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Abstract

Flow velocities and flow variations of Antarctic glaciers play an important role in Antarctica's mass
balance and global sea level change. Oceanic tides are known to influence ice dynamics of outlet
glaciers where they become afloat. The Darwin Glacier in the Transantarctic Mountains (TAM),
Antarctica, experiences tidal forcing downstream of its grounding line (GL) which modulates its
flow velocity primarily over the grounding zone (GZ). In comparison to other large glaciers in the
TAM, the Darwin flows relatively slowly at  less than 100 m a-1.  Field work was carried out to
locally  measure  small  scale  velocity  fluctuations  and  ice  deflection  over  three  weeks  at  high
temporal resolution using GNSS stations. The data are used to research the ability of radar remote
sensing  techniques  to  detect  ice  dynamics  in  35  COSMO-SkyMed  and  TerraSAR-X synthetic
aperture radar (SAR) satellite images from an eight month period in 2016. Tidal forcing is derived
from  a  regional  model,  validated  against  local  field  measurements  and  used  to  remove  tidal
distortion from the SAR imagery. Flow velocities in the Darwin GZ are found to be influenced by
diurnal tidal cycles with fluctuations of ±52% and weaker fortnightly variations of ±9%. This study
shows that uncertainties from tidal contaminations can override the accuracy of remotely sensed
information and the constellation of satellite orbit path and incidence angle affects the ability to
remotely discern small scale ice dynamics. Average ice velocity is well represented in the SAR
scenes and short term ice flexure reveals a tidally induced GL migration of up to 2000 m over the
eight month period. Flow velocity variations at the Darwin are similar to other glaciers feeding the
Ross Ice Shelf. Tide induced flow fluctuations are different at other Antarctic outlet glaciers and
without a buttressing ice shelf. The unique pattern of ice dynamics in the embayment of the Darwin
GZ  shows  that  this  glacier  is  additionally  buttressed  by  the  underlying  topography  and  may
therefore be less susceptible to environmental changes.
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1 Introduction

1.1 Context and Background
Antarctica  has  become a  major  focus  area  of  current  global  climate  change studies,  especially
regarding the threat of global sea level rise [IPCC, 2013]. The continent holds the largest proportion
of the total global cryosphere mass with about 98% of Antarctica being covered by ice [Fretwell et
al., 2013], equivalent to about 57 m of sea level rise if it were all to melt  [Lythe and Vaughan,
2001].  As  of  today,  Antarctica's  response  to  climate  change is  still  a  major  uncertainty  in  the
prediction of future environmental change [Rignot et al., 2008; IPCC, 2013; Christie et al., 2016].

Antarctica’s glaciers carry the mass of the Antarctic Ice Sheet to the shores of the Southern Ocean
where they feed into large ice shelves and are lost to the ocean through melting and calving. Recent
studies have calculated a complex pattern of the mass balance of the continent over the last two to
three decades, with the greatest ice mass loss recorded from the West Antarctic ice-sheet, mainly
through  glaciers  along  the  Amundsen  and  Bellingshausen  Sea  coast  and  along  the  Antarctic
Peninsula. In contrast, East Antarctica, Weddell and Ross Sea have slightly gained mass  [Rignot
and Thomas,  2002;  Rignot  et  al.,  2008].  Thomas [2004] highlighted  that  some West  Antarctic
glaciers are discharging almost 60% more than what they are accumulating, which appears to be a
persisting trend in the area [Christie et al., 2016]. Considering the global environmental impact of
the mass  loss,  questions  are  raised on the  mechanisms influencing the  enhanced ice  loss.  It  is
understood that changes in the glacier flow have a major impact on Antarctica's ice sheet mass
balance [Rignot et al., 2008] which is mainly governed by the amount of snowfall accumulation in
the  continent's  interior  [Davis  et  al.,  2005],  ice  melt,  and  glacier  discharge  into  the  ocean
[Huybrechts  et  al.,  2004;  Shepherd  and  Wingham,  2007].  The  discharge  of  outlet  glaciers  is
typically calculated at their grounding line (GL) [Rignot and Jacobs, 2002], the area at which the
glacier's  grounded ice reaches the ocean,  is  lifted off  its  bed and becomes afloat  [Brunt et  al.,
2010b; Cuffey and Paterson, 2010]. Therefore, the grounding zone (GZ), the region straddling the
GL (up to several kilometres downstream of the GL), has been in the focus of glaciological research
over several decades. Understanding the processes and dynamics of ice transport in the GZ, the
response of the GL location to short and long term perturbations and being able to model these
factors for future predictions, is vital for the estimation of Antarctica's mass balance development
and thus the prediction of environmental change over the coming centuries [Alley, 2005; Vaughan,
2005; Gudmundsson, 2006; Katz and Worster, 2010]. In fact, the GL is commonly used as a major
indicator to changes in glacier discharge and consequently to climate change by a wide range of
studies  [e.g.,  Rignot and Jacobs, 2002;  Rignot and Thomas, 2002;  Rignot et al., 2014;  Li et al.,
2015;  Christie  et  al.,  2016].  Mass  balance  estimates  depend  primarily  on  the  behaviour  of
Antarctica's outlet glaciers and ice sheets, and in particular on the processes in the GZ. Quantities of
mass discharge from grounded ice sheet to floating ice shelf are determined at this zone.

Recent advancements in remote sensing techniques have opened up new opportunities to monitor
glacier  behaviour  at  shorter  time intervals  and at  higher  spatial  resolution.  Availability  of  data,
especially in the field of satellite based radar remote sensing, has been much improved recently.
During the past 25 years, 15 relevant satellite sensors have been launched, ten of them in the last
decade and three in the past two years. Numerous studies have shown the potential of radar remote
sensing but few have used the latest available data sources in this field [e.g., Goldstein et al., 1993;
Legrésy et al., 2004;  Rignot et al., 2008;  Marsh et al., 2013;  Han and Lee, 2014]. Radar remote
sensing techniques yield the advantage to continuously monitor glacier behaviour and change over
longer periods and covering large areas, independent of time and weather and without the need and
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cost of local observations. High temporal resolution (hours to days) is required to better understand
short term fluctuations of ice dynamics and to differentiate them from long term trends. So far, only
few studies have used remote sensing techniques to detect short term variations of flow velocities
induced by tidal forcing in the GZ,  [e.g.,  Legrésy et al., 2004;  Marsh et al., 2013;  Han and Lee,
2014; Minchew et al., 2016]. These and other studies show that tides not only bend the ice shelf in
the GZ but also influence the flow velocity over the GL and over larger areas of the glacier [see also
Riedel et al., 1999; Anandakrishnan et al., 2003; Bindschadler et al., 2003a, 2003b, Gudmundsson,
2006, 2007; Murray et al., 2007; Aðalgeirsdottir et al., 2008].
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1.2 Aims and Objectives of the Research
The aims of this study are to research short term variations in glacier flow and ice flexure in the GZ
of the Darwin Glacier, Antarctica, and possible impacts on long-term velocity measurements. More
specifically, the influence of tidal forces on glacier flow velocities will be investigated as earlier
studies have identified tides as a major driver of glacier flow fluctuations. Tides may temporarily
retard or increase the flow of an outlet glacier such as the Darwin while they vertically deform the
ice shelf in the GZ.

