived from the spatial interpolation with the *"TTR’-interpolation method (red). Furthermore, the bed
topography with the Kriging-interpolation is shown (black).
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Figure 6.3: The hypsometric distribution of the area, volume as well as the ice thickness for the whole
Barnes Ice Cap. The distribution is based on the interpolation by "TTR’ with the P5 dataset.
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Table 6.2: Total mean ice thicknesses of the Barnes Ice Cap derived from the different ice thickness
distributions calculated with the different methods.

=

Method Volume
[km?] [m]

Kriging-P5 1899.83 324

TTR-P5 1884.26 321
TTR-FL 1855.56 316
TTR-FL20 1690.55 288
TTR-FL30 1473.36 251

Devon Ice Cap

The mean ice thicknesses of the three selected catchments can be derived from the interpo-
lated ice thickness distribution by the "TTR’-interpolation and are shown in Table 6.3. Ad-
ditionally to the own calculated mean ice thicknesses, the mean ice thicknesses derived from
Dowdeswell et al. (2004) are listed. It can be seen, that there are large differences between
these two methods. The *TTR’-interpolation based on the IceBridge data yields for all three
catchments smaller ice thicknesses than the ice thicknesses derived from Dowdeswell et al.
(2004). This underestimation can also be seen in Figure 6.4, where the ice thickness by the
"TTR’-interpolation shows smaller values than the ice thickness calculated by Dowdeswell
et al. (2004). The ice thickness distribution for the whole Devon Ice Cap can be seen in Figure
6.5. There are large regions, where the ice thickness is close to 0 m. Furthermore, it can
be seen that overdeepenings exist at the main outlet glaciers. In Figure 6.6 the hypsometric
distribution of the area, volume as well as the own calculated ice thickness per elevation bin
is shown for the three selected catchments. Furthermore, the mean ice thickness per elevation
bin derived from Dowdeswell et al. (2004) is plotted. It can also be seen, that the ice thick-
nesses from Dowdeswell et al. (2004) are larger for all elevation bins than the own calculated
mean ice thicknesses. The large ice thicknesses at elevations between 200 m.a.s.l. and 500

m.a.s.l. indicate, that there are overdeepenings which are mainly located at the outlet glaciers.
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Table 6.3: The mean ice thicknesses and the volume for the catchments of the Devon Ice Cap calcu-
lated by the *TTR’-interpolation. The used data set is the 2012 data set. Furthermore, the mean ice
thicknesses estimated by Dowdeswell et al. (2004) are included.

"TTR’ Dowdeswell et al. (2004)
Catchment Area Volume h Volume h
[km?] [km’] [m ] [km’] [m ]
02436 764.85 231,0 302 266.17 348
02441 1045.83 281.33 269 399.51 382
02490 2169.06 811.23 374 971.74 448
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Figure 6.4: A profile of the Devon Ice Cap, with the ice surface elevation and the bed topography
derived from the own spatial interpolation with the *"TTR’-algorithm. Furthermore, the bed topography

by Dowdeswell et al. (2004) is shown.
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Figure 6.5: Ice thickness distribution of the Devon Ice Cap estimated by the *"TTR’-interpolation.
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Figure 6.6: Hypsometric distribution of the area, volume as well as the mean ice thickness with el-
evation bins of 100 m over all three selected catchments of the Devon Ice Cap. The red line shows
the mean ice thicknesses derived by the *"TTR’-interpolation whereas the blue line gives the mean ice
thicknesses derived from Dowdeswell et al. (2004).
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6.1.2 Mean ice thicknesses by surface characteristics based interpolation
Barnes Ice Cap

The physically based interpolation is applied to all the catchments of the Barnes Ice Cap.
Therefore, three mean ice thicknesses (Ecomb, Elocal, Eglobal) for each catchment are calcu-
lated. To get the heombs first, the elevation bins with interpolated mean ice thicknesses have
to be added to the elevation bins with observed mean ice thicknesses. By averaging the area
weighted mean ice thicknesses of the elevation bins, the Ecomb can be obtained. The Elooal on the
other hand is obtained by only using the area weighted, ’local’ interpolated, mean ice thick-
nesses of the elevation bins. For the Egloba], only the ’global’ interpolated mean ice thicknesses
are used. The volume is calculated by taking the Ecomb. For the catchments 06182 and 06184
the *global’ interpolation approach was used for the calculation of the ficom, as no “local’ inter-
polation is possible due to a lack of data. By comparing the different mean ice thicknesses in
Table 6.4, it can be seen that the Eglobal is smaller than the Ecomb for five out of eight catchments
. On the other hand, for the catchment 06185, the Eglobal is about 124 m larger than the Beomb.-
The hyoca is closer to the Agomp, as it could be expected. The total mean ice thickness for the
whole Barnes Ice Cap is 354 m for the Ecomb and 306 m for the Eglobal.

In Figure 6.7 the hypsometric distribution of the area, volume as well as the mean ice
thickness, calculated by Ecomb is shown. The mean ice thickness increases with increasing
elevation. The surface characteristics based interpolation shows more abrupt changes between

the elevation bins than the spatial interpolation.
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Figure 6.7: Hypsometric distribution of the area, volume as well as the mean ice thickness per elevation
bin by the surface characteristics based interpolation approach of the Barnes Ice Cap. As ice thickness,
the Acomp 18 used.
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Table 6.4: The mean ice thickness for all catchments of the Barnes Ice Cap by the surface characteristics
based interpolation approach. In the column ’Interpolation’, the specific interpolation method is given.
The ’local’ interpolation is based on the catchment specific slope-, ice thickness relationship. The
"global’ interpolation is based on the slope-, ice thickness relationship of all elevation bins of the
Barnes Ice Cap.

Catchment Interpolation Area Volume Rcomb Elocal Rgiobal

[km’] [km’] [m]  [m]  [m]
06181 local 960.79 438.12 456 430 375
06182 global 110.39 34.55 313 - 217
06183 local 123.29 39.21 318 335 255
06184 global 40.96 9.95 243 - 291
06185 local 585.71 169.86 290 280 414
06186 local 220.55 48.52 220 203 280
06187 local 2775.47 921.46 332 334 285
06188 local 1052.81 419.02 398 435 275
Total Ice Cap 5869.96  2077.97 354 - 306

Devon Ice Cap

For the three selected catchments of the Devon Ice Cap, the same procedure as for the Barnes
Ice Cap is applied but no ’global’ interpolation is done. In Table 6.5 the area, volume as
well as the ftcomb and Elocal are shown. Additionally the mean ice thicknesses derived from
Dowdeswell et al. (2004) are shown. The catchments 02436 and 02490 have for all elevation
bins ice thickness data and therefore no interpolation is needed. On the other hand, mean ice
thicknesses derived from the ’local’ interpolation can be used for comparison. The Beomp and
i_zlocal are larger than the EDOW for the catchments 02436 and 02441. The calculated mean ice
thicknesses for the catchment 02436 is within 52 m. For the catchments 02441 and 02490
the mean thicknesses are within 56 m and 49 m respectively. Thus, a good agreement of the
own calculated mean ice thicknesses with the mean ice thicknesses form Dowdeswell et al.
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Figure 6.8: Hypsometric distribution of the area, volume as well as the mean ice thickness per elevation
bin by the surface characteristics based interpolation approach of the Devon Ice Cap. As ice thickness,
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(2004) 1s achieved. In Figure 6.8 the hypsometric distribution is shown for the three selected
catchments. The red line is derived from the /... It can be seen, that the mean ice thicknesses
of the surface characteristics based interpolation are at lower elevations larger than the mean
ice thicknesses derived from Dowdeswell et al. (2004) which is opposite to the hypsometric

distribution with the spatial interpolation. At the higher elevations the mean ice thicknesses

correlate better.

