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Abstract

Understanding ice dynamics and ice basal conditions is important because of their impacts
on sea level rise. Radio echo sounding has been extensively used for characterizing the ice sheets.
The radar reflectivity of the ice bed is of special importance because it can discriminate frozen and
thawed ice beds. The knowledge of the spatial distribution of basal water is crucial in explaining
the flow velocity and stability of glaciers and ice sheets. Basal echo reflectivity used to identify
the areas of basal melting can be calculated by compensating ice bed power for geometric losses,

rough interface losses, system losses and englacial attenuation.

Two important outlet glaciers of Greenland, Petermann glacier and Jakobshavn isbrae have
been losing a lot of ice mass in recent years, and are therefore studied to derive its basal conditions
from airborne radar surveys in this thesis.

The ice surface and bed roughness of these glaciers are estimated using Radar Statistical
Reconnaissance (RSR) method and validated using roughness derived from NASA’s Airborne
Topographic Mapper (ATM) and Ku band altimeter. Englacial attenuation is modeled using
Schroeder’s variable attenuation method. After compensating for these losses, the basal reflectivity
for the two glaciers is estimated and validated using cross over analysis, geophysics, hydraulic
potential, abruptive index and coherence index.

The areas of basal melting i.e. areas with higher reflectivity are identified. Petermann
glacier is found to have alternate frozen and thawed regions explaining the process of ice
movement by friction and freezing. Due to the lack of topographic pinning the glacier is subject to
higher ice flow speed. Jakobshavn glacier has several areas of basal melting scattered in the

catchment area with most concentration near the glacier front which is likely due to surface water



infiltration into ice beds via moulins and sinks. The ice bed channels and retrograde slope of this
glacier are also important in routing subglacial water and ice mass. The basal conditions of these

two glaciers presented in this study can help in modeling the behavior of these glaciers in the

future.
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Chapter 1 Introduction

1.1 Background and Motivation

With the global climate change and temperature rise there is constant effect on the polar ice sheet
thus making significant change in the rise of sea level. Greenland ice sheet mass loss has doubled
in last two decades (Shephard et al., 2012) as a result of increased ice discharge into oceans and
increased melting of ice sheets. This phenomenon contributes about 0.6mm per year global sea
level rise (Shephard et al., 2012). Monitoring sea level change is important for different aspects as

it threatens lives in coastal areas and islands.

Huge efforts have been made to study the ice sheet conditions especially the Antarctic and
Greenland ice sheet which can bring about a significant change in the sea level rise. 1CESat (lce,
Cloud, and land Elevation Satellite 2), is one of the NASA’s missions for measuring ice sheet
elevation and sea ice freeboard, in addition to land topography and vegetation characteristics
(Schutz et al., 2005). Similarly, Operation IceBridge uses RADARs, LIDARS and other sensors
to measure ice sheet conditions (Studinger et al., 2008). The large ice sheets of Greenland and
Antarctica contain enough ice to contribute to a sea level rise of roughly 70 meters if all ice were

to melt completely (Church et al., 2001).

Several models have been proposed to explain the ice sheet conditions and are constantly
being used to explain the ice conditions such as SImulation COde for POLythermal Ice Sheets
(SICOPOLIS) (Greeve, 1997), Community Ice sheet model (Rutt et al., 2009), 3D full stokes
Elmer model (Favier et al., 2011) and so on which are used to simulate the global climate model

and the evolution of ice sheets. Ice sheet dynamics play important role in explaining the glaciers



and melting. Ice motion is affected by two main factors i.e. temperature and the conditions of the
bases. A lot of ice breaks due to the melting of ice sheets both superficially as well as the basal
melting. One of the necessary criteria for basal sliding is basal melt which is caused by different
processes such as high pressure from thick ice sheet, geothermal flux (Dahl- Jensen et al., 2003),
basal friction (van der Veen et al., 2013), surface water infiltration (Rennermalm et al., 2013), and

so on. Ice sheet loss is then caused due to sliding of ice sheets into the oceans.

Ice core drilling (Dahl Jensen et al., 2003) and seismic analysis (Smith et al., 2009) have
been used to understand the ice sheet conditions however it is not feasible to cover whole of the
ice sheet and tend to require more time and effort in field. Airborne ice-sounding radar is more

viable technique to effectively survey ice sheets, glaciers and their basal conditions at large scale.

Ice penetrating radars have been used to locate ice surface elevations and subglacial
morphology (Rignot, 2013), ice beds (Bamber et al., 2013; Fretwell, 2013), internal layers
(Kanagaratnam et al., 2004) and ultimately the thickness of ice sheet (Bamber, 2001). Apart from
that many studies have also interpreted ice bed echoes to characterize the subglacial environments
of ice sheets. Specifically, echo amplitude analyses have characterized the subglacial interface
(Neal, 1979; Bentley et al., 1998), identified subglacial lakes (Oswald and Robin, 1973; Robin et
al., 1977; Seroussi et al., 2013; Palmer et al., 2013; MacGregor et al., 2016) and also determined
the ice sheet grounding lines (Uratsuka et al., 1996). Similarly, small scale roughness and slopes
of the ice bed have been derived from ice bed echoes and received ice bed power. (Oswald, 1975;

Neal, 1982).

A coherent radar system detects both the amplitude and phase of the radar signals and has

a number of advantages over incoherent radar systems (Peters et al., 2005). The coherent



integration from a moving airborne platform forms a synthetic aperture radar (SAR) that improves
along-track resolution, improves SNR and reduces along-track clutter (Peters et al., 2005). SAR
can resolve echoes that are often interfered by surface clutter arising from rough surfaces like
crevasses, moulins, etc. Hence, analysis of coherent radar echoes can better quantify reflection and

scattering from an interface than incoherent radar analysis (Peters et al., 2005).

Basal melting is one of the necessary conditions for basal sliding and contributes to a higher
ice surface velocity so understanding basal conditions is crucial for modeling ice dynamics (van
der Veen et al., 2013). Bed echo reflectivity has been frequently used to infer the basal conditions
(Peter et al., 2005; Oswald and Gogineni, 2008; Jordan et al., 2016; Chu et al., 2018 ) given that
wet beds have higher reflectivity than frozen beds. But due to variable spatial attenuation dry beds
are sometimes interpreted as wet beds. High specularity (Young et al., 2016), smooth bed and high
waveform abruptness (Oswald and Gogineni, 2012) have also been used along with bed reflectivity

to constrain the locations of wet beds.

This thesis studies the basal conditions of two important outlet glaciers of Greenland i.e.
Jakobshavn and Petermann glacier which are rapidly changing outlet glacier in Greenland draining
a lot of ice sheet into the ocean. The radar data collected by Center for Remote Sensing of Ice
sheets during Operation IceBridge missions have been used to derive the basal conditions of these
two glaciers. Here the roughness of ice surfaces and ice beds of the glaciers have been estimated
using Grima’s Radar Statistical Reconnaissance (RSR) method (Grima et al., 2012, 2014).
Similarly, constant and variable attenuation models (Schroeder et al., 2016) have been used to
estimate the englacial attenuation. Finally ice bed reflectivity maps have been generated by

estimating reflectivity after compensating for geometric loss, rough interfaces and englacial



attenuation. This work helps to better understand the subglacial conditions of these two important

glaciers.

1.2 Thesis organization

The thesis is organized as follows:

Chapter 2 describes the general theory and methodology used to derive the basal
conditions. Firstly, it presents an overview of radar equations used for deriving ice bed reflectivity.
Secondly, it introduces methods for roughness estimation of ice surface and bed. Thirdly, it
discusses methods of englacial attenuation calculation including ice internal layer method,
constant attenuation and variable attenuation models. It finally discusses ice basal conditions in

terms of reflectivity values, as well as the concepts of abruptive and coherence indexes.

Chapter 3 reviews the study areas of Jakobshavn glacier and Petermann glacier, and
describes the data sets used to infer the basal conditions of the study areas, the instruments used to

collect the data sets, and the data processing methodology.

Chapter 4 presents the results of roughness, ice attenuation and bed reflectivity of the
studied areas, including comparisons between roughness estimates from MCoRDS, ATM and Ku-
Band measurements, the ice bed reflectivity maps, crossover analysis and the validation with bed

topography, surface velocity and with previous results.

Chapter 5 is the summary and conclusions of this study. Future works that can improve the

results of this study have also been presented.