This study will use both locally measured Global Navigation Satellite System (GNSS) data and the
latest  remotely  sensed SAR data  to  measure  ice  dynamics  within  the  research  area.  Both  data
sources are deployed with the following objectives:

1) Examine the influence of oceanic tides on ice shelf flexure and short term glacier flow in the 
GZ by using precision GNSS measurements at high temporal resolution,

2) Investigate how well observations from SAR satellites compare to locally measured data and to
which extent small-scale and short-term variations in ice flexure and velocity are represented in
remotely measured displacement fields,

3) Derive general glaciological parameters of the Darwin Glacier GZ such as average flow 
velocities, GL location, and patterns of tide related ice dynamics.

Furthermore,  this  study  will  support  the  research  into  GZ  dynamics  to  both,  improve  the
understanding  of  glaciological  processes  in  the  area  and  to  identify  best  practice  of  currently
available SAR remote sensing techniques. Apart from the thesis specific research goals, the satellite
based analysis of this study will complement and extend present process and modelling studies in
the field of glaciology. The results will help further understanding of Antarctica’s ice dynamics and
add to the wider research of

a) ice thickness and flow velocity at the glacier grounding line,
b) basal properties from flexure patterns and grounding line migration,
c) ice shelf - ocean interaction and
d) present and future behaviour of outlet glaciers and ice sheets in Antarctica.
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1.3 Research Area and Characteristics
This study focuses on the ice dynamics at the Darwin Glacier GZ. The Darwin Glacier and its most
significant tributary,  the Hatherton Glacier,  form the Darwin-Hatherton Glacier system (DHGS)
(Figure 1-1). The DHGS carries the ice of the East Antarctic Ice Sheet through the Transantarctic
Mountains (TAM) to the Ross Ice Shelf (RIS) in the Ross Embayment. The glacier system extends
between 152° and 161°E and 79.3° and 80.2°S with the GL positioned between about 159.66°E,
79.92°S and 159.56°E, 79.88°S. The Darwin Glacier has an ice surface elevation of about 1800 m
above sea level (asl.) in its upper reaches (up to 2200 m asl. in the wider catchment) to 50 m asl. at
the outlet to the RIS. The surrounding topography reaches elevations of up to 2380 m asl. (Mt.
Ellis) and constrains the glacier flow to a minimum width of about 5 km in an area known as The
Nozzle. Compared to its larger neighbours, Byrd and Mulock Glaciers, the DHGS has a relatively
small  catchment  size  [Riger-Kusk,  2011].  Flow velocities  of  the  Darwin  have  previously  been
estimated to range from about 15 m a-1 in the upper reaches to 40 m a-1 near Junction Spur, 100 m a-1

in The Nozzle and about 40 m a-1 at the junction with the RIS. The Hatherton Glacier flows much
slower at about 5-10 m a-1 [Rignot et al., 2011b]. In comparison to larger glaciers and glaciers of
similar size in the TAM, the Darwin flows at below-average velocities.

At its GL, the Darwin Glacier is grounded on a bed about 925 m below sea level at an ice thickness
of about 1100 m at the GL, decreasing to about 500 m in thickness at about 13 km downstream of
the GL [Riger-Kusk, 2011 and Oliver Marsh, pers. comm., February 2017]. Currently, the GL is
positioned on a slightly downward-sloping bed and is considered to be in a stable position [Riger-
Kusk, 2011], also due to the upstream glacier bed morphology and the buttressing Ross Ice Shelf
[Katz and Worster, 2010]. Near the GZ, surface slopes are generally below 1.5° but reach up to 6°
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in  the  Nozzle.  Bedrock  topography  from an  airborne  radar  profile  along  the  centerline  shows
several marked steps of up to 500 m in base elevation over about 40 km upstream from the GL
[Riger-Kusk,  2011].  Anderson  et  al. [2004] calculated  basal  temperatures  using  the  quadrature
method  [Hindmarsh, 1999] and concluded that lower regions of the DHGS are warm-based and
experience sliding while upper regions (ca. above 800 m glacier surface elevation) are cold-based.
Most of the glacier surface is blue ice and a number of supraglacial lakes and small meltwater
streams are visible in optical satellite imagery from summer months.

The mean annual air temperature near the Darwin GZ is around -19°C (measured at Brown Hills
weather  station  at  79.84°S  159.32°E)  [Antarctica  New  Zealand,  2008] and  estimated  annual
accumulation rates range from 0.1 m water equivalent a-1 in the upper catchment to about 0.2 m
water equivalent a-1 near the RIS  [Giovinetto and Bull,  1987;  Bockheim et al., 1989].  Modelled
oceanic tides near the Darwin GZ have peak to peak amplitudes of up to 1.4 m at spring tide and
0.1 m at neap tide with a strong diurnal component and an about fortnightly cycle of spring and
neap tides [Padman et al., 2002]. Measured tides near Scott Base (77.85°S 166.75°E) have similar
amplitudes and phases [Goring and Pyne, 2003].
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1.4 Current State of Research
1.4.1 The Grounding Zone and Its Importance to Glacier 

Dynamics
The  GZ,  where  outlet  glaciers  first  come under  the  influence  of  oceanic  forces,  is  commonly
defined by a number of points where surface characteristics change relative to the upstream glacier,
the floating ice shelf  and the sea level.  In  Figure 1-2,  point F  marks the landward limit  of ice
flexure, also called “hinge-line”, G is the GL, the limit of ice flotation, Ib the break-in slope, Im the
local  elevation  minimum and  H is  the  limit  from where  the  downstream ice  is  in  hydrostatic
equilibrium, forming the seaward limit of ice flexure [Fricker et al., 2009; Brunt et al., 2010b]. This
area  typically  stretches  over  a  few kilometres  [Brunt  et  al.,  2010b],  depending  mostly  on  ice
thickness, bed topography, ice density and the elastic properties of the ice, expressed in Poisson's
ratio and Young's modulus for ice [Lingle et al., 1981; Fricker et al., 2009; Gudmundsson, 2011].

The  GL  location  is  crucial  for  a  better
understanding of processes and changes in this
area.  For  the  West  Antarctic  ice-sheet,  for
instance,  pervasive  GL  retreat  since  the
beginning  of  the  observational  period  has
sparked speculations of a complete collapse of
this  ice  sheet  [Mercer,  1978;  Thomas  et  al.,
1979;  Katz and Worster,  2010;  Wouters et  al.,
2015] which  holds  an  estimated  5-6 m  global
sea level equivalent  [Bentley, 1998]. A number
of attempts have been made to accurately map
GLs  around  Antarctica  with  gradually
improving  results  [e.g.,  Jacobel  et  al.,  1994;
Bindschadler et al., 2011a; Rignot et al., 2011a,
2011b]. The method of interferometric synthetic aperture radar (InSAR) has become the standard
remote sensing method for GL mapping, making use of the fact that ice shelves move vertically
with the ocean tides while grounded ice does not [Rignot et al., 2008; Fricker et al., 2009]. Other
methods applying imagery from the visible spectrum, detecting the location of the “inflection point”
at the break-in-slope of the GZ, have been similarly successful although the derived GL locations
may vary depending on the applied method [Fricker et al., 2009; Christie et al., 2016]. Also laser
altimetry, mainly from the ICESat mission, has been successfully applied by combining both these
principles [Fricker et al., 2009; Bindschadler et al., 2011a]. However, neither of these methods can
deliver absolute confidence in the GL location, with uncertainties ranging between several tens to
several hundreds of meters [Bindschadler et al., 2011a].