Table 6.5: The mean ice thickness for the three selected catchments of the Devon Ice Cap by the surface
characteristics based interpolation approach.

Catchment Interpolation Area Volume heomb Elocal EDOW

[km?] [km’] [m ] [m] [m ]
02436 local 764.85 296.00 387 400 348
02441 local 1045.83 434.02 415 438 382
02490 local 2169.06 1028.13 474 425 448
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6.1.3 Mean ice thicknesses calculated with statistically and physically

based model approaches
Barnes Ice Cap

In Table 6.6, the mean ice thicknesses, calculated by the different statistically and physically
based model approaches, are shown. EGrinsted is the mean ice thickness, calculated by the
Volume-Area Scaling approach by Grinsted (2013) with the scaling factors for glaciers. hggy
is as well calculated by the Volume-Area Scaling approach but with the glacier scaling fac-
tors used by Radi¢ and Hock (2010). For applying the Volume-Area Scaling approach to the
whole ice cap, the ice cap scaling factors are used. EH&H is calculated by the surface char-
acteristic based model introduced by Haeberli and Hoelzle (1995). The EH&F is the mean ice
thickness provided by Huss and Farinotti (2012) which is based on a mass-turnover and ice

flow mechanics based model.

Table 6.6: Mean ice thicknesses for the Barnes Ice Cap calculated by the statistically and physically
based models. Additionally, the mean ice thicknesses derived from the *TTR’-interpolation with the P5
dataset are shown.

V-A-Scaling
Catchment Area EGrinSwd i_zR&H EH&H EH&F Emerp
[km’] [m] [m ] [m] [m ]
06181 960.79 317 479 457 500 401
06182 110.39 169 213 248 270 299
06183 123.29 175 222 181 267 233
06184 40.96 127 147 183 259 128
06185 585.71 275 398 344 435 285
06186 220.55 207 276 289 350 174
06187 2775.47 432 714 312 438 306
06188 1052.81 326 496 443 489 358
total ice cap 5869.96 318 471 357 446 321

It can be seen, that there are large differences between the different model approaches. For

the catchment 06181, the difference between the smallest mean ice thickness and the largest
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Figure 6.9: Comparison of the mean ice thicknesses, calculated by the different model approaches, for
all catchments of the Barnes Ice Cap.

is almost a factor of 2. In Figure 6.9, all the modeled mean ice thicknesses are compared
with the own calculated mean ice thicknesses. It can be seen, that most model approaches
overestimate the mean ice thicknesses for the catchments. The model approach by Huss and
Farinotti (2012) yields for most catchments the highest mean ice thicknesses. The other model
approaches show large inhomogeneities between the catchments and no clear trend can be
seen. By comparing the mean ice thicknesses of the whole ice cap, it can be seen, that most
model approaches show a good agreement (Fig: 6.10). The Volume-Area-Scaling approach by
Grinsted (2013) and the surface characteristics based model approach by Haeberli and Hoelzle
(1995) are within the SEE of the own calculated mean ice thickness with the FL dataset. The
Volume-Area-Scaling approach by Radi¢ and Hock (2010) and the approach by Huss and
Farinotti (2012) have a higher deviation than the SEE of the ice thickness obtained by the
interpolation with the FL dataset.
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Figure 6.10: Comparison of the mean ice thicknesses for the whole ice cap, calculated by the different
model and interpolation approaches. The *SCB’ interpolation stands for the surface characteristics
based interpolation. The V-A-Scaling IC stands for the Volume-Area-Scaling approach by using the
ice cap scaling factors. The *SCB’ model stands for the surface characteristics based model approach.

Devon Ice Cap

For the Devon Ice Cap, all the above explained mean ice thicknesses are shown (Tab: 6.7).
Furthermore, the mean ice thicknesses derived from Dowdeswell et al. (2004) are shown to
compare the statistically and physically based models with interpolated mean ice thicknesses
based on observed data. The approaches by Radi¢ and Hock (2010) and Huss and Farinotti
(2012) yield the highest mean ice thicknesses for the catchments. The approach by Grinsted
(2013) yields the smallest mean ice thicknesses. In comparison with the calculated mean
ice thicknesses by Dowdeswell et al. (2004) the approach by Haeberli and Hoelzle (1995)
shows a good agreement except for the catchment 02441. In Figure 6.11 all the modeled
mean ice thicknesses are compared with the mean ice thicknesses, calculated by Dowdeswell
et al. (2004). Most model approaches overestimate the mean ice thicknesses in comparison
with Dowdeswell et al. (2004). The own interpolation with the "TTR’-algorithm displays an
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underestimation.

Table 6.7: Mean ice thicknesses for the Devon Ice Cap estimated by the statistically and physically
based models.

V-A-Scaling
Catchment Area RGrinsted hren hugn ugr Tipow
[km?] [m] [m ] [m] [m ] [m]
2436 764.85 297 440 371 430 348
2441 1045.83 325 495 495 420 382
2490 2169.06 402 651 445 527 448
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Figure 6.11: Comparison of the mean ice thicknesses, calculated by the different model approaches,
for the three selected catchments of the Devon Ice Cap.
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6.2 Uncertainty assessment

6.2.1 Uncertainty of the spatial interpolation methods
Barnes Ice Cap

For the uncertainty assessment of the Kriging- and *"TTR’-interpolations with the PS5 dataset
for the Barnes Ice Cap, the CP5 dataset is used. In Table 6.8, the mean deviation (E), the STD
and the SEE of the different interpolation methods are shown for the whole Barnes Ice Cap.
The Kriging-interpolation has a mean deviation of -2 m which is quite small. The standard de-
viation is 16 m and implies that the Kriging-interpolation has a good accuracy. Furthermore,
the high accuracy is supported with a SEE of 17 m. For the "TTR’-interpolation the mean
deviation is -9 m. Due to a standard deviation of 24 m it can be assumed that the Kriging-
interpolation has a slightly better accuracy than the *TTR’-interpolation. Furthermore, the
“TTR’-interpolation has a SEE of 25 m. In Table 6.9 the uncertainties are listed for every sin-
gle catchment of the Barnes Ice Cap. The SEE is constantly higher for the "TTR’-interpolation
than for the Kriging-interpolation. The mean deviation for the "TTR’-interpolation is for most
catchments negative which implies a certain underestimation of this method. The mean devi-
ations for the catchments of the Kriging-interpolation on the other hand are close around 0 m

except for the catchment 06183.