Chapter 2 Theory and Methodology

2.1 Radar Equations

Airborne ice penetrating radars have been used to map subglacial and englacial interfaces of the
ice sheet for a long time. The basic principle of an ice penetrating radar is that electromagnetic
waves are transmitted through array of transmit antennas into the ice sheets where it is
backscattered whenever there is discontinuity of dielectric constant thus giving sharp backscattered
echoes from the surface, internal layers and the bottom as there is transition from air to ice and ice
to rock/water. The receive antenna different from transmit antenna or the same antenna is used to
capture the backscattered echoes. The data used in this study is collected by a multichannel
coherent radar depth sounder (MCoRDS) which uses array of antennas for better SNR of the
received echoes and the beamforming. It uses pulse compression in fast time and along track
focusing by SAR processing to generate echograms usually for every 50 km. The two-way travel
time for the surface and bed are then used to determine the depth of the ice sheets. Ice Surface and
bottom are tracked using automatic tracker developed at CReSIS with some manual corrections.

The detailed description of the radar system and data processing is given by Gogineni et al. (2001).

Figure 2.1 shows an echogram (left) that shows ice surface, internal layers and the ice bed
(at 3100 m) clearly. The A-scope shows two distinct peak powers at ice surface and the ice bed.
This ice bed can be rock of different dielectric constants, 4-12 or could be water of dielectric
constant 80. The backscattered echo strength depends on the dielectric constant hence it may

indicate water (wet bed) for higher reflectivity and rock for lower reflectivity (frozen bed).
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Figure 2.1 Radar Echogram (left), A-scope with received signal power versus depth (right) (Allen, 2008)

The signal power received ‘P’ by the radar from ice sheet with small scale roughness is

given by (Gudmandsen, 1971; Sasha et al., 2008)

A GGy
Bo=P( )’ 777 Pl <Rp > | (2.1)

[2(h+n_i)]2

where A is the wavelength in air, G, and G, are the gains of transmit and receive antennas,
p accounts for small scale roughness scattering effects, P; is the transmitted power, h is the height
of aircraft above ice, z is Ice thickness, n; is index of refraction for ice, L; is englacial attenuation,

and (Ry) is the averaged basal reflection coefficient over the imaged resolution cell, given by

Vai—ve, 2.2)

B = e



where &; and &, are complex dielectric permittivity of two media expressed as € = &,.(1 — j tané),

&, is the relative permittivity and tané is the loss tangent.

The power reduction p is due to the phase change ¢ through the rough surface o3 and can be
calculated as (Schroeder et al., 2016)

2
p=ei5(%) (23)
where I, is the zeroth-order modified Bessel function of the first kind and the phase shift @ is the
IS given by

4mop

¢=— (2.4)

If z is the total depth of ice sheet, then B. gives the total power received from the ice bed. The

radar equation can be written in dB as:

[Plag= [Slas — [Glas™ [Rlas— [L]as (2.5)

where bed echo strength (P) is a function of radar system parameters (S), geometric spreading loss
(G), bed reflectivity (R) and englacial attenuation (L). So to calculate the reflectivity ‘R’ of the
bed we need to compensate all the other parameters from the bed echo strength ‘P’. This bed
reflectivity can then be used to analyze whether the bed is frozen or thawed (Dowdeswell and
Evans, 2004; Oswald and Gogineni, 2008). When the signal is radiated from the antenna then the
power of the signal is continuously reduced when it travels away from the antenna. The geometric

loss at ice depth “‘d” when radiated from an antenna at the height of ‘h’ is given by
da
G=2x[2 (h + E)]dg (2.6)

Using the two-way propagation time of ice surface and ice bed, the depth of ice sheet is calculated

from which the corresponding geometrical spreading loss is derived.



Geometrically corrected bed-echo power P. is then given by

[Plag * [Glag = [Pelas=[Slag + Ras — [Llas (2.7)

Rearranging the above Eq. (2.7) gives

Rap = [Pclag + [L]lag — [Slas (2.8)

Assuming the system is stable for a season and the losses due to birefringence negligible (<2 dB)
(Fujita et al., 2006), then ice bed reflectivity is calculated by correcting the ice bed power for
geometric losses, ice attenuation and system parameters as shown by Eg. (2.8). In addition,
roughness correction is also done for losses due to rough interface (discussed in Chapter 2.2).

Finally, the obtained ice bed reflectivity can be analyzed to infer basal conditions.

2.2 Roughness Estimation

Radar has been extensively used to understand the surface properties from determining elevation
changes (Helm et al., 2014), surface roughness (Neal, 1982; Grima et al., 2014), moisture content
(Rahaman et al., 2007; Zribi et al., 2002), dielectric constant (Grima et al., 2012) and so on. Studies
using echo fading and amplitude statistics have provided estimates of small-scale roughness or the
localized slope distributions of reflecting facets (Oswald, 1975; Neal, 1982). The changes of the
ice sheet conditions are being monitored by flying missions over the same place in certain time
period. One of the changes that can be identified is the change in the surface roughness that can

show the changing nature of ice dynamics at that place.

Roughness can be estimated from radio echo sounding (RES) data using different methods

like Fast Fourier transforms (Taylor et al., 2004), Integral Equation Model (Fung and Chen, 2004)
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and statistical method (Grima, 2014). The MCoRDS radar used by the Center for Remote Sensing
of Ice sheets (CReSIS) for polar surveys can penetrate deep into ice sheets to reveal ice bottoms
and the backscattered signal from the bed (Rodriguez et al., 2014; Leuschen et al., 2016). These
bed echoes are analyzed to understand the basal conditions (Oswald, 2008; Malyala et al., 2017).
We apply Grima’s approach to derive roughness of the ice bed and ice surface from MCoRDS

data, which can be used to model ice bed reflectivity and understand basal conditions.

Roughness is a function of the radar system parameters as it varies with the wavelength of
the radar signal. Roughness calculated by the MCoRDS (Rodriguez et al., 2014) is compared with
that of laser altimeter by ATM group (Studinger, 2014) and Ku Band altimeter (Gogineni et al.,
2015). However, RMS height is an inherent property of the system parameters (Baghdadi et al.,
2002), and hence these systems are expected to have quantitatively different results but
qualitatively similar results, which gives us confidence towards the calculation of ice bed
reflectivity. Laser altimeter and Ku-band only map the ice surface, hence here we compare the

surface RMS heights calculated from these three systems.

2.2.1 Roughness Estimation from MCoRDS measurements using Radar Statistical

Reconnaissance Method (RSR)

Natural surfaces can reflect the EM waves according to the nature of the surface. From specular
surfaces the received field is coherent with known phase given by E = A e/* whereas from the

rough surfaces they are scattered with unknown phase called the incoherent components. Both the
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coherent and incoherent components contribute to the total signal received at the radar receiver

which can be written as (Grima et al., 2014):
E=el% +yN Ae/¥i (2.9)

where the first part is the coherent component and the second part is the incoherent component of
the power received at the radar receiver. The balance between these two is the function of surface
roughness. If the surface is perfectly smooth, then it will have only coherent component or specular
reflection i.e. only the first term. If the surface is made of N random scatters with increasing
roughness, then the incoherent component would be dominant and the coherent component would
become negligible. The instrument able to measure the coherent component is called a
reflectometer and the one able to measure the incoherent term is called a scatterometer. However,
a radar can be used as both and we can separate and estimate these two terms and relate it to the

surface roughness.

In the specular direction, the coherent and incoherent component is given by (Ulaby et. al,

1986) as:
P. = r2e~(kan)* (2.10)
= #on o%ds (2.11)
Where k = 27” is the wave number , A, is the footprint area, r = 1;—@ is the surface Fresnel

coefficient, ¢ is the dielectric constant of first 6-8 m of ice sheet and ¢° is the back scattering

coefficient. Here the small perturbation model (SPM) is used since the phase difference induced
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by the surface is less than 2 and its domain of validity is that the RMS height is within 5 % of the

wavelength of the radar and this method is numerically easy to implement.

The backscattering coefficient derived from SPM for a Gaussian correlated surface is given

by (Grima et al., 2012)
00 = 4k*r?g, 2% e(Kisind)® (2.12)

where 6 is the angle from the scatterer to the antenna surface normal. Using small angle

approximation (SAA) so that cosf = 1 and sinf = @ , Where ||r0|| = /1 + 1y is the norm of

the scatterer position vector in the surface plane where the origin is the intersection with the

antenna surface normal, and substituting Eq. (2.12) in Eq. (2.11) we get

X Y
P = okr?o? 1 [P [7 e 50U d dy (213)
2

2

where B, is integrated over the rectangular footprint with lengths X and “Y’. The double integral

can be linearly solved to get the relation where erf (.) is the error function as

klyX
2h

klyY

B, = 4k?*r?g),%erf( —

Jerf(—-) (2.14)

where the correlation length is split into two parts I, and [, for the integration purposes.

The radar footprint is bounded by across track with length Dp; and along track by length

Dy given by (Grima et al., 2014):

h

Ah
Dy =% (2.16)
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where h is the range to the surface and Af is the bandwidth and L is the synthetic aperture length.