Due  to  limited  availability  of  ice  velocity  and  thickness  data  at  GLs  in  Antarctica,  precise
information on ice discharge from the continent is lacking [Rignot et al., 2008]. Therefore, glacier
discharge is often modelled using spot measurements or remotely sensed information. Especially
the dynamics at the GZ are often poorly captured in models [Rignot and Jacobs, 2002; Goldberg et
al., 2009;  Katz and Worster, 2010]. To improve modelling and to aid model tuning, more precise
measurements from the GL are required. Improved mapping of the GL location and higher temporal
and spatial resolution will enhance our understanding of flow dynamics and improve modelling
efforts  [Fricker et  al.,  2009].  With this  base information,  measurements of future mass balance
change and sea level rise could be improved.
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Figure 1-2: Schematic presentation of features of the GZ 
[Fricker et al., 2009; Brunt et al., 2010b]



Grounding lines were first identified as important locations for observing changes in ice dynamics
in the 1970s [e.g., Weertman, 1974]. The migration of grounding lines has become focus of several
satellite-based studies  [Fricker et  al.,  2009;  Rignot et  al.,  2014].  Some results  suggest  that  GL
locations are inherently unstable and the magnitude of migration over time could be linked to the
length scale of the “transition zone”, the area over which basal conditions change from frozen bed
to floating [Pattyn et al., 2006; Rignot et al., 2014]. Generally, GL recession is observed in areas of
ice loss [Rignot, 2008; Wingham et al., 2009] and is therefore interpreted as a measure of ice-sheet
susceptibility  to  ocean-forced  dynamic  thinning  [Christie  et  al.,  2016] which  can  be  observed
through  remote  sensing.  The  instability  of  the  GL was  found  to  be  coupled  to  the  physical
interaction between glaciers and ice shelves [Pattyn et al., 2006] while resistance to ice sheet flow
upstream of the GL is mainly attributed to basal drag [Katz and Worster, 2010]. Numeric models
suggest that perturbations, such as bottom and basal ice melt or change of basal drag at the GL, and
changes to buttressing through ice shelves dominate as influencing factors [Dupont and Alley, 2005;
Pattyn et al., 2006;  Goldberg et al., 2009]. Also, larger “transition zones” were found to be more
sensitive  to  perturbations  [Pattyn et  al.,  2006].  However,  although some studies  show that  GL
perturbations may propagate to the ice stream upstream of the GL  [Bindschadler et  al.,  2003a;
Gudmundsson, 2006], the question of stress transmission or longitudinal coupling across the GL,
which would play an important role in glacier flow, is still controversial  [Thomas, 2007; Brunt et
al.,  2010a].  In  fact,  an  improved  knowledge  of  how and  whether  GL perturbation  propagates
upstream of  the  GL would  help  to  resolve  this  controversy.  This  also  determines  how rapidly
glaciers may respond dynamically to weakening or removal of an ice sheet [Thomas, 2007] or to sea
level  rise.  In  this  way,  analysing  glacier  flow  velocities  in  relation  to  tidal  forces,  acting  as
perturbation at the GL, is an important question in this field.
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1.4.2 Factors Influencing Flow Velocity at the Grounding Zone
Glacier flow behaviour at the GZ is influenced by a number of factors which either accelerate or
retard the process of ice discharge. Bed topography and roughness directly upstream of the GL,
which is  commonly linked to basal shear stress, may influence how the glacier’s flow velocity
responds  to  other  factors  such  as  basal  melt  and  tide  flexure.  This  includes  bed  slope,  till
accumulation and lubrication at the glacier bed [Bindschadler et al., 2003a, 2003b; Schoof, 2007;
Christianson et al., 2013]. Furthermore, the existence and thickness of a buttressing ice shelf may
significantly reduce the velocity with which a glacier discharges over the GL [Dupont and Alley,
2005; Goldberg et al., 2009] and in turn, the thinning or collapse of an ice shelf was found to be
causing an accelerated ice discharge from the adjoining glaciers [Rignot et al., 2004; Scambos et al.,
2004; Wuite et al., 2015].

Ice melt at the glacier's base near the GL and at the bottom of the floating glacier tongue may have a
feedback effect on glacier flow: Increased melting at the GL is linked to flow velocity increase
which is believed to be caused by oceanic heat forcing governed by the distance to and the intrusion
of ocean heat sources such as the Antarctic Polar Current [Joughin and Bamber, 2005; Walker et al.,
2007; Jacobs et al., 2011; Bingham et al., 2012]. Additionally, a faster flowing glacier can enhance
bottom melt at the GL. In fact, the thickest floating ice is usually found at the GL [Jenkins et al.,
2006] and melting there is typically in the order of meters per year and may account for 15-35% of
the total mass loss from the ice shelf [Jacobs et al., 1992, 1996]. For instance, Jenkins et al. [2006]
found that the mean bottom melt  at  the Ronne Ice Shelf  during a one-year-period (2000-2001)
amounted to 0.85 m a-1  within a few km of the GL compared to an average ice shelf melt rate of
0.13 m a-1 (2003-2008)  [Rignot et  al.,  2013]. In general,  the highest melt  rates on the ice shelf
overall are found just downstream of the GL [Rignot, 1996; Rignot and Jacobs, 2002; Jenkins et al.,
2006;  Rignot et al., 2013] which are believed to also have the highest impact on flow dynamics
[Rignot and Jacobs, 2002]. Melting at the base of the grounded ice may further enhance basal melt
and flow velocity through lubrication, as ocean water is intruding under the glacier upstream of the
GL [Jenkins et al., 2006]. These processes are often not considered when modelling processes in the
GZ. Also, the thinning of ice sheets has been linked to an increased bottom melt of ice shelves
[Shepherd et al., 2004] which might lead to an accelerated ice flow of adjoining glaciers [Payne et
al., 2004].