Table 6.8: Table with the Number of control points (N), the mean deviation (Ah), the standard deviation
(STD) and the Standard Error of Estimate (S EE) for the standard interpolation methods CTTR’ and
Kriging) and the datasets CP5 and CFL for the whole Barnes Ice Cap.

Method Dataset N Ah STD SEE

[m] [m ] [m]

'TTR’  CP5 195 9 24 25
Kriging  CP5 195 -2 16 17
TTR®  CFL 212 -37 62 73

"TTR CFL20 478 =77 80 111

"TTR CFL30 697  -122 82 147

For the TTR-interpolation with the FL dataset, the CFL dataset is used to quantify the
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Table 6.9: Table with number of control points (N) the mean deviation (E), the standard deviation
(S TD) and the Standard Error of Estimate (S EE) for the "TTR’- and Kriging interpolation methods by
using the CP5 and CFL datasets.

TTR-CP5 Kriging-CP5 "TTR’-CFL

Catchment N Ah STD SEE | Ah STD SEE| N Ah STD SEE

[m] [m] [m] | [m] [m] [m] [m] [m]  [m]
06181 30 -4 22 23 | -1 14 15 | 64 -16 46 49
06182 4 3 18 23 3 18 23
06183 6 -36 26 53 | -18 20 31 |21 -69 60 96
06184
06185 19 -8 29 31 2 18 18 | 40 -56 68 90
06186 7 -7 27 31 3 19 22
06187 91 -10 24 26 | 4 17 17 |33 -4 30 30
06188 38 -7 20 2 | 2 15 15 |52 -56 74 94

uncertainty. For the whole Barnes Ice Cap, the mean deviation is -37 m with a standard
deviation of 62 m. The SEE is with 73 m much higher than for the interpolations with the P5
dataset. By looking at the catchments it can be seen that all catchments show larger standard
error of estimates for the interpolation with the FL dataset than with the P5 dataset. The
sensitivity of the uncertainty with changing flight track spacing is also shown in Table 6.8. The
mean deviation increases with increasing flight track spacing from —37 + 62 m to —122 + 82
m. The highly negative mean deviation indicates a strong underestimation of the mean ice

thickness.

Devon Ice Cap

For the uncertainty assessment of the "TTR’-interpolation for the three selected catchments
of the Devon Ice Cap, the dataset from 2011 is used as control dataset. Furthermore, the
ice thickness distribution made by Dowdeswell et al. (2004) is used for the validation of the
“TTR’-interpolation. In Table 6.10 the main accuracy values are shown. The catchment 02441
shows the highest accuracy with a mean deviation of —3 + 14 m. The other two catchments
have a higher standard deviation as well as a higher standard error of estimate. The negative

mean deviation indicates an underestimation of the mean ice thickness for these catchments.
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Table 6.10: Table with the mean deviation (E), the standard deviation (S 7 D) and the Standard Error
of Estimate (S EE) of the "TTR’-interpolation for the three selected catchments of the Devon Ice Cap
by using on one hand the 2011 dataset for the uncertainty assessment and on the other hand the ice
thickness distribution by Dowdeswell et al. (2004).

Control Points Control Dow
Catchment N Ak STD SEE N Ah  STD SEE

[m] [m ] [m] [m] [m ] [m]
02436 87 -3 53 54 722 -42 94 54
02441 53 -3 14 14 1046 -113 84 14
02490 211 -29 74 80 2150 -74 102 126

For the validation of the own interpolated ice thickness distribution by the ice thickness distri-
bution made by Dowdeswell et al. (2004), the ice thickness values for each raster cell of both
ice thickness distributions are taken and the mean deviation (A_h), the STD and the SEE are cal-
culated and also shown in Table 6.10. It can be seen, that the values for the mean deviation are
much higher than the mean deviations received with the 2011 control point dataset. The mean
deviations are all highly negative which indicates that the "TTR’-interpolation underestimates
the ice thicknesses. This underestimation can also be seen in Figure 6.12 where the ice thick-
nesses by Dowdeswell et al. (2004) are compared with the spatial interpolated ice thicknesses.
Furthermore, the standard deviation shows large values which indicates, that the uncertainty is
quite high for the "TTR’-interpolation. The catchment 02441 shows a higher mean deviation
and STD for the uncertainty assessment using the ice thicknesses by Dowdeswell et al. (2004)
than using the 2011 control data set. The small mean deviation and standard deviation with the
2011 control data set for the catchment 02441 can be explained as the flight line tracks for the
IceBridge mission years 2011 and 2012 are almost identical and therefore the control points
are not really independent from the observation points. Thus, the high accuracy obtained with
the 2011 control dataset misleading. The high underestimation of the ice thickness might be

due to the low flight track density for these catchments.
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Figure 6.12: Comparison between the ice thickness distribution by the *TTR’-interpolation and the ice
thickness distribution made by Dowdeswell et al. (2004). Each cross indicates a single raster cell.

6.2.2 Uncertainty of the surface characteristics based interpolation
Barnes Ice Cap

For the uncertainty assessment of the surface characteristics based interpolation of the Barnes
Ice Cap, selected flight lines of each catchment are used as control points. Therefore, it is
possible to assess the accuracy of the observed mean ice thickness of the elevation bins as
well as the accuracy of the interpolated mean ice thicknesses of the elevation bins. In Table
6.11 the accuracy values of the observed mean ice thicknesses of the elevation bins are shown.
The mean deviation of 1 m is achieved for all the control points of the Barnes Ice Cap. Al-
though, the standard deviation of about 60 m is quite high. In Figure 6.13a, the correlation
of the observed mean ice thicknesses and the control mean ice thicknesses is shown for all
the elevation bins of the Barnes Ice Cap. The correlation with an R? of 0.9 is very high. By
looking at the single catchments, it can be seen that there are large differences according to
the mean deviation as well as the standard deviation. The mean deviation varies from -52 m
to 54 m. The catchment 06187 has with -52 m a large mean deviation although the flight track
density for this catchment is quite high. Thus, the selection of one flight line as control data
set might be too small and for further studies, a larger control point data set might be more

appropriate.
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Table 6.11: Table with the number of control points (N), the mean deviation (E), the standard devia-
tion (S 7 D) and the Standard Error of Estimate (S EE) for the observed and the interpolated mean ice

thicknesses for the elevation bins of the catchments of the Barnes Ice Cap

observed interpolated

Catchment N Ah  STD SEE | Ah  STD  SEE

[m] [m ] [m] [m] [m ] [m]
06181 5 15 57 68 -13 60 72
06183 3 54 20 98 72 12 88
06185 6 8 81 91 2 69 77
06186 3 40 54 103 17 40 64
06187 7 -52 57 87 -43 64 86
06188 9 -1 37 60 19 72 80
all catchments 33 1 60 61 -14 126 129
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Figure 6.13: Correlation between the control mean ice thicknesses and the observed mean ice thick-
nesses (a) of the elevation bins. In Figure (b), the correlation between the control mean ice thicknesses
and the interpolated mean ice thicknesses of the elevation bins is shown.