Substituting the Eqg. (2.15) and Eq. (2.16) in Eq. (2.14) we get,

1ly
P, = 4k2r20h2erf(z)erf(kly @) (2.17)
Dividing Eqg. (2.10) by Eq. (2.17), we get the power ratio independent of Fresnel coefficient and
determined only by the roughness characteristics of surface as

Pe _ o=(2kon)? (4124, 2 Tl £ |11
p =€ on)" [4k* oy, erf(ZL)erf<kly hAf)] (2.18)

The error functions can be neglected if [, > 89m and [, > 0.36Vh i.e. l, >8—16m.

Here the processing to achieve better resolution makes the equation sensitive to correlation length.

Neglecting the error functions, Eq. (2.18) can be rewritten as:

P e—(2kap)?
Py 4k20p2

(2.19)

The fitting of N echo amplitudes should be applied based on the nature of the surface or
scatters. The fundamental H-K distribution is best used to explain the surfaces when at the limiting
conditions and gives better results when explaining the natural surfaces on the earth but it does not
have a closed form and cannot be solved without numerical tools. The Rician distribution can also
be used to explain the ice surfaces except when the distribution is negative binomial distribution
which generally is not the case for ice surfaces. The Rician distribution is given by (Grima et al.,

2012)

2 2
A A“+a

P(Ala,s) = S—Ze_ 252 IO(Z—':) (2.20)
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for interval [a, oo], where I,(z) is the modified Bessel function of first kind with zero order and ‘a’
and ‘s’ are the shape parameters. From the Rician fitting, the coherent and incoherent power can

be obtained as (Grima et al., 2012):

P. = a? (2.21)

P, =2 s? (2.22)

Coherent power ‘P.” and incoherent power ‘B,” derived from the statistical power

distribution fitting are used in Eq. (2.19) to derive the RMS height g, for the radar.

2.2.2 Roughness Estimation from ATM Measurements

In addition to the roughness calculations from MCoORDS measurements, ATM has also
supplemented these calculations. Airborne Topographic Mapper (ATM), an airborne laser
altimeter, measures the surface elevation based on the two-way travel time of laser pulses along
with the differential GPS and aircraft attitude information. The along-track resolution spacing is
usually 3-4 m with laser footprint of ~1m. The primary data product of ATM is QFIT, which is
dense surface elevation measurements (Brock et al., 2002). A QFIT file is a collection of
geolocated laser shots tagged with time and elevation. It is condensed and resampled into ICESSN
which fits a plane to the block of points selected at regular intervals (0.5 sec) along track with
overlapping of 50% between successive blocks (Studinger, 2014). The radar lines of MCoRDS
coincide with the track 0 of ICESSN data. ICESSN data has along-track resolution of 80 meters
and hence the RMS height from this laser system is calculated by the interpolation at the

corresponding radar locations.
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2.2.3 Roughness Estimation from Ku band Altimeter Measurements

Apart from these two systems, the surface elevation measurements from Ku-band altimeter is also
used to derive the roughness of ice surface. The along-track resolution interval of the data from
the Ku- band altimeter is about 0.2 meters with about 2.5 cm range resolution in ice (Gomez-
Garcia et al., 2012). RMS height is calculated using ice surface elevation measurements within

along-track distance of every 200 m with 50% overlapping as:

0 p= J ¥ (z-Z (2.23)

Where o, is the RMS height, z; is the ice surface elevation for N samples within the sampled
space and z; is the mean ice surface elevation within the sampled space.
The power loss ‘p’ due to rough surface “ o ,” is due to the phase variation @ which is

given by (Schroeder et al., 2016).

__Amonp
9=—" (2.24)
- 92
p=eI) (2.25)

2.3 Englacial Attenuation Estimation

When electromagnetic waves travel through a medium then it is attenuated in the medium due to
different phenomena like scattering, absorption, etc. Depending upon the medium the rate of
attenuation varies. Similarly, in ice mapping there is attenuation of signal varying on ice
constituents, ice depth, and internal structures and so on. Hence there is no constant attenuation of
the signal through ice and needs to be properly compensated depending on the location. This

uncertainty in radar attenuation can lead to uncertainty in basal reflectivity.
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Usually ice attenuation is measured in terms of depth where englacial attenuation loss is

given by
L=2N,d (2.26)
where L is englacial attenuation loss in dB, N, is one way depth averaged attenuation rate(dB /km)

and d is the depth of ice bed.

Ice core data have been used to determine the englacial attenuation in lab environments but
due to spatial variability, it cannot be used over a large area. Hence different methods have been

used to derive the englacial attenuation rate where it is data dependent.

2.3.1 Layer Method

This method is used to calculate the englacial attenuation due to ice by tracing the power reduction

through the specular ice internal layers.
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Figure 2.2 Echogram with tracking of specular layers (Li, 2014)
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Radar echogram having distinct internal layers are traced and the power reduction through ice

versus depth is plotted to fit an englacial attenuation value and calculate total ice loss at the ice

bed by extrapolation (Li, 2014).

From each specular internal layers, the power loss from the surface is calculated and then

it is fit to extrapolate the total ice attenuation at the ice bed.
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Figure 2.3 Ice Attenuation Estimate using Layer Method (Li, 2014)

As shown in Fig. 2.3, the total ice attenuation at ice bed of depth 3316 meters is -70.5 dB

which can be used to compensate for the ice loss to calculate the ice bed reflectivity. However,

this method is not applicable for the whole survey area because not all internal layers are visible

as shown in the figure and neither are they accurately traceable from the echograms.

2.3.2 Constant Attenuation Model

Constant attenuation model assumes that the power varies linearly with depth. In this model, a

constant attenuation value is used for the whole dataset where it is derived by fitting the
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geometrically corrected bed power against depth. It can only be applied to a small area where the
attenuation does not vary much.

As discussed in Chapter 4, the ice bed power after geometric correction gives

[Pclas = [Slag + [Rlas — [Llas (2.27)
If we assume that the settings of the radar were not changed during the data recording, then the

relative geometrically corrected power is given by

[B€] dB= [Pc— P.] aB=[R— R] aB=[L— L] dB (2.28)
[L—L],,=2 N, (d—d) (2.29)

where d is the mean ice depth.

There are two unknowns in Eq. (2.28), ice bed reflectivity and ice attenuation. Assuming
reflectivity to be constant enables us to calculate ice attenuation by fitting the equation as:

—[P]dB =2 N, (d—d) (2.30)

Here the term is —BF¢ is termed as apparent attenuation and will help in modeling the constant ice
attenuation rate ‘N,’. Then following Eq. (2.28) and (2.29), ice bed reflectivity can be estimated.
These relative reflectivity values can then be used to estimate the basal conditions with higher
reflectivity value associated with basal melting (Dowdeswell and Evans, 2004; Oswald, 2008).

This constant attenuation rate, however, is not physically realistic since it ranges over the
values for potential subglacial materials (Peters et al., 2005). Calculation of proper attenuation rate
is necessary because it can change the reflectivity values and may lead to false results. Hence a
better englacial attenuation model is necessary which also considers the spatial variability of

englacial attenuation rather than constant attenuation model.
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2.3.3 Variable Attenuation Model

Variable attenuation model uses the constant attenuation derived from the overall data as initial
estimate of the englacial attenuation and calculates the local variability in the attenuation rate. It is
usually used for the radar lines extending from a higher depth towards shallower region so as to
use the along track derivative of attenuation rate (Schroeder et al., 2016) for local scatter based

fitting for better attenuation rate calculation (Schroeder et al., 2016).

N,=N, + 661:/: (x — %) (2.31)

Here first the constant attenuation rate N, for the whole area is calculated by fitting filtered

geometrically corrected ice bed power versus depth.
[Pl = =2 Ny {d — d}iy (2.32)

It is filtered with a longer filter usually of several ice thicknesses like 30 km so as to capture

dNg

the overall trend of the survey area. After that o

is calculated by fitting ¢ in Eq. (2.33) for

each survey line where the shorter filter [2 is comparable to horizontal scale of significance to

preserve local variations.

0

(Bl = —222 (x—2)(d—d), — 2N, {d —d},  (233)

The improved relative reflectivity then can be calculated as

[Relas = [Pflas + 2 (52) (x = ©){d — d} , + 2No{d —d},  (234)

With variable attenuation model, the local scatter based fitting helps in preserving the
trend within each radar lines. Here variable attenuation model has been applied to the dataset to

compensate for the total ice attenuation loss.
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2.4 Ice bed Reflectivity and Basal Conditions

2.4.1 Interpretation of Basal Conditions

As discussed earlier, ice bed reflectivity after compensating for geometric losses, ice attenuation,
rough surface compensation gives the properties of the ice bed. This resulting ice bed reflectivity
is due to the properties of the ice bed like basal dielectric constant and bed roughness (Peters et
al., 2005). A transition from frozen to wet bed would correspond to ice bed reflectivity increase

in about 10 dB (Macgregor et al., 2013).