Ocean tides  create  a  complex environment  of  stress  and strain on the glacier  section which  is
flowing over the GZ. Horizontal and vertical displacement, as well as ice flexure and potentially
ocean water intrusion under the grounded glacier, influence the flow velocity of the ice stream in
this zone [Riedel et al., 1999; Anandakrishnan et al., 2003; Bindschadler et al., 2003b; Legrésy et
al.,  2004;  Gudmundsson,  2006;  Han  and  Lee,  2014].  The  glacier  is  subject  to  stretching  and
compression perpendicular to the GL, with the strain changing sign (at the glacier surface) with the
phase of the tides [Jenkins et al., 2006]. These short term variations of ice displacement are often
averaged out in long term studies  [e.g.,  Rignot et al., 2008]. However, on a shorter time scale or
when  modelling  these  mechanics,  a  better  understanding  of  the  tide-ice  stream  interaction  is
required. Timing and magnitude of tides is generally predicted through models  [e.g.,  Ray, 1999;
Egbert and Erofeeva,  2002;  Padman et  al.,  2002, 2003b;  Pawlowicz et  al.,  2002;  Lyard et  al.,
2006], representing them as the sum of a number of sine functions of different components [Sykes
et al., 2009].
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1.4.3 Analysis of Tidally Induced Velocity Modulations near the 
Grounding Zone

A thorough  analysis  of  the  ice  dynamics  of  an  ice  sheet-ice  shelf-system must  take  the  tidal
deflection of both the grounded and floating ice into account  [Rignot et al., 2000;  Shepherd and
Peacock, 2003;  Legrésy et al., 2004;  Thomas, 2007;  Juan et al., 2010]. Especially when drawing
conclusions from temporal point measurements of ice velocity over larger time periods and deriving
trends from these, tide-induced short term velocity variations must be considered  [Gudmundsson,
2006]. Depending on the properties of the bed topography, the tidal flexure zone can stretch for
several  kilometres  over  the  GZ,  both  upstream and  downstream.  Within  this  zone,  the  tidally
induced  velocity  response  was  found to  be  varying  with  location,  relative  to  the  GL.  Smaller
velocity variations have been observed up to tens of kilometres upstream of the GL [Gudmundsson,
2006; Aðalgeirsdottir et al., 2008; Marsh et al., 2013] and larger variations (around 50%) within a
few kilometres downstream from there, which was mainly linked to diurnal tides in the Ross Sea
region [Anandakrishnan et al., 2003; Marsh et al., 2013]. Additionally, flow velocities were found
to be varying by about 20% on a two-weekly cycle, which has been linked to the lunisolar synodic
fortnightly tidal  constituent  (MSf),  with a cycle of about 13.5-14.8 days in the Antarctic region
[Gudmundsson, 2006, 2011;  Aðalgeirsdottir et al., 2008;  King et al., 2010;  Rosier et al., 2015].
However, the tide-velocity relationship is not always a simple correlation, as it may contain other
components,  that  need  to  be  resolved  [Doake  et  al.,  2002;  Anandakrishnan  et  al.,  2003;
Bindschadler et al., 2003b; King et al., 2011; Davis et al., 2014; Rosier and Gudmundsson, 2016].
Murray et al. [2007], for example, found that tidal and assumedly linked velocity changes show a
varying pattern over a whole year. Motion events upstream of the GL may take place with time
delay and in a stick-slip motion manner, in which case Bindschadler et al. [2003a, 2003b] assumed
that the events could propagate laterally along the glacier as elastic wave. A study by Juan et al.
[2010] found links between ice shelf calving events and ice sheet flow velocities and Brunt et al.
[2010a] observed ice shelf motion variations of 100-300% directly after calving events.

Several approaches have been made to monitor tidally induced velocity variations on the glacier. On
site Global Positioning System (GPS) and tilt meter measurements have proven most reliable but
offer low spatial resolution and are available only over short time periods [e.g., Smith, 1991; Riedel
et al., 1999; Reeh et al., 2000; King and Aoki, 2003; Legrésy et al., 2004; King and Padman, 2005;
Gudmundsson, 2006; Aðalgeirsdottir et al., 2008; Marsh et al., 2013]. Satellite radar systems using
InSAR techniques offer comprehensive spatial coverage at temporal resolutions of between a few
weeks to  a  few hours  and over  long time periods.  Therefore,  InSAR has  become the  standard
method for remotely measured flow velocities [Goldstein et al., 1993; Joughin et al., 1995; Rignot,
1996;  Legrésy  et  al.,  2004;  Rignot  et  al.,  2008].  A  recent  study  by  Minchew  et  al.
[2016] demonstrates how a combination of a large number of SAR scenes with multiple satellite
viewing geometries can resolve 3-dimensional glacier flow and measure small scale variations in
ice  dynamics.  Although velocities  may be  smoothed due  to  the satellite’s  repeat  pass  restraint,
Marsh et al. [2013] showed that 14-day velocity variations are still discernible in the 11-day-spaced
TerraSAR-X radar data. Other studies have applied techniques of speckle tracking [Goldstein et al.,
1993; Gray et al., 2001; Rignot et al., 2011a; Marsh et al., 2013], optical feature tracking or satellite
altimetry for elevation detection  [Shepherd and Peacock, 2003;  Legrésy et al., 2004] and surface
undulation tracking [Marsh and Rack, 2012].
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2 Relevant Remote Sensing Principles
This chapter describes the principles of satellite radar imaging with relevance to this thesis. The
primarily  used  remote  sensing  data  are  from Synthetic  Aperture  Radar  (SAR) systems for  the
application in Interferometric Synthetic Aperture Radar (InSAR) and speckle tracking techniques.

2.1 Basic SAR Principles
Active microwave remote sensing systems, such as SAR satellite sensors, allow for data acquisition
at  any day or  night  time and almost  independently  of  atmospheric  conditions  as  they  actively
illuminate the Earth surface using radar waves, typically from the L, C or X-bands (about 1-12
GHz, as per IEEE, Institute of Electrical and Electronics Engineers). The application of InSAR in
the field of satellite based detection of ground displacements  goes back to  Goldstein and Zebker
[1987] and  Massonnet  et  al. [1993] and particularly  Goldstein et  al. [1993] who first  used the
technique to calculate ice motion on the Rutford Ice Stream, Antarctica.

The here used SAR imaging systems scan the Earth surface in a side-looking manner as they orbit
the planet (Figure 2-1).  This imaging geometry records a swath which is offset from the satellite
trajectory and thus has a radar incidence angle θ which is off nadir.

SAR  resolution  in  flight  direction
(azimuth)  is  mainly  dependent  on
the  synthetic  aperture  length
(antenna length between transmitter
and  receiver).  Therefore,  a  SAR
system is superior to a real aperture
radar  (RAR)  system as  it  uses  the
motion of the (satellite) sensor along
the orbit to synthetically increase the
antenna length. With RAR systems,
where radar transmitter and receiver
are  co-located  and  therefore  the
physical antenna length is relatively
short, the azimuth resolution is low.
SAR uses the frequency shift in the
return signal (Range-Doppler effect)
to  extend  the  effective  antenna
length  along  the  satellite  trajectory
using  image  processing  [Chan and
Koo,  2008].  Resolution  in  slant
range  (line  of  sight  of  radar)  is
determined  by  the  duration  of  the
compressed  radar  pulse.  The  resolution  in  across  track  direction  (ground)  range  is  further
determined by the radar incidence angle due to the side-looking imaging geometry of the sensor
[Chan and Koo, 2008].