In Table 6.11 also the the accuracy of the interpolated mean ice thicknesses of the elevation
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bins with the ’local’ interpolation approach for each catchment as well as for the ’global’
interpolation approach is shown. With the ’global’ interpolation approach, a mean deviation
of about -14 m with a standard deviation of 126 m is obtained. The mean deviations of
the ’local’ interpolation approaches for the catchments are in-between -43 m and 72 m with
the according standard deviations of 12 m to 72 m. Furthermore, the SEE for the ’local’
interpolation approach is quite constant with values in between 64 m to 88 m. The ’global’
interpolation approach on the other hand has a SEE of about 129 m which shows a high
uncertainty for this method. Although, the uncertainties have to be taken with caution, as the
number of control mean ice thicknesses is quite small for the catchments. In Figure 6.13b, the
correlation between the control mean ice thicknesses and the interpolated mean ice thicknesses
is shown, which is very high with an R? of 0.94. By using the ’global’ interpolation approach

for all elevation bins of the Barnes Ice Cap, an R? of 0.67 is achieved.

Devon Ice Cap

For the uncertainty assessment of the surface characteristics based interpolation approach for
the three selected catchments of the Devon Ice Cap, the dataset from 2011 is used. Thus, the
accuracy of the observed mean ice thicknesses and the interpolated mean ice thicknesses per
elevation bin can be assessed (Tab: 6.12).

The mean deviation of the observed mean ice thicknesses for all control points of all three
catchments is 28 m with a standard deviation of 93 m. The single catchments show large
differences between each other. The catchment 02441 for example has a mean deviation of -2
m with a standard deviation of 11 m. The other two catchments have a mean deviation of 8.5 m
+ 103 m and -64 m = 108 m respectively. The high accuracy for the catchment 02441 is again
not very significant as the control points are very close to the observed mean ice thicknesses.
By comparing the observed mean ice thicknesses with the mean ice thicknesses derived from
Dowdeswell et al. (2004) of all elevation bins, it can be seen that the correlation is low with
an R? of 0.52 (Fig: 6.14a). This can be explained with the complex forms of the catchments
02436 and 02490 where the correlation with the validation data is low.

In Table 6.12 the uncertainties are shown for the interpolated mean ice thicknesses for the
different catchments. The mean deviation for all catchments is 16 m with a standard deviation
of 89 m. The correlation between the interpolated mean ice thicknesses and the mean ice thick-
nesses derived from Dowdeswell et al. (2004) is with an R? of 0.83 quite high (Fig: 6.14b).
This is a better correlation than by comparing the mean ice thicknesses from Dowdeswell et al.
(2004) with the observed mean ice thicknesses. Thus, the /..y might have a higher accuracy
than the Ecomb.
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Table 6.12: Table with the mean deviation (E), the standard deviation (S 7 D) and the Standard Error
of Estimate (S EE) for the observed and interpolated mean ice thicknesses for the elevation bins of the
catchments of the Devon Ice Cap

observed interpolated
Catchment N Ah STD SEE | Ah  STD  SEE
[m] [m ] [m] [m] [m ] [m]

02436 12 8.5 103 109 19 60 66
02441 13 -2 11 12 1 55 58
02490 17 64 108 131 26 123 130
all three catchments 42 28 92 98 16 89 92
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Figure 6.14: Correlation between the control mean ice thicknesses and the observed mean ice thick-
nesses (a) as well as the correlation between the control mean ice thicknesses and the interpolated mean
ice thicknesses (b) of the elevation bins of the Devon Ice Cap.
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6.2.3 Uncertainty of the mass-turnover and ice flow mechanics based

model

Additionally to the uncertainty assessments of the own calculated mean ice thicknesses, the
uncertainty of the ice thickness distribution by Huss and Farinotti (2012) is assessed. There-
fore, a direct comparison between the observed mean ice thicknesses and the calculated ice
thicknesses per data point is made. In Figure 6.15 this comparison is shown for both ice caps.
For the Barnes Ice Cap, an R? of 0.1 is received. For the Devon Ice Cap even a smaller R?
of 0.004 is obtained. Also the SEE for both ice caps is very high with about 180 m for the
Barnes Ice Caps and 210 m for the Devon Ice Cap. For the Barnes Ice Cap, this SEE is almost
50 % of the total mean ice thickness. The mean deviation for the Barnes Ice Cap is about
74 + 164 m which indicates an overestimation of the ice thickness. Also the Devon Ice Cap
has a positive mean deviation of about 68 + 199 m. Furthermore, a profile of the Barnes Ice
Cap is shown where the bed topographies, observed by IceBridge and calculated by Huss and
Farinotti (2012), are compared (Fig: 6.16). It can be seen, that the calculated bed topography
shows at catchment borders large jumps of the ice thickness. Furthermore, the ice thickness

close to the margins show a large overestimation.
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Figure 6.15: Comparison of the local, airborne GPR based ice thicknesses with the calculated ice
thickness by Huss and Farinotti (2012) for the Barnes Ice Cap (a) and the Devon Ice Cap (b).
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7 Discussion

7.1 Performance of the spatial interpolation methods

7.1.1 Interpolation algorithm

For the Barnes Ice Cap, the Kriging- as well as the "TTR’-interpolations are applied. The
Kriging-interpolation is chosen as it is assumed to be a good interpolator for irregularly spaced
point data. It is used by Bamber et al. (2013) for the interpolation of the ice thickness data in
Greenland, where good results were achieved.

The ice thickness distribution of the Barnes Ice Cap, calculated by the Kriging-interpolation,
contains large areas with zero ice thickness and even some small parts at the margin with neg-
ative ice thicknesses. Thus, the Kriging-inteprolation is assumed to be unfitting for this study.
Also other studies had problems by applying the Kriging-inteprolation on GPR based ice
thickness data. Dowdeswell et al. (2004) dismissed the Kriging-interpolation due to dissatis-
fying results. Fischer (2009) used also the Kriging-interpolation for ice thickness estimation
of the Schaufelferner glacier where she got negative results in regions with no data points.
Meister (2010) investigated the suitability of different interpolation methods for bed topog-
raphy interpolation. Thereby, the Kriging-algorithm was only used for the interpolation of
simple topographic forms but not for complex topographic features. Thus, this interpolation
approach is not very useful for interpolation of complex structures with only a sparse data
point distribution available. Although, with a certain improvement as it is done by Binder
et al. (2009), the Kriging-interpolation yields good results.