The reflectivity due to dielectric constant difference can be shown as (Allen, 2018):

r=|R|2=—’72"712
m+1 (2.35)
oo S
F—| = for=0
We +e| [+l (2.36)

Faree = [1-¥32)/1+¥32) = (~0.283) =0.08= 1108

Fierros =1~ V1.88)/ {1+ V188" = (~0.156) =0.024=~16 dB

Forr =|(L-+25.3)/1+v25.3) =(~0.668) =0.447=-3.5dB

Here we can see that the reflectivity would be higher for ice water interface compared to
ice rock interface due to difference in dielectric constant. Hence a higher reflectivity would be

representative of basal melting if proper compensation of losses is done. Apart from ice bed
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reflectivity several other properties of the beds such as abruptive index and coherence index can

be used to constrain the basal melting.

2.4.2 Abruptive Index

Oswald and Gogineni, 2008 have used high abruptness as another indicator of basal melt since
the transition from ice to flat lying water bed gives a specular echo. Abruptive index is defined

as:

_ Ppeak _ ({P}X)peak
labr = 5 = omepy (2:37)

where Pp.q is the bed power and F,4(x) is the aggregate power over the echo envelope D;y,
which is the depth bins and is given a threshold of 5% of the peak power. Its value lies usually
between 0.05 and 0.5. A threshold value of abruptive index is put upon the interface that is flat at

the scale of ice depth to indicate possible basal melt.

2.4.3 Coherence Index

To measure the interface smoothness, the coherence index of the bed needs to be calculated which
is given by equation:

< D,x)dx|?>dD
:fDint |innt|1l)( ddx|

D,x|?dxdD
fDinthintllp( x|dx

(2.38)

ICO

where D is the ice depth, x is the along track distance interval for integration, and X;,,; is the along
track interval for both coherent and incoherent integrations, the length of the radar footprint at ice

bed, usually 200 meters, and D;,,; is the aggregation interval of the basal echo envelope.
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If there is water at the bed then due to pressure gradient it forms a flat surface hence the
areas with flatter surfaces and high coherence index are often representative of basal melt (Oswald

and Gogineni, 2008).
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Chapter 3 Study Areas and Data

3.1 Petermann Glacier

Peterman glacier is one of the rapidly changing outlet glaciers in Northern Greenland that drains
more than 4% of the total Greenland ice sheet and discharges nearly 12 Gt/yr of ice (Rignot and
Steffen, 2008). The glacier is situated around 81°N and 61°W and flows from south-east to north-

west as shown in Figure 3.1.

Figure 3.1 Petermann glacier (Middleton, 2012)

The 90 km long fjord has the deepest bed up to 1100m below the sea level. The ice tongue
thins from nearly 600m thickness at the fjord front to around 100m at glacier front (Munchow et
al., 2014) with ice thinning caused due to melting of underside ice by warm ocean water (Rignot

and Steffen, 2008].
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Figure 3.2 Petermann glacier ice tongue (Middleton, 2012)

Petermann glacier has the second-longest floating ice shelf in Greenland with a permanent
floating ice tongue as shown in Figure 3.2 (Rignot et al., 2001; Moon et al.,2007) and flows with

an average velocity of just over 1 km per annum (Nick et al.,2012).

Two huge glacier calving events have occurred at Petermann Glacier over the past 5 years,
one in 2010 (270 km?) and another in 2012 (130 km?) (Falkner et al., 2011; Nick et al., 2012). The
findings of Nick et al. (2012) and Macdonald et al. (2018), show that the subglacial melting plays
a critical role in the dynamics of Petermann Glacier, and understanding it can help predict future

calving events.

3.2 Jakobshavn Glacier

Jakobshavn glacier is in South West Greenland, the fastest moving glacier on earth which has very
high ice calving rate. It now flows approximately at 1250myr* and drains nearly 7% of the total
ice sheet (Bindschadler, 1984) through 50 km long fjord to a bay. It forms at the confluence of two

ice streams, a short slow one from the north and a long fast one from the east (Fastook et al., 1995).
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Much of the floating tongue of Jakobshavn isbrae has collapsed resulting into the accelerating of
the glacier. This may be due to warming of the ocean water causing sub ice shelf melting or the

subglacial drainage system in the catchment area.

Jakobshavn
.Isbrae
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1.'.'.'.:'2‘.&“: l'SbrﬂE : rig
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Figure 3.3 Jakobshavn glacier (Middleton, 2012)

The glacier’s high flow acceleration and mass loss in addition to ice calvings have become
major concerns for the stability of this glacier. A recent large calving on August, 2015 showed
largest calving in Jakobshavn till date with an area of 12.5 km?® (Harvey, 2015). Understanding the

ice dynamics of this glacier is thus very important to predict its response in coming years.
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3.3 Radar Systems and Data

3.3.1 MCoRDS

The Center for Remote Sensing of Ice Sheets (CReSIS) deployed airborne Multi Channel Coherent
Radar Depth Sounder (MCoRDS), a nadir looking radar mounted on an aircraft flying usually at
the height of 500 meters from the ice surface to map the thickness of Greenland and Antarctica ice
sheets in NASA’s Operation Ice Bridge (OIB) missions (Rodriguez et al., 2014; Gogineni et al.,
2015). This analysis uses the data at Petermann glacier and Jakobshavn glacier from 2008 to 2014

seasons (Leuschen et al., 2016).

MCORDS system has evolved over the years and the specifications for each season can be
obtained from CReSIS. MCoRDS operates with linear chirp waveform within the frequency band
from 180 MHz to 210 MHz (2012 season). It usually has six transmit channels and receivers to
allow beamforming during data processing. An Arbitrary waveform generator (AWG) is used to
generate the waveforms which is pre-stored in digital form and converted to analog form using a
D/A converter (Rodriguez et al., 2014). Three different pulses are used. The short pulses of 1 us
and 3 ps are used to detect the surface and shallow ice layers and do not have high penetration
power whereas 10-us pulse is better in detecting the ice bed as it has higher penetration power.
The short and long pulses are alternatively sent with time division multiplexing at pulse repetition
frequency of 12 KHz. The received signals are digitized using A/D converters at a sampling rate

of 111MHz or 150 MHz with 14 ADC bits. Table 1 describes some basic radar system parameters.
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Table 1 MCoRDS System Parameters

Parameter Description Value
Center Frequency 195 MHz
Bandwidth 180-210 MHz

Transmit Signal Type

Linear Up Chirp

Transmit Power

1050 W

Pulse Repetition Frequency

12 KHz

Signal Duration

1 ps, 3 ps and 10 ps (Low

Altitude) 30 ps (High Altitude)

Transmit Channels

7

Receive Channels 15

Noise Figure 2

Sampling Rate 111/150 MHz

ADC Bits 14

Data Rate 32 MB/sec per channel

The complex data received after processing from this radar without coherent integrations has
along track resolution of about 0.5 m and 25m when SAR processed. The resolution in ice is about
4.3 (Oswald and Gogineni, 2008). The surface illuminated by the radar or its footprint is important
is deriving the surface roughness. For any radar, the footprint bounded by compressed pulse length

is given by (Grima et al., 2014):

h
DPL=2\/:_; 31)

where ‘h’ is the height of the aircraft from the surface, Af is the bandwidth of the radar signal. For

MCoRDS, the flying height is typically 500 meters and the bandwidth being 30 MHz the radar
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footprint thus averages around 141 meters for ice surface and for average ice depth of 2000 meters,

the footprint is around 316 meters.

3.3.2 Airborne Topographic Mapper (ATM)

Airborne Topographic Mapper (ATM) is a conical scanning airborne laser developed at NASA
Wallops Flight Facility to monitor the earth’s topography. It measures topography to an accuracy
of 10 centimeters (Kwok et al., 2012). It is used for change detection by flying over the same
location after a certain time. ATM measures the surface elevations with a pulse repetition
frequency of 5 kHz and a scan rate of 20 Hz (Kwok et al., 2012). The along-track resolution is 3-

4 m with laser footprint of ~1m (Kwok et al., 2012).

Figure 3.4 Airborne Topographic LIDAR (ATM) (NASA, 2009)

Fig. 3.4 shows NASA’s Airborne Topographic Mapper (ATM) on an aircraft with conical
scans. The primary data product L1B of ATM is QFIT, shown by green dots in Fig. 3.4. It is
condensed into ICESSN which fits a plane to the block of points selected at regular intervals (0.5

sec) along track with overlapping of 50% between successive blocks (Studinger, 2014). It also
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measures the South-North and West-East slope for the plane and RMS fit of the ATM data to the

plane.