The backscatter signal, which is the radar echo recorded at the receiver, is analysed in terms of
amplitude and phase. The backscattered amplitude defines the intensity of the received signal and is
mainly characterized by the properties and aspect of the illuminated target at  the Earth surface
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Figure 2-1: Imaging geometry of a SAR satellite where h is height above 
ground, r is slant range, θ is the radar incidence angle at swath center. 
Inset A shows wavelength and amplitude of a radar wave. [after 
Olmsted, 1993; Joughin et al., 1996].
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[Massom and Lubin,  2006].  The measured phase of the returned signal  is  relative to  the radar
wavelength marking the position along the radar waveform cycle. As the total number of waves in
the returned signal cannot be measured, the phase can only be a relative measure. The here used
SAR  systems  are  incapable  of  measuring  absolute  distances  between  sensor  and  ground.
Furthermore, radar waves penetrate into the snow, firn and ice surface of a glacier to a depth which
depends on the wavelength of the radar and the surface properties. For example, a C-band radar
(5.6 cm wavelength) penetrates about 9 m into cold polar firn and about 1 m into exposed ice while
the longer L-band radar waves (24 cm) penetrate about 14 m into firn and 3 m into ice [Dall et al.,
2001; Rignot et al., 2001]. Radar waves can be horizontally (H) or vertically (V) polarised in both
transmitting and receiving direction. The returned signal, especially the phase, is also subject to
distortion by atmospheric influences and signal noise (see chapter 5.4 for more discussion). In terms
of data processing, the recorded return signal is stored in Single Look Complex (SLC) raster images
in form of complex numbers which represent vectors to calculate amplitude and phase  [Massom
and Lubin, 2006]. Pre-processing of the data received by the satellite into SLC images is conducted
at the relevant space agencies.

Due to the imaging geometry of the SAR sensor, the projected return slant range signal may be
spatially distorted by the topography of the Earth surface. Figure 2-2 demonstrates how the effects
of foreshortening, layover and shadowing caused by specific spatial  locations of objects  on the
Earth  surface  influence  the  resulting  projection  in  slant  range.  Foreshortening  (a-b  to  a'-b')
decreases  the  distance  between  two points  on  the  ground when  projected  in  slant  range  radar
geometry. Layover is an extreme form of foreshortening and reverses the slant range distance of two
objects due to the aspect of the terrain they are situated on (c-d to d'-c'). Shadowing is the effect of
terrain not being illuminated by the radar signal wherefore the affected areas are not visible in the
resulting imagery.
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Figure 2-2: Distortion of ground objects in the radar image plane due to radar look 
angle and topography. Distance a-b is affected by foreshortening and c-d by layover.
The projection of a-b to a''-b'' shows how baseline and parallax effect influence the 
distance between two objects in the imaging plane. [after Olmsted, 1993]

slant range image plane

a b c d

a' b' d' c'

a'' b''

ground range



2.2 TwoPass Interferometry and Differential 
Interferometry

Multi-pass  SAR satellites  repeatedly  measure  the  phase  of  the  radar  return  signal  of  the  same
objects on the Earth surface. The time span in between the image acquisitions, called the temporal
baseline,  typically ranges from a few hours to a few weeks, depending on satellite and type of
application. Shorter temporal baselines usually require several identical satellites which follow the
same relative orbits and deploy identical sensors. A tandem mission, which allows for very short
temporal baselines, combines two satellites which follow one another at short distance. The spatial
offset  between the locations  of  two repeat-pass  satellites  at  the  time when they pass  the  same
azimuth location defines the interferometric baseline B12 (Figure 2-3). For modern satellites the
orbital state vectors defining the satellite location are well known which allows for an accurate
calculation of this baseline. The phase differences between two SAR images are used to calculate
relative ground displacements over the time of the temporal baseline. This interferometric phase
difference is expressed in radians, ranging from -π to π (one interferometric phase cycle) for each
spot measurement, i.e. each image pixel, and is equivalent to half the transmitted radar wavelength
[Massom and Lubin, 2006]. This means, an X-band sensor like the one on the TerraSAR-X satellite,
with a wavelength of about 3.1 cm, shows phase differences between two radar measurements that
are equivalent to line-of-sight (LOS) displacements ranging from 0 to about 1.55 cm (taking the
Doppler frequency variation into account) [Massonnet and Feigl, 1998].

The  raster  image  holding  the
interferometric  phase  differ-
ences  from  two  SAR
measurements  (two-pass),  is
referred  to  as  interferogram.
Since only differences of up to
2π are  imaged  in  an
interferogram, the colour coded
image  shows  so-called
interferometric  fringes  follow-
ing  the  lines  of  equal  phase
difference,  or  isophase  lines.
The  interferometric  phase
contains  not  only  phase
differences  caused  by  ground
displacements  but  also  phase
differences caused by the base-
line (due to topography) as well
as  atmospheric  and  noise
differences. The total phase dif-
ference Δϕ is therefore defined
by [Massom and Lubin, 2006]:

Δϕ=Δϕatmosphere+Δϕdisplacement+Δϕnoise+Δϕtopography (equation 2-1)

The  topographic  phase  component  Δϕtopography is  due  to  the  parallax  effect  caused  by  the
interferometric baseline between the two SAR images (Figure 2-2)  and therefore equals zero at a
zero baseline constellation (which is mostly not achieved with current technology). With auxiliary
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Figure 2-3: SAR imaging geometry in repeat-pass interferometry for repeat pass 1
and 2. B12 is the baseline and B⊥ is the perpendicular baseline between repeat 
passes. Incidence angles at the same ground location differ between 1 and 2 and 
so does the slant range r. Satellite height above ground h is 514km (TerraSAR-X) 
and 619km (COSMO-SkyMed). The resulting phase difference due to the slant 
range change is shown schematically. [after Massom and Lubin, 2006]

.
θ 1

B 12

B ⊥
1

2

θ 2

ground range

h

phase shift due to 
slant range difference

ice surface

r 2

r 1



information  from a  Digital  Elevation  Model  (DEM),  the  topographic  phase  component  can  be
estimated  and  removed  from  the  interferogram.  This  technique  is  referred  to  as  Differential
Interferometric SAR (DInSAR). The accuracy of the removal process and thus that of the resulting
interferogram is therefore dependent on the horizontal and vertical resolution and accuracy of the
DEM [GAMMA Remote Sensing AG, 2014a] and the length of the baseline (with shorter baselines
reducing  uncertainties  [Joughin  et  al.,  1996;  Sandwell  and  Price,  1998]).  The  sensitivity  to
topography is approximated by [Massonnet and Feigl, 1998]:

Δϕtopography≈
4 πB⊥ha

λ rsin(θ)
(equation 2-2)

where B⊥ defines the perpendicular baseline, ha the ambiguity height, λ the radar wavelength, θ the
mean  radar  incidence  angle and  r  the  mean  range  distance  between  sensor  and  ground.  The
atmospheric phase difference  Δϕatmosphere (equation 2-1) is neglected in this study as the here used
X-band imagery is relatively robust to atmospheric distortions [Massom and Lubin, 2006] and the
polar atmosphere is assumed to be dry (see also chapter  5.4). Phase noise is usually reduced by
phase  averaging  and  filtering  through  image
resampling (see also 4.4.3).

A  condition  for  the  formation  of  an
interferogram  from  a  SAR  image  pair  is  a
sufficient phase coherence between both, i.e. a
high  degree  of  sub-pixel  correlation  between
both  images.  Therefore,  surface  deformation
can only be detected if the spatial shift between
pixels within the time of the temporal baseline
was  within  a  narrow  limit.  Thus,  for  fast-
flowing  glaciers,  or  otherwise  quickly
changing  surfaces,  shorter  temporal  baselines
should be chosen [Sykes et al., 2009]. Surface
changes  can  also  be  due  to,  e.g.,  snowfall
events  and strong winds and lead to  reduced
coherence.  For  example,  Gray  et  al. [2001]
found  that,  when  using  24-day  repeat  pass
imagery, the InSAR technique delivered usable
results  only  up  to  an  ice  velocity  of  about
125 m a-1.  The  precision  of  an  interferogram
from  a  C-band  sensor  may  allow  for  the
estimation of relative surface movements from
up  to  2.3 mm  at  ideal  conditions  to  a  few
centimetres at average conditions, measured in
slant  range  [Wu  et  al.,  1996;  Madsen  and
Zebker, 1998].