On the other hand, the "TTR’-interpolation yields ice thicknesses for the whole ice cap with-
out any regions with zero ice thickness. Furthermore, also good results were achieved in the
study of Meister (2010) for the interpolation of complex elevation features. This interpolation
algorithm is also applied by Linsbauer et al. (2012) for the GlapTop model for ice thickness
estimations, where good results were obtained. In this study, the "TTR’-interpolation tends to
give a small underestimation due to the negative mean deviations of the control points. Also

Meister (2010) got in her study a certain underestimation of the ice thicknesses by using the
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"TTR’-interpolation approach.

7.1.2 Uncertainty assessment

The uncertainty assessment for the Barnes Ice Cap, by extracting whole flight lines of the
used dataset, shows large uncertainties for the "TTR’-interpolation. As the uncertainty of
the interpolation increases with increasing distance from the observation point (Bamber et al.,
2013), the larger uncertainty for the method with extracting flight lines can partly be explained.

With the uncertainty assessment by extracting single control points within the flight lines
(CP5 dataset), the mean deviation as well as its standard deviation are smaller than by extract-
ing whole flight lines. This can be explained as the distances from the observation point to the
control point is smaller and therefore, the interpolation has a higher accuracy (Bamber et al.,
2013). This high accuracy with the CP5 dataset implies that the chosen control points might
not be totally independent from the used P5 dataset. Therefore, the accuracy of the uncertainty
assessment by extracting whole flight lines is more realistic as for most ice caps and glaciers
no optimal flight line distribution is available but still mean ice thicknesses were calculated
(e.g. Fischer (2009)).

7.1.3 Point density and flight line distribution
Along track point density

An important factor for the interpolation is the along track point density of the data. The
used data has an along track sampling rate of 15 m (Gogineni, 2012b). Such a high point
density along the flight track line can lead to a directional bias along the flight lines (Lythe
and Vaughan, 2001). Therefore, an averaging to a 1 km grid of the observation grid is made to
reduce the disparity of the along as well as the across track spacing of the observation data and
prevent the formation of biases along the flight tracks (Bamber et al., 2013). This technique
was applied by Bamber et al. (2013) for interpolating the ice thickness data of the Greenland
Ice Sheet. In this study, the interpolated ice thickness distributions of the Barnes Ice Caps and
the Devon Ice Cap show certain biases along the flight tracks although a reduction of the point
density is done. The bias can be seen especially at flight tracks with a large spacing to other
flight tracks. Thus, an interpolation of single flight lines produce a certain directional bias
along the flight tracks. Another method for a point density reduction would be a point filter,
as it was applied by Lythe and Vaughan (2001) and Dowdeswell et al. (2004). They used a
seven point filter for reducing the GPR based ice thickness data. Although, the ice thickness
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data used by Lythe and Vaughan (2001) has an along track spacing of about 1 - 2 km and is
therefore much higher than the along track spacing of the data used for this study. Hence,
the application of the seven point filter to this dataset would still lead to a high density of the
along track spacing and therefore the 1 km grid is assumed to be more suitable for this study.
Although, for a further reduction of the along track point density, an increase in the averaging

grid could be taken into account.

Flight track density and distribution

The flight track distribution is another factor that influences the interpolation results. The
flight track distribution for the Barnes Ice Cap is quite regularly. The across track spacing
of the flight tracks for the main axis of the ice cap (northwest to southeast) is about 10 km.
On the other hand, only three flight tracks perpendicular to the main ice cap axis exist which
can be seen in Figure 5.3. The profile of the Barnes Ice Cap (Fig: 6.2) shows small v-shaped
valleys with ’hills’ in-between. Each valley indicates the crossing with a flight track, where
the ice thickness is highest. The ’hills’ indicate the interpolated ice thicknesses and therefore
it can be assumed that the interpolated ice thicknesses are a bit underestimated. Thus, a higher
density of flight tracks perpendicular to the main axis of the Barnes Ice Cap might help to
reduce these underestimations.

In the study from Dowdeswell et al. (2004) a flight track spacing of 10 km is used for the
spatial interpolation of the ice thickness of the Devon Ice Cap. In contrast to the coverage of
the Barnes Ice Cap, a regular grid which covered the whole Devon Ice Cap was available in the
study by Dowdeswell et al. (2004). Additionally to this 10 km grid, flight tracks were flown
along the main outlet glaciers to get a maximum coverage. Although, Dowdeswell et al. (2004)
had a regular flight tack distribution for the Devon Ice Cap, an underestimation of the ice
thickness can still be observed. Morlighem et al. (2013) studied the effect of flight line spacing
on the spatial resolution of the bed topography. For this, a flight track spacing of 5 km, 2.5
km and 500 m was used. It could be shown, that the spatial resolution of the bed topography
can be increased with a lower flight track spacing. Thus, a lower flight track spacing for the
Barnes Ice Cap and the Devon Ice Cap would help to get more accurate mean ice thicknesses.
Although, Morlighem et al. (2013) mentions that a low flight track spacing is difficult to fly
and it is more costly too. Therefore, the cost benefit ratio has to be taken into account for
future airborne GPR observations. Another method to improve the spatial resolution of the ice
thickness is the Mass Conservation (MC) approach which is used by Bamber et al. (2013) and
Morlighem et al. (2013). The MC combines ice thickness with ice velocity and therefore an

ice thickness distribution can be calculated which fulfills the continuity equation (Morlighem
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et al., 2013). The MC approach allows a higher spatial resolution for a large flight track
spacing than it would be possible with simple interpolation. This method could be a good
alternative to a higher flight track spacing and it is also less costly than reducing the flight
track spacing.

For most ice caps in the Canadian Arctic, this flight track density is not achieved. Thus,
the effect of flight track reduction on the mean ice thickness and its uncertainty is tested on
the Barnes Ice Cap. Therefore, the flight tack spacing was constantly increased. The original
flight track spacing is about 10 km. In further steps, the flight track spacing was increased to
20 km and larger than 30 km. With an increasing flight track spacing the mean ice thickness
decreases and the uncertainty increases.

The effect of a small flight track spacing is also tested on the Devon Ice Cap where no
flight track grid is existent but just some flight lines along the main outlet glaciers. From
the profile of the Devon Ice Cap (Fig: 6.4), it can be seen that only in the middle, where
the IceBridge flight track is, the "TTR’-interpolated ice thickness and the interpolated ice
thickness by Dowdeswell et al. (2004) are almost identical. On both sides of the flight track,
the *TTR’-interpolated ice thickness with the IceBridge data shows a large underestimation
in comparison to the ice thickness derived from Dowdeswell et al. (2004). This could be due
to an almost linear reduction of the ice thickness to the margins with the "TTR’-algorithm.
Furthermore, the Devon Ice Cap has an irregular flight track density which gives an irregular
uncertainty over the whole ice cap. The accuracy is higher in regions with a higher flight track
density. This supports the requirement of a regular flight track grid to get good results for ice

caps.