3.3.3 Ku Band Altimeter

Operation IceBridge missions also employ the Ku-band Altimeter developed by CReSIS which is
an Ultra-Wideband Frequency (UWB) Modulated Continuous wave (FMCW) radar operating
usually from 12-18 GHz (Rodriguez, 2014). It provides high precision surface elevation
measurements over polar ice sheets along with shallow internal layers (Gomez-Garcia et al, 2012).
The along-track resolution of the data from Ku- band is about 0.2 meters and the range resolution
is about 2.5 cm (Gomez-Garcia et al, 2012). Some of the specifications of the system are listed in

Table 2 (Gomez-Garcia et al., 2012).

Table 2 Ku band Altimeter Specifications

Parameters Value
Center Frequency 15 GHz
Bandwidth 6 GHz
Chirp Length 250 ps
Pulse Repetition Frequency 2 KHz
Transmit Power 16 dBm
Antenna Gain 20 dB
ADC Sampling Rate 62.5 MSPS
Range Resolution in Ice 2.5cm
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Chapter 4 Results and Discussions

4.1 Application of RSR

The particular segment 20141026 _02 from Antarctica, as shown in the red line in Figure 4.1, is
used to analyze the application of RSR on MCoRDS data because of the quality of data and DMS
(Digital Mapping System) pictures. Figure 4.2a and Figure 4.2b show areas with a smooth surface
and rougher surface respectively together with their corresponding Ku-band radar echograms in

Figure 4.2c and Figure 4.2d, illustrating the variable surface roughness.

Paolar Stereograph -7 1N/OE
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Figure 4.1 Area used for Roughness Comparison and Verification

Here the echo amplitudes of around 600 samples (i.e. about 200 m along track) are fit to
the Rician distribution to derive the surface RMS height using MATLAB. To validate the RMS
height derived from MCoRDS using Grima’s method, the RMS height was also derived for the

corresponding radar locations using laser data.
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Figure 4.2 DMS pictures of areas with Smoother (a) and Rougher (b) Surfaces [29]. (c) and (d) Radar Echograms
obtained from Ku-band altimeter showing corresponding smoother (a) and rougher areas (b)
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Figure 4.3 Surface RMS heights obtained from MCoRDS (red), ATM (blue) and Ku-band altimeter (green)
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Figure 4.3 shows the comparison between the surface roughness measurements obtained
from these three systems, red indicating radar, blue indicating laser and green indicating Ku-band
measurements. It can be clearly observed that the RMS height calculated corresponds to the surface
features seen in the Ku-Band altimeter image. The rougher surface features from the echogram
coincide with the corresponding higher value of RMS height whereas same for the comparatively
smoother surfaces of lower RMS value.

It can be distinguished that the areas with higher RMS in laser data are also seen rough by
the radar however there is a certain bias which can be owed to the facts that these are two different
systems operating with different system parameters and ground surface roughness being the
inherent property of radar specifications (Baghdadi et al., 2002). The RMS heights detected by
radar is bounded because this uses power statistics and signal components fade and become
undetectable with increasing roughness (Grima et al., 2012, 2014). In addition to this, the data
obtained by Ku-band altimeter of CReSIS analyzed for the corresponding frames yielded similar

results.

Following this method, it was used to determine the surface and bed roughness of Peterman

and Jakobshavn Glacier, which can be later used to model the ice bed reflectivity.

4.2 Peterman Glacier Basal Conditions

4.2.1 Roughness Estimate of Peterman Glacier

As shown in Fig. 4.4 (A), the longitudinal radar survey lines extend from inland towards the ice
margin from southeast to northeast, and the cross lines extend from northeast to southwest. Straight

lines are chosen as there is no loss due to aircraft banking.
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Figure 4.4 Radar Survey area of Petermann Glacier under Operation IceBridge (A), Bed Roughness calculated from
MCoRDS (B), Surface Roughness calculated from MCoRDS (C), and Surface Roughness calculated from ATM

(D).

The surface roughness for Peterman glacier obtained using radar data and laser data are
shown in Figure 4.4 C and D. Ku-band data are not available for this complete dataset hence not
presented, however, are cross-checked whenever available. Crossover analysis was done for
obtained roughness which has 75% of the RMS height difference within £2 cm. The results reveal

that the surface roughness is greater towards the coastline, which is expected since the ice flow is
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obstructed at the coastline due to a narrow passage and also the presence of surface crevasses. As

shown in Fig. 4.5, the areas with crevasses correspond to higher RMS height.
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Figure 4.5 . Surface RMS Height at Crevasse as seen from LANDSAT Imagery (Rough Location)

Similarly, higher RMS height values are seen towards the Northwest area. The difference
between the radar derived RMS heights and laser derived RMS heights is within £5 cm (99%) for
the survey area. Fitting errors may be introduced when RMS height is fit into Eq. (2.19) so it
should be checked for convergence. Some of the errors to this method may also result from the
surface and bottom tracking errors but automatic surface tracking method employed here decreases
this type of errors. Also when the slope of the surface and roll of the aircraft is large then surface
power is decreased hence constraints are applied on the roll and slope to minimize such errors.
Areas with very high surface elevation changes have been removed since the surface stationarity

is not maintained.
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In contrast, as shown in Fig. 4.4 (B) the bed roughness shows that the bed is relatively
pretty smooth for Petermann Glacier with some rough areas towards eastern shear margin.
Petermann Glacier lies in a deep subglacial trough, flanked by steep valley sides so it is fed by
large area of ice sheet (Rippin, 2013). The flow rate is higher towards the margin of the glacier

(Joughin et al., 2010). The smoother bed allows easier flow of ice sheets towards the ice margin.

4.2.2 Englacial Attenuation Estimation of Peterman Glacier

For Peterman data, data from 2010 and 2011 seasons were used to calculate the ice bed reflectivity
map. The data were collected using MCoRDS with a center frequency of 195 MHz. However,
there are some changes in the specifications of these radars used in two seasons (CReSIS) and
hence the ice bed power from these two seasons have different dynamic ranges as shown in Fig.
4.6 and 4.7. One of the techniques would be to level these two seasons instead in this work, these
two seasons have been separately processed with their individual mean values and attenuation

rates.
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Figure 4.6 Ice Bed Power 2010 season (left) and 2011 season (right)
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Figure 4.7 Histogram of Ice Bed Power for two seasons

The geometrically corrected power for these two seasons have the statistics as follows:

Table 3 Ice Bed Power Statistics

2010 season 2011 season
Median (dB) -53.6862 -56.4252
Mean (dB) -42.563 -44.0918
Dynamic Range (dB) | 65.9282 87.6254
Mean Depth (km) 1.3341 1.6612

To calculate the ice bed reflectivity at Peterman glacier, the bed power was derived by
using CReSIS automatic tracker. The along-track resolution of the data is about 0.5m. The power
is averaged for every 200m where the surface and bed roughness correction is also applied. The
mean correction due to surface roughness is about 0.6861 dB with the highest value for rougher

areas of 2.6156 dB shown in Fig. 4.8 (left). Similarly, for the bed power correction due to bed
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roughness was also about 0.6334 dB with largest correction of 10.7824 dB at few rougher locations

shown in Fig. 4.8 (right).
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Figure 4.9 Geometrically corrected Relative Ice bed power for 2010 and 2011 season

To calculate the englacial attenuation for Peterman glacier, two seasons 2010 and 2011
having different system parameters thus different mean ice bed power have been geometrically

corrected after correcting for rough interfaces shown in Fig. 4.9 and using regression, the depth-
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averaged attenuation rate for two seasons N, have been obtained as 9.6 dB/km and 9.5 dB/km

respectively. This assumes the uniform attenuation rate in the catchment area.
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Fig. 4.10 (left) shows the ice bed reflectivity following uniform attenuation method. Fig.
4.11 shows the range of reflectivity values. The uniform attenuation rate does not capture the
attenuation rates near the ice margins where the attenuation rate is higher (Chu et. al, 2016) as well
as the total ice attenuation at the cross over between seasons have larger mismatch shown in Fig.

4.10 (right) hence the variable attenuation rate calculation method is required to address the issue.

As described in Chapter 2.3.3, first the geometrically corrected bed power and ice thickness
is filtered using a long filter of 30 km to capture the overall trend of the catchment area and fit to
Eq. (2.29) to calculate the mean attenuation rate N, of 9.3142 dB/km and 9.3228 dB/km for 2011

and 2012 seasons. This is used as input for the variable attenuation method where the along track

a

derivative of attenuation rate "’Lx was calculated by fitting the geometrically corrected ice bed

echo filtered for 1.5 km in each line to corresponding filtered depth at 1.5km as given in Eq.