Interferograms from a single SAR image pair
contain  differences  from  both  vertical  and
horizontal ground surface displacements. Since
ground  surface  displacements  can  only  be
detected  in  slant  range  direction,  the
interferometric  phase  is  interpreted  as  either
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Figure 2-4: Relationship between vertical and horizontal 
displacements in the imaging geometry of a SAR. A measured
slant range difference of Δr which is caused by a vertical 
displacement Δh between P1 and P2 may also be interpreted 
as horizontal displacement ΔdSAR (or any combination of Δh 
and ΔdSAR along line of equal slant range). The SAR 
incidence angle is θ. (Δdop is the horizontal difference 
observed by an optical imaging system with the same viewing
angle.) [after Marsh et al., 2013]
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vertical or horizontal displacement. On glaciers and especially on ice shelves which are under tidal
forcing, the measured slant range displacements contain a two- or even three-dimensional ground
displacement  component.  Therefore,  deriving  pure horizontal  or  vertical  displacements  requires
assumptions on the other dimensions.  Figure 2-4 illustrates the relationship between slant range
differences measured with a SAR and a two-dimensional ground displacement. A phase difference
introduced  by  a  ground  displacement  may  be  caused  by  either  a  vertical  Δh  or  horizontal
displacement ΔdSAR or a combination of both along the 'line of equal slant range'. In this respect, a
SAR system differs  from an  optical  sensor  with  the  same viewing  angle,  where  the  observed
horizontal displacement Δdop would be smaller than the associated vertical displacement.

Phase differences (given by  Δϕdisplacement in  equation 2-1) are caused by horizontal  (ΔxFRINGE) and
vertical displacements (ΔzFRINGE), which are given by:

ΔxFRINGE=
λ

2sin(θ)
(equation 2-3)

ΔzFRINGE=
λ

2 cos(θ)
(equation 2-4)

Thus,  one fringe in a  wrapped interferogram (a 2π phase shift)  from an X-band sensor  with a
wavelength of  λ = 3.1 cm and an incidence angle of  θ = 24° may be interpreted as a horizontal
displacement of 3.8 cm or a vertical displacement of 1.7 cm.

- 15 -



2.2.1 Phase Unwrapping
Wrapped interferograms hold interferometric phase differences which correspond to relative surface
displacements expressed in radians (modulo 2π). Any slant range displacements larger than 2π have
to  be  resolved  by phase  unwrapping.  This  means  that  phase  cycles  of  consecutive  fringes  are
summed starting at a point of zero (or known) ground displacement (unwrapping start point/point of
reference). Discontinuities in the fringe pattern, e.g., caused by phase noise or layover, may cause
errors  in  the  unwrapped  interferogram.  Also,  displacement  differences  larger  than  2π between
neighbouring raster cells cannot be resolved [Huntley, 1989]. A number of different algorithms have
been established but no standard method is defined as of today [Massom and Lubin, 2006; Du et al.,
2017].
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Figure 2-5: Interferogram phase unwrapping. Wrapped, relative phase information (modulo 2π) 
(black line) is unwrapped into absolute radians (red line) by adding consecutive discrete fringes.
Colour coded fringes of the wrapped interferogram are displayed to demonstrate the 
representation in an interferogram. The unwrapping start point (reference point which is 
assumed to remain static) is at the origin of ordinates in this diagram.
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2.3 Three and FourPass Double Differential 
Interferometry

Double  differential  interferometry  (DDInSAR)  builds  upon  the  principles  of  DInSAR.  The
DDInSAR technique aims to separate either vertical or horizontal ground displacements contained
in an interferogram by assuming a constant displacement in one of the two dimensions. Given this
condition, differencing two DInSAR interferograms (or two InSAR interferograms with the same
baseline)  returns  the  residual  displacement  of  the  ground  surface  between  both  interferometric
image pairs while it cancels out common displacements. For instance, two interferograms of an ice
shelf, moving at a constant surface parallel velocity, contain both the same horizontal displacements
in their interferometric phases and differencing both removes this horizontal component returning
only relative differential vertical displacements.

Three-pass DDInSAR uses triples of SAR images to create two interferograms with the two pairs
having one image in  common. The shared image is  typically used as a  common coregistration
master image (see sections 4.4.1 and 4.4.6). The method combining a quadruple of SAR images by
forming  the  difference  of  two  interferograms,  is  referred  to  as  four-pass  DDInSAR.  With  a
quadruple,  the  resulting  two interferograms  are  usually  spatially  independent  which  means  the
interferograms  require  coregistration  before  differencing.  If  the  combined  interferograms  have
different  temporal  baselines,  one  of  the  interferograms  must  be  scaled  in  order  to  make  them
combinable. This thesis refers to SAR image triples and quadruples used for DDInSAR as image
sets. 

DDInSAR is commonly used for the purpose of monitoring displacements in the GZ [Zebker et al.,
1994;  McMillan et al., 2011;  Han and Lee, 2014, 2015]. Especially locating the GL is typically
done with DDInSAR interferograms over ice streams where a constant flow velocity is assumed
[Rignot, 1998]. Here, the landward limit of unwrapped interferometric fringes is interpreted as the
limit of tidal displacements which is defined as GL or, more accurately, the hinge-line. Caution
must  be  exercised  where  ice  flow  velocities  vary  largely  between  interferograms  as  differing
displacements create residual fringes in DDInSAR interferograms. These residuals, if significant
(above noise level), are visible in grounded areas where vertical differences between interferograms
can be neglected. In return, two interferograms which contain identical vertical displacements can
be  deducted  from  each  other  to  separate  the  residual  horizontal  displacement.  However,  this
approach is often less accurate as vertical (tidal) displacements often vary between interferograms.
Also,  SAR measurements  are  more sensitive  to  vertical  displacements  in  relation  to  horizontal
displacements when using SAR sensors with an incidence angle θ below 45° (Figure 2-4).
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2.4 Speckle Tracking
Speckle tracking is an alternative approach to InSAR which makes use of persistent patterns of
radar backscattering noise to track displacements between two coherent images  [Short and Gray,
2004]. Strictly speaking, image speckle is not noise in the physical sense but caused by the multiple
scatterers captured within the ground resolution equivalent  to  one pixel  which cause a  random
coherent  interference  [Massom  and  Lubin,  2006].  This  technique  does  not  require  visually
discernible features and can produce useful outputs even at lower image coherence  [Gray et al.,
2001; Marsh et al., 2013]. The latter is due to the fact that the size of the correlation area can be
adjusted in most algorithms [Joughin, 2002] and no continuous coherence is required as is the case
for interferometric phase unwrapping [Gray et al., 2001]. Therefore, speckle tracking is suitable for
longer temporal baselines and areas of large displacements, e.g., fast flowing glaciers [Gray et al.,
2001;  Joughin, 2002;  Short and Gray, 2004]. Another advantage is the ability to measure ground
displacement in any (horizontal) direction, independent of radar line of sight  [Gray et al., 2001].
While speckle tracking is more accurate than visual feature tracking, it cannot reach the precision of
InSAR. This deficit is mainly owed to limitations from the radar ground resolution and therefore is
expected to improve in the future with higher horizontal sensor resolution [Gray et al., 2001; Short
and Gray, 2004]. Similarly to InSAR, the radar images have to be spatially coregistered and, for
floating ice, adjusted for vertical displacement using tide models [Gray et al., 2001]. Both, speckle
tracking and InSAR, can be used jointly to mosaic displacement maps, using the most adequate and
accurate method for individual image areas [Joughin, 2002].
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3 Data Acquisition
The analysis in this study relies on remotely sensed satellite radar data. SAR imagery is acquired
from satellite sensors which re-visit the area of interest within a time interval which allows for
speckle tracking and the calculation of interferometric  phases.  This repeat  pass cycle is  ideally
within  a  range  which allows  for  high  temporal  resolution  analysis  of  glacier  surface  changes.
Especially for InSAR, loss of coherence limits the length of the temporal baseline to about 20 days
for X-band SARs on a relatively slow flowing glacier like the Darwin.