7.2 Performance of the surface characteristics based

interpolation method

7.2.1 Elevation information

For the surface characteristics based interpolation method, the definition of the elevation bins
is an important step as it defines the number of elevation bins as well as its area. Furthermore,
the slope is needed to get the slope-, ice thickness dependency for the interpolation. To get
the slope, a Digital Elevation Model is needed. For this study, the CDED is chosen as it is
freely available and it has a continuous surface. On the other hand, the CDED is based on
areal photography from 1961 which is quite old and a certain bias to more recent DEM’s
can be assumed (Abdalati et al., 2004). The CDED shows most likely an overestimation
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in comparison with more recent DEM’s due to the ice melting since 1961. Abdalati et al.
(2004) observed an ice thickness thinning between 1995 and 2000 with rates of 0.5 to 1.5
meters per year. Also Gardner et al. (2012a) determined a significant reduction of the elevation
of the Barnes Ice Cap. Thus, the derived slope information might not agree well with the
current slope characteristics of the Barnes Ice Cap. Therefore, the combination of this slope
information with the new ice thickness data might lead to some discrepancies in the slope-, ice
thickness dependency which is used for this model approach. With more recent DEM’s this
slope-, ice thickness dependency could be improved. Although, the already existing ASTER-
DEM and SPOT-DEM show high uncertainties especially in the accumulation area of ice caps
(Korona et al., 2009) and therefore, they are also not very useful for the elevation bin definition

and slope calculation.

7.2.2 Representativity of the observed mean ice thickness for elevation
bins

The main purpose of this subsection is to evaluate the representativity of the observed mean ice
thickness for a whole elevation bin. For the Barnes Ice Cap, the observed mean ice thickness
per elevation bin shows a good correlation with the control mean ice thickness per elevation
bin. This is due to the high coverage of data and the simple shape of the catchments. It can
be assumed, that a simple shape of an elevation bin has a smaller slope heterogeneity and
therefore, the ice thickness differences are smaller. Furthermore, the horizontal extent of an
elevation bin has influence on the representativity. The wider an elevation bin is, the higher
is the heterogeneity of the ice thickness within an elevation bin and therefore the worse the
representativity. As the horizontal extent of the elevation bin increases to the ice cap margin,
the higher must be the coverage with data to get a good representativity. Thus, in catchments
where only one flight track exists along the flow line of the catchment, the discrepancies
between the observed mean ice thickness and the actual mean ice thickness increase at smaller
ice thicknesses. A complex form of a catchment leads to complex elevation bin shapes. Thus,
a higher data coverage is needed to reproduce the actual mean ice thickness of an elevation
bin. This can be seen at the Devon Ice Cap, where most catchments have a very complex
shape. As most flight lines are along the main outlet glaciers, there is no good coverage of the
elevation bins and therefore the discrepancies between the observed mean ice thicknesses and
the actual mean ice thicknesses increases.

The estimation of the mean ice thickness for an elevation bin, based on the mean of single

data points, is very critical as the data has no normal distribution over the elevation bin. Thus,
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the mean ice thickness by averaging the observed ice thicknesses are highly dependent on the
local characteristics of the ice thickness and do not represent well the ice thickness charac-
teristics of the whole elevation bin. Therefore, the resulting mean ice thicknesses have to be

taken with caution.

7.2.3 Representativity of the interpolated mean ice thickness for

elevation bins

For the interpolation of the mean ice thickness to elevation bins without any ice thickness
data, a slope-, ice thickness dependency is used. Hence, a best fit curve can be estimated that
can be used for the interpolation of the ice thicknesses. Due to Equation 5.3, the dependency
of the two variables should yield a power law function. Although, the best fit curve for the
single catchments yield an exponential best fit curve. The ’global’ model actually yields a
power law function which could be expected. Therefore, a possibility would be to force the
best fit curve for the single catchments also to a power law function. Although, the power law
function leads to very large changes in ice thickness by only small changes of small slopes.
Thus, the maximum ice thickness of the catchment can be exceeded by the interpolated mean
ice thickness. Therefore, for the ’local’ interpolation approach, the exponential best fit curve
is used as it represents the local slope-, ice thickness dependency best.

A good slope-, ice thickness dependency can only be obtained when a certain number of
elevation bins contain ice thickness information. For example the catchment 06184 of the
Barnes Ice Cap, has only ice thickness data for the upper-most elevation bins and therefore,
no slope-, ice thickness dependency can be made. Thus, a flight track along the flow line of a
catchment would be most preferable to achieve a data coverage of as many elevation bins as
possible.

The best fit curve has a certain smoothing effect on the interpolated mean ice thicknesses.
It eliminates the large outliers. Thus, the ice thickness characteristics of complex elevation
bins might be better represented with the best fit curve. This can be seen at the example
of the Devon Ice Cap where a low correlation between the slope and the observed mean ice
thickness exist for the catchments with a complex shape. By comparing the observed mean
ice thicknesses with the mean ice thicknesses derived from Dowdeswell et al. (2004), also a
very low correlation ban be observed. By applying the ’local’ best fit curve, the interpolated
mean ice thicknesses of the elevation bins and the mean ice thicknesses by Dowdeswell et al.
(2004) show a higher correlation which could be due to the smoothing effect. But, this strong

smoothing effect is not recommended, as the calculated mean ice thicknesses get too modified

73



and therefore, the signal of the original data gets lost.

7.3 Performance of statistically and physically based models

7.3.1 Volume-Area Scaling

The main difficulty of the Volume-Area scaling for catchments is the right choice of the scaling
factors. This is especially important by applying the Volume-Area scaling approach on a
global glacier area database such as the RGI, where in some regions the ice caps are divided
in single catchments. This difficulty is also mentioned in the study by Grinsted (2013) where
a 70 % to 80 % greater volume was achieved by applying the ice cap scaling factor on whole
glacier complexes rather than on single catchments. For the Barnes Ice Cap, only a 30 %
greater volume is achieved by applying the ice cap scaling factors on the total ice cap than
on the single catchments. Applying the ice cap scaling factors on single catchments is not
very accurate as the scaling factors are calibrated with whole ice caps. For the calibration of
the ice cap scaling factors, Grinsted (2013) used 34 ice caps that were collected by Cogley
(2012). On the other hand, the scaling factors for glaciers should also not be applied on ice
cap catchments as they are calibrated with alpine glaciers which have a different characteristic
than ice cap catchments. For the Barnes Ice Cap, the application of the ice cap scaling factors,
from Grinsted (2013) and Radi¢ and Hock (2010), lead to an underestimation of the mean
ice thicknesses in comparison with the own calculated mean ice thicknesses, as it could be
expected. Applying the glacier scaling factors from Grinsted (2013) to the single catchments
still lead to an underestimation of the mean ice thicknesses. On the other hand, the glacier
scaling factors of Radi¢ and Hock (2010) yield an overestimation of the mean ice thicknesses
of the catchments in comparison with the mean ice thicknesses calculated with the spatial
interpolation. Thus, no accurate scaling factors for single catchments of ice caps exist. By
applying the ice cap scaling factors of Grinsted (2013) to the total area of the Barnes Ice Cap,
the obtained mean ice thickness is within the SEE of the own calculated mean ice thickness.
Although, an application of the ice cap scaling factor on whole ice caps would require that
the ice caps are not divided into single catchments which is not given for the RGI3.2 (Arendt
etal., 2012).