(2.31). The modified attenuation rate is then calculated using mean attenuation rate N, and along

AN,
ox

track derivative of mean attenuation rate given by Eq. (2.32).

Fig. 4.12 (c) shows the apparent attenuation —B° which is the value required to make ice
bed reflectivity zero. This assumption helps in the initial estimate of ice attenuation rate which
corresponds to the ice thickness in Fig. 4.12 (d). Here there is sufficient variation in depth and
relative power as shown in Fig. 4.12 (b) and thus the modelled attenuation is able to compensate
for the increasing attenuation rate towards the margin. Fig 4.12 (e) shows the modelled attenuation
rate (red) and apparent attenuation (blue). The resulting reflectivity is the deviation of ice bed

power from the modelled attenuation shown in Fig 4.12 (f).
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Figure 4.12 Radar Line extending from ice interior to ice margin (a), Relative Ice Bed Power versus Depth
profile (b), Apparent Attenuation (c), Ice Thickness (d), Modelled Attenuation (Red) and Apparent
Attenuation (Blue) using variable attenuation method (e
Fitting geometrically corrected ice bed echoes with depth to calculate the local rate of
change of attenuation requires sufficient variation in ice thickness and attenuation in order to

estimate the attenuation rate which puts the constraints on segment used for fitting (Schroeder et

al., 2016). These criteria are often met when the survey lines extend from central ice towards ice
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margin where there are both variations in depth and attenuation rate as shown in Fig 4.12 (a).

However, the sufficient fitting length criteria is not met when thickness variation is small.
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Figure 4.13 Radar Survey Line (a), Ice Thickness Profile along the Survey Line (b), Relative Power along depth
profile (c)
Fig. 4.12 shows the application of variable attenuation method which uses the variation in
depth and relative power to model the attenuation. Fig 4.12 (a) shows the radar survey line

extending from ice interior towards the ice margin. Fig 4.12 (b) shows the relative ice bed power
and its variation with the depth profile. This variation in depth is important to calculate a{% by

using Eq. (2.31). Fig. 4.13 (a) shows the radar survey line in the catchment area with lesser ice
thickness variation in Fig 4.13 (b). Fig 4.13 (c) shows relative ice bed power along the depth
profile. Here the variation depth is very less and hence the fitting to calculate a{% is ill poised. As

described in Schroeder et al., 2016, the fitting segment length should be small for the areas with

large ice thickness and should be longer with good topographic relief for areas with smaller ice
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thickness to achieve comparable radiometric resolution. So the modified attenuation calculated

from this method cannot be applied to every radar lines as sufficient fitting criteria is not met.
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Figure 4.14 Attenuation Rate calculated from variable attenuation method

Fig. 4.14 shows the attenuation rate estimation to be comparable to ice attenuation
estimation from Chu et.al, 2018 for the longitudinal lines however, is not physically realizable for
crosslines as negative attenuation rate is not possible. In order to solve this issue, the attenuation
rates for the crosslines has thus been calculated by interpolating using the attenuation rate of the

longitudinal lines at the crossovers.

41



-280-260-240 —2'20 -200-180
X (km)

Figure 4.15 Attenuation Rates at Cross over Locations

< Attenuation Rate at Crossovers
—Cubic
Linear
—Spline

Attenuation Rate dB/km

5 1 1 | 1 1 ]
-60 -59 -58 -57 -56 -55 -54
Longitude

Figure 4.16 Interpolation of Ice Attenuation rate from Crossover using different interpolation techniques

Among the interpolation methods cubic interpolation seemed to be more reasonable choice
of interpolation to capture the gradual attenuation rate change. Fig. 4.15 shows the cross over

points and Fig. 4.16 shows the attenuation rate from longitudinal lines at the crossover where
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different interpolation methods are applied. The attenuation rate for the catchment area thus

obtained is shown in Fig. 4.17.
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Figure 4.17 Attenuation Rate using interpolation method
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Figure 4.18 Total Ice Attenuation (left), Depth (right)

This method of attenuation rate calculation is effective in estimating the basal reflectivity

however is less suited if there are nonlinear attenuation rate changes. However, in our case this
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attenuation rate calculation method is sufficient in constraining and revealing the patterns of the

ice bed reflectivity.

The total variable ice attenuation was thus estimated by using variable attenuation model
as shown in Fig. 4.18 (left). Since there are two seasons with different attenuation rates, mismatch
can be seen towards the center of the glacier but within a season a good degree of match at cross
over can be found. The total ice attenuation is more comparable than using the uniform attenuation
rate. Fig 4.18 shows the total attenuation and its corresponding depth. Even at the shallower regions

towards the ice margin, total ice attenuation is large due to higher attenuation rate.

4.2.3 Ice Bed Reflectivity of Peterman Glacier
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Figure 4.19 Relative Ice Bed Reflectivity (left), Range of Relative Reflectivity Values (right)

The estimated ice bed reflectivity after rough surface corrections and ice attenuation loss
corrections is shown in Fig. 4.19 (left). Fig. 4.19 (right) shows the range of reflectivity values.
Compared to reflectivity values calculated using uniform attenuation rate in Fig. 4.10 (left), the

effects due to variable attenuation rate can be seen towards the ice margins where the reflectivity

44



value is lowered following the variable attenuation rate as shown in Fig 4.19(left). There is also

decrease in the number of reflectivity values greater than 10 dB.

Since the bed roughness is small in the catchment region, the resulting bed reflectivity map
represents the effect due to bed dielectric constant. Higher reflectivity is usually interpreted as
wet beds and lower reflectivity as frozen beds (Macgregor et al., 2016; Schroeder et al., 2016; Chu
et al., 2018). Here the areas with higher reflectivity greater than 10 dB is interpreted as wet beds

or presence of basal melting (Chu et al., 2017).

4.2.4 Discussion and validation of ice bed reflectivity result

Next, we will validate the ice bed reflectivity results using cross over analysis, geophysics, ice bed

topography, hydraulic potential, ice surface speed, abruptive index and also compare them with

previous studies.

1. Crossover Analysis
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Figure 4.20 Crossover Locations (left), Ice Bed Reflectivity Difference (Right)
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Figure 4.21 Reflectivity difference at cross over locations

Crossover analysis at locations shown in Fig. 4.20 (left) was done for longitudinal and
lateral lines with crossover search radius of 100 meters. As shown in Fig. 4.20 (right) and Fig.
4.21, crossover analysis of ice bed reflectivity shows most areas match with each other with 93.6%
of the crossovers within 5dB difference and 81.3% within 3 dB difference. The ice bed reflectivity
calculation assumes isotropic bed, and the crossover mismatch may include anisotropic effects of

the bed which includes bed geometry and slope effects.

The variable attenuation method assumes constant reflectivity from all interfaces in
calculating the ice attenuation, and hence there is a tradeoff between ice bed reflectivity and ice
attenuation calculations. Most crossover errors exist in the crossover between the seasons, and

some contribution may also come from the change in the ice conditions over the period of time.
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2. Geophysics

The areas identified with basal melting have distinct features as compared to frozen beds.
Fig. 4.22 shows the location of area with higher reflectivity (left) and its corresponding reflectivity
(right). Fig.4.22 also shows the echogram with relatively high local intensity with high dielectric
contrast and the areas to be relatively flat so that basal melt can be present. Similarly, the angle of
internal layers dipping is greater than the bed topography shown in the rectangular box which all

point to the presence of basal melt.
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Figure 4.22 Echograms showing areas of basal melt

For this frame we can plot the ice bed reflectivity along with its abruptive index and

coherence index as shown in Figure 4.23. It can be observed that the areas with high reflectivity
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correlates with high abruptive index and coherence index. Since areas with basal melt usually have
high abruptive index and high reflectivity we can infer that there is the presence of basal melt at

this location.
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Figure 4.23 Ice Bed Reflectivity, Abruptive Index and Coherence Index for 20100324 _01_034
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3. Basal Melting and Bed Topography
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Figure 4.24 Ice Bed Reflectivity from this study plotted over Ice Bed Elevation Map

The ice bed reflectivity is overlapped on the bed elevation map (Bamber, 2001) in Fig.
4.24. We observe the reflectivity values are higher towards the trunk of the glacier with low bed
elevation. Bed topography of Petermann glacier also reveals the paleofluvial canyon across eastern
margin but it has lower reflectivity thus routing of subglacial water through this channel has not
been observed. Instead the higher bed elevation zone at eastern margin has higher reflectivity. The
continuous evolution of Petermann glacier may likely cause basal water to route through the

paleofluvial canyon towards the ice margin in near future.
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4. Basal Water and Ice Surface Speed

It has been established that the ice surface speed correlates with basal water on areas with
less topographic constraints (Jordan et al., 2018). As shown in Fig. 4.25, the ice bed reflectivity
has been plotted against ice surface velocity determined using interferometric SAR (Joughin et al.,
2016) and the correlation is evident in which the fast moving ice (>150m/year) near the trunk
correlates with higher reflectivity. Similarly, the western shear margin where the reflectivity is low

corresponds with slower ice surface speed (<40 km/year).
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Figure 4.25 Ice Bed Reflectivity from this study plotted over Ice Surface Speed Map (Joughin et al., 2010)

5. Basal Water and Abruptive Index

Oswald and Gogineni, 2008 explained that the abruptness of the received echo is also

indicative of the basal water as there is sharp transition in the dielectric giving rise to specular
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echoes provided that the echo intensity is also high. So areas with both higher abruptive index and
higher bed echo power are often indicative of basal melt. It can be observed from Fig. 4.26 that
the comparison of abruptness and ice bed reflectivity gives areas where both correlate with each
other. In some areas the abruptness is low but the reflectivity is high which may be due to the

roughness of the surfaces otherwise they are in good agreement with each other.
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Figure 4.26 Abruptive Index Map (left) and Coherence Index Map(right) for Petermann Glacier

Coherence index calculated from the data does not reveal much about the basal condition

but some degree of correlation can be observed at places with higher reflectivity.