Field work was carried out over a period of three weeks in November 2016, taking continuous
measurements at selected points of glacier flexure and flow in the Darwin GZ. The measurements
are used to infer short time flow anomalies and tidal flexure while SAR observations are used to
map spatial variability in velocities and research the ability of remote sensing data to capture small
scale variations at high temporal resolution. Additionally, roving GNSS measurements of the glacier
surface are used to refine the accuracy of the used DEM.

A DEM is required to resolve for the topographic component contained in the SAR imagery as well
as for the geocoding process of all raster images between Range Doppler coordinates (RDC) and
map projection coordinates (MPC) in Antarctic Polar Stereographic projection (EPSG:3031, datum
WGS84). Additionally, oceanic tides are inferred from a regional tide model of the Ross Sea area,
which are used in the analysis of vertical displacements between image acquisitions and for the
separation of vertical and horizontal displacement components contained in the SAR imagery.

3.1 Field Measurements

Global Navigation Satellite System (GNSS) receivers were set up to measure glacier displacements
at very high spatial and temporal resolution. Measurements were done as part of a broader study of
ice  deflection  in  the  area  and station  locations  were  selected  to  best  suit  the  objectives  of  all
research questions. Three GNSS stations were erected along the centerline of the moving ice tongue
and one station was set up on the static glacier margin as a local correctional base station. The
centerline alignment had been defined in an earlier study by Riger-Kusk [2011].

The location of the GL was determined based on DDInSAR interferograms  (see section  4.4.6) to
help with determining the location of the GNSS stations. The GL was assumed at the boundary
between vertically moving and vertically stationary ice which can be roughly defined from a single
DDInSAR interferogram (see section 5.3.3). Station 'Shirase' was set up to capture displacements
on  the  freely  floating  region  where  the  glacier  is  assumed  to  be  at  hydrostatic  equilibrium
(downstream of point H in Figure 1-2, about 14.5 km downstream from the GL). Station 'Hillary'
was installed about 3 km downstream of the GL location at the point of greatest ice deflection.
Station 'Amundsen' was erected about 0.5 km upstream of the GL to measure possible propagation
of ice velocities on grounded ice (Figure 3-1). The aim was to measure small scale fluctuations in
glacier flow together with tidal displacements.  Figure 4-14 shows all stations over an DDInSAR
interferogram to illustrate the identification of GL and freely floating ice shelf.

Defining freely floating ice was problematic in the embayment of the Darwin GZ; the interferogram
indicates  that  at  times  there  is  a  slight  gradient  in  either  vertical  or  horizontal  offsets  leading
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downstream from the here identified freely floating area at Shirase. The glacier tongue could be
buttressed by an ice rise to the north while it is supported by the surrounding bed rock. Shirase
station  might  therefore  not  be  in  perfect  hydrostatic  equilibrium so  that  oceanic  tides  are  not
correctly resembled in GNSS measurements (for more discussion see section 6.3).

- 20 -

Figure 3-1: Darwin GZ research area with GNSS stations and GNSS repeat point measurements.



The reference GNSS base station 'Mawson' was placed at the northwestern margin of the glacier
tongue to aid differential GNSS post processing correction of the moving stations. It was installed
on stationary ice near Lake Wilson (nearby debris slopes were unsuitable to secure the station).

All  locations  were determined before  commencing field work and programmed into hand held
GNSS receivers. The absolute accuracy of up to 3-5 m of this technology was deemed as sufficient
for  placing  the  stations  given  a  similar  ground  resolution  of  the  available  imagery  and
interferograms. The hand held devices were also programmed with various maps (including Land
Information New Zealand (LINZ) topographic maps), satellite imagery and additional supporting
vector data of the research area in GPX (GPS exchange format) or tiled KMZ (compressed keyhole
markup language) format.

For all GNSS measurements, Trimble R9s receivers were used in static mode for the reference base
station and repeat points, and in roving mode for all displacement and rover measurements. All
stations were equipped with solar panels and additional external batteries to support the internal
power supplies of the receivers. The antennas were placed externally about 1.4 m above ground and
away from potential reflectors. The antenna poles were drilled about 1.5 m deep into the ice. The
temperatures within the receiver containers were monitored and were found to be sufficient for
maintaining the required receiver battery charge. Stations Mawson, Shirase and Hillary were set up
for the full period from 12/11/2016 to 27/11/2016 (UTC) inclusive. Amundsen station was set up for
a shorter period between 16/11/2016 and 23/11/2016 (UTC) as the GNSS receiver was needed as a
roving unit  during the rest of the campaign. In addition to these four sites,  GNSS repeat point
measurements were carried out over a network of 11 locations equally spread over the GZ. All point
measurements were repeated once after about 10 to 13 days.  To do so,  antenna locations were
marked on the ice while the antenna was removed (Figure 3-2).

Additionally, a roving GNSS receiver was mounted to a snow mobile in order to carry out elevation
measurements over larger areas of the lower glacier tongue. This was carried out for a number of
purposes,  namely to derive precision elevation measurements  of the glacier  surface in  order  to
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Figure 3-2: Typical GNSS station (left) and repeat point measurement setup (right). For repeat points the temporary 
antenna location was marked with a flag between measurements.



calibrate the available DEM and for a related study to determine elevation changes over the glacier
in  comparison with  ICESat  satellite  altimetry.  An attempt  to  locate  the  GL position  through a
repeated survey during low and high tides was also conducted. The receiver antenna was fixed to
the vehicle about 0.79 m above ground and the receiver was powered from the internal battery
supply (Figure 3-3).

The  station  GNSS  measurements
were  taken  at  15  seconds  intervals
and separated into hourly bulk files.
Point measurements were also taken
every 15 seconds over  a  time of  at
least 10 minutes for each individual
point.  For  the  snow  mobile  rover
data,  GNSS  measurements  were
taken every one second to allow for a
faster movement of the antenna while
maintaining  sufficiently  spaced
measurements.  All  data  were
recorded in the Trimble internal raw
GNSS  format  which  requires  post
processing and conversion into a GIS
usable format.