7.3.2 Surface characteristics based model

The total mean ice thickness of the Barnes Ice Cap, calculated with the surface characteris-

tics based model approach by Haeberli and Hoelzle (1995), shows a good agreement with the
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mean ice thickness calculated with the spatial interpolation. Although, for the single catch-
ments, certain discrepancies to the interpolated mean ice thicknesses can be observed. The
good agreement of this method with the spatial interpolation is quite surprising, as this model
approach is not made for mean ice thickness estimations of ice caps. The equation by Haeberli
and Hoelzle (1995), for deriving the shear stress along the major flow line, is based on alpine
glaciers. Thus, the shear stresses for ice caps might be slightly different. A calibration with
ice cap data might help to improve the mean ice thickness estimation for ice caps with this
method.

The main difficulty of the application of the original model approach on ice caps is the
digitalization of the flow lines. As a catchment can have a very large areal distribution with
no main flow direction, it is difficult to draw a major flow line and it is very subjective. As
the CDED is available for the study region, the mean slope of a catchment can be derived
directly from the CDED and then be used to calculate the mean ice thickness. Therefore, no
flow lines are needed and thus the slope estimation is less subjective. Although, the resulting
mean ice thicknesses are about 40 % to 73 % smaller than the mean ice thicknesses calculated
with the slope along the flow line. Linsbauer et al. (2012) also derived the mean slope from
a DEM for modeling mean ice thicknesses with a method based on the approach by Haeberli
and Hoelzle (1995). Although, a smoothing filter was applied on the DEM to reduce the small
scale structures which could influence the slope (Paul and Linsbauer, 2012). Thus, also the
mean slope derived from the CDED could be improved by applying a filter.

For the Canadian Arctic, it is better to use the original approach by using a major flow line
for the mean slope estimation than deriving the mean slope from the CDED. But for other
regions, where better DEM’s might be available, the approach by deriving the mean slope

from the DEM could be an option.

7.3.3 Mass-turnover and ice flow mechanics based model

The model approach by Huss and Farinotti (2012) is the most complex one of the used model
approaches in this study. For glaciers, this method yields quite good results as it was shown in
the study by Huss and Farinotti (2012). For ice caps on the other hand, the performance of this
method is difficult to judge due to only few validation data. Furthermore, it is assumed that the
ice thickness distribution for ice caps, calculated with this method, has not the same accuracy
as it is the case for glaciers (Huss and Farinotti, 2012). The comparison of the observed ice
thickness data with the calculated ice thickness data by Huss and Farinotti (2012), shown in
subsection 6.2.3, supports the above mentioned assumption as a very low correlation between

the observed and calculated ice thicknesses exist. Furthermore, for both ice caps, a certain
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overestimation of the ice thicknesses can be seen. This overestimation could also be seen by
comparing the own calculated mean ice thicknesses with the mean ice thicknesses calculated
by Huss and Farinotti (2012) for the single catchments and also for the whole ice cap. Due
to this analysis, it can be assumed that for other regions with a high number of ice caps and
glacier complexes, a certain overestimation of the mean ice thicknesses, calculated by Huss
and Farinotti (2012), can exist. Although, this assumption is based on a very small number
of analyzed catchments and therefore, further studies are needed to make more sophisticated

assumptions about the performance of the method by Huss and Farinotti (2012) for ice caps.

7.4 Synthesis

7.4.1 Usability of the airborne GPR based ice thickness data in the

Canadian Arctic and the Greenland Periphery

The airborne GPR based ice thickness observations made by the IceBridge and CReSIS mis-
sions cover large parts of the Canadian Arctic. In total, there is ice thickness data available for
481 glaciers and ice cap catchments in the Canadian Arctic, whereof 457 are situated in the
RGI region Arctic Canada North. Furthermore, there is ice thickness data available for 365
glaciers and ice cap catchments in the Greenland Periphery. Therefore, there is a high potential
for ice thickness analysis in these regions based on the GPR ice thickness observations. The
ice thickness observations are especially useful for direct validation of ice thickness distribu-
tions (e.g. Huss and Farinotti (2012)). Although, for the estimation of mean ice thicknesses,
some requirements have to be fulfilled to get good results, which are already mentioned in the
sections 7.1 and 7.2. These requirements are now used to make assumptions in which region
of the Canadian Arctic and the Greenland Periphery ice thickness analysis is worthwhile.

In Figure 7.1 all flight tracks, flown during the IceBridge and CReSIS missions, which cover
glaciers and ice caps are shown. In the Arctic Canada South region, only few ice thickness
data is available for glaciers and ice caps except for the Barnes Ice Cap where ice thickness
estimations were made in this study. A few flight tracks are on the Bylot Ice Cap but due to
the low flight track density and the high complexity of this ice cap, a mean ice thickness study
might not be very worthwhile.

In the Arctic Canada North region there are several flight tracks available. Although, the
only ice cap with a relatively high flight track density is the Devon Ice Cap, where mean
ice thickness estimations were made in this study. The glacier complexes on the Ellesmere

Island are as well covered with some flight tracks but these flight tracks are not specifically
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flown along the flow line of the catchments nor is a flight track grid available for this region.
Furthermore, the flight track spacing exceeds by far the recommended 10 km spacing. There-
fore, mean ice thickness estimations with spatial interpolation seems pointless. There might
be some catchments, with a flight track which is more or less flown along the flow line and
therefore, the surface characteristics based model could be used. Although, due to the large
effort to sort out these catchments, it is not recommended to make ice thickness studies based
on the IceBridge data in this region.

As there is also data available for the Greenland Periphery, some assumptions are also made
for this region.

The highest density of flight tracks can be found near Thule Airbase and therefore, in this re-
gion an attempt for mean ice thickness estimation with spatial interpolation approaches might
be worthwhile. There is almost no ice thickness data available for glaciers and ice caps in
northern Greenland. Therefore, this region can be neglected for mean ice thickness studies
based on the airborne radar ice thickness data from the IceBridge mission. On the other hand,
the Geikei plateau in the mid-east of Greenland, has a high density of flight lines although, a
spacing of 10 km is not achieved. Furthermore, the Sukkertoppen Ice Cap in the mid-west of
Greenland has a good coverage especially in the east of the ice cap. The flight lines are along
the flow lines of the catchments and therefore, the surface characteristics based interpolation

could be used here.