6. Comparison with Previous studies

The reflectivity pattern matches with the previous models and data inversion techniques

(Macgreogor et al., 2016; Chu et al., 2016) that the areas near the trunk of the glacier has thawed
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bed and frozen beds in the shear margins. Fig. 4.27 displays areas of higher reflectivity (>10 dB)
from this study and from W. Chu et al., 2016 which uses the thermomechanical modeling of ice
sheet to derive the basal conditions. It can be observed that most of the areas of higher reflectivity

corresponds to the basal melts as predicted by Chu.
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Figure 4.27 Areas of basal melting from this study (yellow) compared with previously identified areas of basal
melting (red, Chu et al., 2016)

However, there are certain areas where results do not match well. One of the areas towards
the eastern shear margins the reflectivity has been observed as high but the location has frozen bed
as predicted by Chu et al., 2017. The major mismatch is towards the trunk of the glaciers where
this study presents moderate reflectivity values while these locations were reported to have large

reflectivity values. The SAR processed data for 2010 used by Chu et. al is square of the bed power
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instead of the bed power (an ignorance that will be corrected by CReSIS), resulting in the reported
43.7dB offset between bed power from 2010 and 2011 seasons at crossovers. Even this offset was
removed by leveling, the use of square of the ice bed power would lead to larger reflectivity
towards the trunk for 2010 data and falsely interpreted as basal water in Chu’s study. Our results
however show moderate reflectivity at the trunk. On the other hand, the ice bed reflectivity for

2011 season matches well between the two methods as shown in Fig. 4.27.

The ice bed reflectivity map of Petermann glacier thus reveals areas with frozen and wet
beds with higher correlation with its surface flow speed. Due to the lack of a topographic feature
to prevent the ice slow, Petermann glacier is vulnerable to the ice flow speed and may continue

losing ice mass in coming years.

4.3 Basal Conditions of Jakobshavn Glacier

Jakobshavn glacier has a very high flow rate and is losing a lot of ice. It has several
characteristics, such as the discharge of large amounts of land-based ice to floating ice, channels
with over-deepened beds and negative bed slopes, grounding zones in contact with the ocean, and
rough, crevassed surfaces (Gogineni et al., 2014). The measurement of this glacier’s ice thickness
has been a major challenge due to its extremely rough surface and the presence of temperate ice at
its bed (Gogineni et al., 2014). The bed topography of Jakobshavn also shows channels along the
glacier that facilitates the ice flow into the margin. Hence it is important that this unstable glacier

needs to be studied further to understand its ice dynamics.
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4.3.1 Roughness Estimate for Jakobshavn Glacier
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Figure 4.28 Survey Area with Radar Lines (top), Surface Roughness derived from MCoRDS (bottom)

Fig. 4.28 (top) displays the flight lines over the study area of Jakobshavn glacier. Fig. 4.28
(bottom) presents the roughness estimates of Jakobshavn glacier by applying RSR to Jakobshavn
data. It is evident that much of the surface towards the center of the ice sheet is smooth. In contrast,

as we move towards the coast, the surface becomes rougher. It is evident that Jakobshavn glacier’s
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ice margin is majorly crevassed near the calving fronts with more complex patterns which is very
well identified from the surface roughness map as shown in Figure 4.28. Within the glacier front

some crevasse free locations also exist where roughness is pretty low.
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Figure 4.29 Surface Roughness overlaying Landsat Image at Jakobshavn

Fig. 4.29 shows that surface roughness is higher towards the margin and lower towards the
ice interior. Crossover analysis of surface roughness yields agreement at most crossover locations

except at few locations near the ice front where the surface complexity is very high.

For bed roughness of Jakobshavn glacier, the unfocused SAR is not able to resolve the bed
echoes properly because of the surface clutter and large attenuation through the temperate ice. A
5-dB SNR (Signal-to-Noise Ratio) criterion removes weaker bed echoes from the data especially
in the deeper ice sheets where SAR processing is required for the additional increase in SNR. The
bed roughness is then calculated for the areas with sufficient ice bed echoes. The bed is rougher

towards the ice margin as expected shown in Fig. 4.30.
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Figure 4.30 Ice Bed Roughness

4.3.2 Ice Attenuation Estimation of Jakobshavn Glacier

Fast flowing glaciers and ice-sheet margins have very rough surfaces because of extensive
crevassing (Gogineni et al., 2014). It is difficult for proper airborne radar sounding in these regions
because of the rough surfaces and large ice attenuation through the temperate ice. However, SAR
processing to reduce the along-track clutter and arrays to reduce cross-track surface clutter have
been used to process the Jakobshavn data to fully resolve the ice bed echoes with along-track

resolution of 30 meters.
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Here the SAR processed data have been used for this glacier to analyze the ice attenuation
estimation and ice bed reflectivity. Radar survey lines extending from North to South and East to
West are used as grids. The ice bed power has been corrected for surface roughness losses, and
geometric losses to obtain corrected ice bed power. A regression fit of this corrected ice bed power

against depth as shown in Fig. 4.31 gives constant attenuation rate of 10.3 dB/km for the glacier.
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Figure 4.31 Geometrically corrected ice bed power plotted with corresponding ice depth

As discussed in Chapter 3, the modified attenuation rate is then calculated for each radar
line by deriving rate of change of attenuation by local scatter based fitting to estimate total ice loss.
However, this method only works when there is a linearly varying attenuation rate across each

radar line.
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Figure 4.32 Attenuation Rate at Jakobshavn using variable attenuation rate method

Figure 4.32 shows the attenuation rate calculated for Jakobshavn glacier using variable
attenuation method. The attenuation rate is increasing from the ice interior towards the coast as
expected whereas for longitudinal lines the trend is random. The limitation of variable attenuation
method is that it works only for linearly varying attenuation rate and fails whenever there is non-
linearly varying attenuation rate. The fitting requires sufficient variation in ice thickness and
attenuation within a radar line to accurately estimate the attenuation rate (Jacobel et al., 2010)
which puts a constraint on the size of the segment used for fitting (Schroeder et al., 2016). This

condition is not met by longitudinal lines as depth across these lines are relatively constant.
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Figure 4.33 Attenuation Rate difference at crossover locations (left), Histogram of attenuation rate difference in

dB/km at crossover locations (right)

Fig. 4.33 (left) and Fig. 4.33 (right) shows the mismatch of attenuation rates at
crossover locations following the variable attenuation rate method. The mismatch between the
attenuation rates shown by Fig. 4.33 at several locations suggest that variable attenuation models
is not able to compensate for the non-uniform attenuation rates at Jakobshavn glacier. Since it can
only work for linearly variable attenuation rate which is true for lines extending from deeper ice
sheets towards the shallower ice margin, the variable attenuation rate method has been applied to
these lines. The ice attenuation rates for the longitudinal lines are then interpolated using the
crossovers. Fig. 4.34 and Fig 4.35 presents the englacial attenuation rate and total englacial

attenuation obtained for the Jakobshavn glacier.
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Figure 4.34 Attenuation Rate (dB/km) across Jakobshavn Glacier applying linearly variable attenuation rate method

Total Ice Attenuation

5
1 h 10
| I Kl
| |
1
a2 @
— -0
- £
- T E
l Az
- =
——— 20 2
S =
'.h' =
~, s
£ -30 ©
i
1
] =40
- e 'J
b
50
: s 1
-250 -200 -150 -100 -50 0 50 100 150

Figure 4.35 Total ice attenuation at Jakobshavn glacier

Consistent with previous studies from MacGregor, 2014 the ice attenuation rate is smaller
towards the central ice and larger towards the ice calving fronts with temperate ice causing more

loss towards the ice margins (Macgregor, 2014).
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4.3.3 Ice Bed Reflectivity of Jakobshavn Glacier

Fig. 4.36 presents the estimated ice bed reflectivity map for Jakobshavn glacier, which
shows most of the areas in the catchment area of Jakobshavn glacier is likely thawed as represented
by the areas with higher reflectivity. This may be one of the reasons that ice flow in Jakobshavn

glacier is very high with basal lubrication helping in sliding of ice sheet more easily.
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Figure 4.36 Ice Bed Reflectivity of Jakobshavn Glacier
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Figure 4.37 Histogram showing the range of relative ice bed reflectivity values
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Figure 4.37 shows the range of relative ice bed reflectivity values. The relative reflectivity values
greater than 10 dB are represented as areas with basal melting (Chu et al., 2016) and shown in Fig.

4.36.
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Figure 4.38 Areas of basal melt (red) in Jakobshavn Glacier, Purple dots show hydrological outlets (Lewis, 2009)
and dotted lines show the hydrological sub-basin (Lewis, 2009)

The areas of basal melting are scattered and do not form any subglacial lake like structure.
The deeper ice sheet bed is thawed because of pressure from the high thickness of ice sheet.
Similarly, the basal melting may route towards the glacier calving front following the basal
topography of the Jakobshavn. Here the hydrological sub-basins of Greenland have been plotted
represented by dotted lines in Figure 4. 38, however, it has been calculated for whole Greenland
scale and does not reveal the flow lines within the Jakobshavn catchment area (Lewis, 2009). The

wet beds identified in this study can be used to identify the flow paths within the glacier.
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4.3.4 Discussion and validation of ice bed reflectivity result

1. Crossover Analysis

The crossover analysis of Jakobshavn glacier in Fig. 4.39 (left) shows most of the areas to
be pretty consistent with each other except the areas where the attenuation rate calculation fails to

compensate for non-uniform changes in attenuation rates.
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Figure 4.39 Relative Reflectivity Difference at crossovers (left), Relative Reflectivity Difference at crossovers
(right)
The relative reflectivity difference at the crossovers is high shown in Fig. 4.39 (right) because of
the quality of the bed echoes as mapping the bed in Jakobshavn glacier is difficult due to surface
clutter and large attenuation by temperate ice and also due to the attenuation rate to be non-uniform
towards the ice margins due to complex topographic features like crevasses and moulins. The
crossover errors are within 86.84% within 5 dB and 67.67% within 3dB. However, the crossover
match increased from 52% within 3 dB using uniform attenuation rate to 67.67% using variable

attenuation method with interpolation at the longitudinal lines.
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2. Geophysics

Figure 4.40 shows echogram for the area with higher reflectivity. The corresponding radar
location and ice bed reflectivity are shown in the subfigures. The basal interface with high

reflectivity has a relatively flat interface which can store or transfer the basal melt.
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Figure 4.42 Abruptive Index for 20080706_01_004

Fig. 4.41 shows that the reflectivity is high corresponding to the area of high abruptness shown
in Fig 4.42. Also the reflectivity is higher in the area that corresponds to flat interface, high

dielectric contrast, relatively flat structure and high internal layers dipping.
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3. Basal Melting and Bed Topography
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Figure 4.43 Areas with basal melt (red) from this study on top of ice bed map (Bamber, 2013)

The areas with higher reflectivity (greater than 10dB) are considered to be representative
of basal melting (Chu et. al, 2016) shown by red areas in Fig. 4.43. As shown in Fig. 4.43, areas
with basal melting shows basal melt to be scattered around the catchment area. The bed topography
plays a crucial role in how this is routed along the glacier towards the calving front. Because of
the topography, there is no formation of any subglacial lakes rather it lubricates the ice bed

facilitating the ice flow towards the glacier front.
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4. Comparison with Previous studies

It has been observed in previous studies that Jakobshavn glacier experiences large lateral
and vertical shear forces and also experiences mass flux across its shear margins (Truffer and
Echelmeyer, 2003). Van der Veen, Plummer, and Stearns (2011) assert that progressive shear
margin weakening may contribute to the observed acceleration of Jakobshavn even though
enhanced calving has been attributed to speed-up and mass loses (Bondzio et al., 2016; Podrasky
et al., 2014; Sundal et al., 2013). In addition to this, Lampkin et al. 2013 observed that meltwater
injection from water-filled crevasses weakens the shear margins, resulting in acceleration of ice
flow into the ice stream. Hydrofracture often occurs when the storage capacity and water depths

of these crevasses are large enough (Weertman, 1973; Lampkin et al., 2013).

Palmer observed that meltwater is generated at the surface of Greenland Ice sheet during
summer and flows under the effect of gravity as supraglacial streams collecting at topographic
lows forming supraglacial lakes. As melting continues through summer months these lakes and
streams connect to englacial and subglacial pathways through moulins and crevasses. The
subglacial water thus flows within the subglacial pathway towards the margin but the times it
remains at the ice bed is unknown. It can be thus inferred that the basal melting towards the ice
front could be due to surface meltwater injection while basal melting at deeper ice beds are the

result of high pressure from thicker ice sheets.

It has been previously identified that the bed beneath the Jakobshavn isbrae near the calving
front is largely thawed (Jordan, 2018). However, we observed that even the catchment area has
basal melting scattered around which could have flowed towards the margin and lubricated the ice

sheet causing higher ice flow rate towards the ice margin.
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Chapter 5 Summary and Conclusion

5.1 Summary

In this study, the ice basal conditions of Petermann and Jakobshavn glacier have been studied using
RES data. The ice bed reflectivity maps have been generated after compensating for geometrical
spreading loss, rough interfaces, and englacial attenuation. Roughness estimation was done by
applying Grima’s Radar Statistical Reconnaissance (RSR) Method. This roughness estimation was
validated using roughness calculated from Laser and Ku band radar data. The result reveals
rougher areas of Petermann and Jakobshavn glacier which are in agreement with the features of

the glaciers.

Englacial attenuation calculation was done using Schroeder’s variable attenuation model.
This works well with radar lines extending from deeper to shallower areas and linearly varying
attenuation rate, however, fails when applied to regions with a sharp change in attenuation rate.
Finally, the ice bed reflectivity map generated was used to infer the locations of basal melting
where areas with higher reflectivity (greater than 10 dB) are interpreted as basal melting. Crossover
analysis was done to check the ice bed reflectivity mismatch at crossover regions where it was

observed to be consistent.

Abruptive index was used to validate the areas with higher reflectivity where higher
abruptness corresponds to higher reflectivity. The geophysics of areas with basal melt was studied

to reveal areas with high dielectric contrast, internal layers dipping and flat interfaces.
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The areas with basal melt are also compared to the ice bed topography, hydraulic potential
and ice surface velocity. Comparing with previous studies the reflectivity values are also consistent

with some disagreement which comes from the limitations of the methods used.

Petermann glacier is found to have alternate basal melting and frozen beds. The glacier
does not have topographic pinning and thus is subject to higher ice flow speed. On the other hand,
Jakobshavn glacier has several areas of basal melt scattered in the catchment area with most
concentrated towards the glacier front. The ice bed channels and retrograde slope in the glacier

play important role in routing the subglacial water.

5.2 Conclusion and Future Works

This study reveals certain areas of basal melting that are localized in Petermann and Jokobshavn
glaciers with previous studies focusing on whole Greenland ice sheet level view. The basal melting
in these two glaciers are important in explaining the higher ice flow rate at these glaciers. Peterman
glacier’s alternate wet and frozen beds reveal the process of frictional heating by basal drag to ice
melt formation and meltwater freezing by advective cooling thus controlling the onset of the

glacier.

Jakobshavn high flow rate is majorly because of ocean induced melting and ice calving at
the glacier front gradually weakening the ice margin, it's bedrock geometry, and troughs which
will continue to affect the glaciers ice mass loss in coming years. Jakobshavn glacier has abundant
surface water infiltrations into the ice bed via moulins and crevasses which flow through complex
drainage networks near the ice calving front. In addition, deeper areas of ice sheet also have
scattered basal melting which is the result of thermal insulation and high pressure from thicker ice

sheets.
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The results here can be improved by using a better englacial attenuation calculation method
which can compensate for the non-uniformly varying attenuation rates. Near the calving fronts,
the ice bed echoes are affected by the complex ice surfaces and the geometry of the ice bed
interface which brings some ice bed power loss. The results for basal water detection can be
improved if a better englacial attenuation method is used or a method independent of englacial

attenuation calculation like bed echo variability analysis (Jordan et al., 2018) is used.
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