7.4.2 Usability of statistically and physically based model approaches for
ice caps

Volume-Area scaling is a simple model approach that can be easily applied to a glacier and
ice cap database with areal information. Though, for catchments of ice caps and glacier com-
plexes, the choice of the correct scaling factors is very difficult. Therefore, a simple application
of the scaling factors on the RGI, where most ice caps and glacier complexes are divided in
catchments (Arendt et al., 2012), would lead to large discrepancies in regions dominated by
ice caps such as the Canadian Arctic or the Greenland Periphery. For better results, the ice cap
scaling factors should be applied to whole ice caps. An especially good result was achieved by
applying the ice cap scaling factors of Grinsted (2013) to the total area of the Barnes Ice Cap.
On the other hand, with the ice cap scaling factors of Radi¢ and Hock (2010) an overestimation
was yielded. Thus, using the ice cap scaling factors form Grinsted (2013) are recommended
for the application on total ice cap areas. As most ice caps in the RGI3.2 are divided in single

catchments, the application of the ice cap scaling factors to the whole ice cap area is quite
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Figure 7.1: IceBridge flight track distribution for the Canadian Arctic and the Greenland Periphery.
Furthermore, the regions with a high flight track density are marked: a) Barnes Ice Cap, b) Devon Ice
Cap, c¢) Thule region, d) Geikei plateau, e) Sukkertoppen Ice Cap.

78



difficult and a large effort has to be done to find out the total ice cap areas. Another possibility
to improve the ice thickness estimation for ice caps with this model approach would be to
obtain new scaling factors, calibrated with the volume of ice cap catchments. These factors
could then be applied on regions that are dominated by ice caps and glacier complexes.

The surface characteristics based model approach by Haeberli and Hoelzle (1995) yielded
good results for the Barnes Ice Cap in this study, but the accuracy is difficult to judge as the test
sample is very small. Thus, further studies have to be undertaken to make more sophisticated
assumptions about the usability of this model approach for ice thickness estimations for ice
caps. Furthermore, the drawing of major flow lines is time consuming and very subjective
especially for catchments of ice caps. Therefore, this model approach might not be very
useful for a large scale application.

The mass-turnover and ice flow mechanics based model approach by Huss and Farinotti
(2012) is the most complex one used in this study. It is also the only model that gives an
ice thickness distribution and not only the mean ice thickness. In this study, the mean ice
thicknesses for the Barnes and Devon Ice Caps yield a constant overestimation. However,
the test sample is very small and further studies might help to get a better estimation of the
accuracy of this method for ice caps. In regions dominated by ice caps, a large ice mass is
stored that can contribute to sea level raise and therefore, an accurate estimation of its volume
is important. Thus, an improvement of this method for ice caps should be considered to get
more accurate estimations of the ice volume for these regions. Also an improvement of the

DEM’s might help to get a higher accuracy.
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8 Conclusions

In this Master Thesis, the usability of the airborne GPR based ice thickness data for mean
ice thickness estimations for ice caps is assessed. Furthermore, the usability of statistically
and physically based models for ice caps is investigated by comparing them with the own

calculated ice thicknesses.

Usability of GPR-based ice thickness data in the Canadian Arctic

The IceBridge ice thickness data can be used for a direct validation of ice thickness distri-
butions in the Canadian Arctic. Furthermore, due to the small along track spacing of the
ice thickness data, very high resolution profiles can be made. For the comparison with other
model approaches, mean ice thicknesses are needed and therefore, interpolation methods have

to be applied.

Spatial interpolation approach

Spatial interpolation is a simple method and no large effort is needed to apply it. Furthermore,
not much expert knowledge is needed for the application but for the interpretation of the result-
ing ice thickness distributions, expert knowledge is crucial. The *TopoToRaster’-interpolation
yields good results for the ice thickness interpolation and the application for further ice thick-
ness studies based on GPR ice thickness data is recommended. Not only the correct choosing
of the spatial interpolation method is important for an accurate ice thickness estimation but
also an optimal flight track distribution is crucial. As such an optimal flight track distribution
i1s mostly not achieved in the Canadian Arctic, most of the observed IceBridge ice thickness
data can not be used in this region. An ice cap with a high flight track density is the Barnes

Ice Cap and a mean ice thickness of 321 + 73 m could be obtained by spatial interpolation.

Surface characteristics base interpolation approach

The surface characteristics based interpolation approach could alternatively be used to the

spatial interpolation. It allows to make ice thickness estimations for single ice cap catchments
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where the spatial interpolation could not be applied. Although, there are limitations due to
the catchment shape and the flight track coverage. Therefore, this method works best for
single catchments with a simple shape and flight tracks that are along the flow direction of
a catchment. For the Barnes Ice Cap, that mostly fulfills the requirements, a total mean ice
thickness of 354 + 61 m could be obtained. As most flight tracks of the IceBridge mission in
the Canadian Arctic are not along the flow direction of the catchments, only few data can be

used for this approach.

Usability of statistically and physically based models

The differences between the models that can be observed on a global scale are also visible on
the scale of ice cap catchments and whole ice caps. In comparison with the own calculated
mean ice thicknesses for single catchments, a certain overestimation of the model approaches
can be seen. For the mean ice thickness of the whole ice cap a higher agreement between
the modeled and the interpolated mean ice thicknesses can be observed. Overall, no trend to
a higher accuracy of the ice thickness can be seen with increasing complexity of the model
approach. Not all of the statistically and physically based model approaches used in this
study are jet suitable for the estimation of mean ice thicknesses of ice caps, but with a further

improvement of these models this can be changed.

Outlook

The main focus for the future should be on the improvement of the global ice thickness model
approaches as it is a relatively fast method to estimate the total global ice volume. To make
more sophisticated assumptions about the accuracy of global model approaches more ice
thickness studies, based on observed data, are needed. Therefore, a higher density of airborne
GPR observations is needed to estimate more accurate mean ice thicknesses. With the launch
of the IceSat-2 satellite in 2016 and the already launched TerraSAR-X satellite, new possibil-
ities in ice thickness estimations occur on a global scale as a systematic global observation of
glaciers and ice caps gets possible.

The global ice thickness model approaches are very important for global ice thickness esti-
mations as it would be too time consuming and too expensive to estimate the mean ice thick-
nesses for all glaciers and ice caps by direct observation methods. A global ice thickness
model is an important device for the estimation of potential sea level rise and its impact on the

society.
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Appendix

Appendix 1: Slope-, mean ice thickness dependencies for the catchments of the Barnes

Ice Cap
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Appendix 2: Slope-, mean ice thickness dependencies for the catchments of the Devon

Ice Cap
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