3.2 SatelliteBorne Synthetic Aperture Radar Data

Current satellites carrying modern active radar sensors allow for data acquisition at any time of the
day or night and nearly independently of weather and atmospheric influences.

Historically, ESA’s ERS-1 and ERS-2 satellites delivered relevant SAR data since their launches in
1991 and  1995,  respectively,  and  offered  especially  valuable  datasets  during  the  ERS Tandem
mission between 1996 and 2000. ESA also launched Envisat in 2002 and since 2014 it continues the
ERS mission with the new Sentinel satellites. The German Aerospace Agency (DLR) has operated
the  TerraSAR-X satellites  since  2007 and  2009,  and the  Japan  Aerospace  eXploration  Agency
(JAXA) provided data from ALOS PALSAR (DAICHI) from 2006 to 2011 which was followed by
ALOS-2 since 2014. Also the Canadian Space Agency (CSA) offers radar data from its Radarsat
missions since 1995. Since 2007, new datasets have become available from the COSMO-SkyMed
sensor provided by the Italian Space Agency (ASI). Due to the low latitude, the Darwin GZ is
currently  only  covered  by three  different  data  sources  –  ALOS PALSAR (1 and 2),  COSMO-
SkyMed and TerraSAR-X. The latter has a repeat pass cycle of 11 days and was successfully used
in a similar study at the Beardmore Glacier, being able to capture flow velocity variations at the GZ
[Marsh et al., 2013]. The 14-day repeat passes of ALOS are also expected to deliver coherent image
pairs over the slow flowing Darwin GZ but relevant datasets were not available for the study period.
The different constellations of the COSMO-SkyMed satellites result in varying repeat pass cycles of
multiples of four days during the study period. For the COSMO-SkyMed sensor, specific temporal
baselines  from other  satellite  constellations  may be pre-ordered but  were not  available  for this
study. However, especially the available intervals of four and eight days are considered to enable a
better insight into short term variations of the Darwin Glacier flow. All images used in this study
were acquired in HH polarisation.
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Figure 3-3: Roving GNSS receiver setup on snow mobile. Antenna height 
above ground is 0.79 m.



3.2.1 COSMOSkyMed

From the  COSMO-SkyMed  (CS)  satellites,  23  individual  scenes  were  acquired  from  the  ASI
catalogue [ASI, 2017]. The images were recorded in STRIPMAP HIMAGE mode which covers a
ground area of about 43 km in along track direction and about 46 km in radar look direction for
each individual image. The level 1a Single Look Complex (SLC) data has on average a size of
about 19,000 azimuth lines and 20,568 range samples resulting in a ground resolution of slightly
below 3x3 m and a file size of about 1.4 GB [Mezzasoma et al., 2008]. All images were taken on
the descending track in right-looking mode at an average radar incidence angle of about 20.3°. The
X-band radar operates at a frequency of about 9.6 GHz (0.03125 m wavelength).

All acquired imagery originates from the identical CS satellites number one, two and four which
operate  at  identical  orbits,  incidence  angles  and sensors  and thus  allow for  combination  of  all
imagery for the purpose of SAR processing. Given sufficient image coherence, CS allows for a
flexible combination of the imagery to form interferograms. Here, the shortest available temporal
baselines  between  the  images  are  four  days  while  imagery  with  longer  time  intervals  can  be
combined at multiples of four days, depending on image availability. Most of this imagery was
taken during or close to times of high tides in the study area (Figure 3-4) but at different amplitudes
of  the  fortnightly  tidal  components  during  a  period  from April  to  October  2016.  The imagery
footprints  over  the study area are  shown in Figure 3-5.  It  must  be considered  that  images  are
spatially offset between different repeat pass times and only overlapping areas can be used to form
common interferograms.

3.2.2 TerraSARX

Imagery of the TerraSAR-X (TSX) satellite can be acquired from the
website  of  Airbus  Defense  and  Space [2017].  For  this  study,  12
scenes  were  used  from the  period  from May 2016  to  November
2016. In contrast to the CS imagery, TSX scenes were taken from
different orbits which means combinations are limited to the same
relative  orbit.  This  limitation  reduces  the  number  of  possible
combinations while temporal baselines can only be multiples of 11
days.

All imagery was acquired in STRIPMAP mode and obtained in SLC
format.  This  type  of  imagery  covers  about  57  km  in  azimuth
direction and about 35 km in across track direction at a data size of
about 28,900 azimuth lines and 18,700 range samples for orbit 6 and
about 33,900 lines by 13,400 lines for orbits 7 and 98 (about 1.7
GB). Similar to CS, the resulting single look ground resolution is
slightly  below 3x3 m. The radar  frequency of  9.6499984 GHz is
nearly identical to CS. For the acquired imagery, the right looking
radar sensor used a slightly steeper incidence angle (about 28.7° on
orbit 6 and about 30.9° on orbits 7, 98) which makes measurements
less sensitive to horizontal displacements. Due to the 11 day repeat
pass  cycle,  the  distribution  of  the  imagery  acquisition  times  in
relation to the tidal phases and amplitudes is different in comparison
to  CS  and  may  therefore  reveal  different  patterns  of  ground
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Table 3-1: Used SAR scenes
Scene ID Sensor Relative Orbit Date, time (UTC)

19 CS 06/04/2016 02:15:52
21 CS 14/04/2016 02:15:47
23 CS 18/04/2016 02:15:43
25 CS 04/05/2016 02:15:43
27 CS 08/05/2016 02:15:40
29 CS 16/05/2016 02:15:36
31 CS 24/05/2016 02:15:29
32 TSX 7 25/05/2016 13:57:09
33 TSX 98 31/05/2016 13:48:36
61 CS 01/06/2016 02:15:33
62 CS 05/06/2016 02:15:27
36 TSX 7 05/06/2016 13:57:09
63 CS 09/06/2016 02:15:26
37 TSX 98 11/06/2016 13:48:36
38 TSX 7 16/06/2016 13:57:09
39 TSX 98 22/06/2016 13:48:36
64 CS 03/07/2016 02:15:14
65 CS 07/07/2016 02:15:13
40 TSX 6 08/07/2016 12:23:25
66 CS 11/07/2016 02:15:09
67 CS 19/07/2016 02:15:08
42 TSX 6 19/07/2016 12:23:25
68 CS 23/07/2016 02:15:06
69 CS 04/08/2016 02:14:59
70 CS 08/08/2016 02:14:58
71 CS 12/08/2016 02:14:59
72 CS 20/08/2016 02:14:56
73 CS 24/08/2016 02:14:54
74 CS 28/08/2016 02:14:51
75 CS 23/10/2016 02:14:32
43 TSX 7 26/10/2016 13:57:16
76 CS 27/10/2016 02:14:34
44 TSX 7 06/11/2016 13:57:16
45 TSX 7 17/11/2016 13:57:16
46 TSX 7 28/11/2016 13:57:16



displacements (Figure 3-4). TSX image coverage areas are shown in Figure 3-5 and the used scenes
are listed in Table 3-1. 
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Figure 3-4: SAR data acquisitions in relation to oceanic tides. Labels are scene IDs as per Table 3-1. The tide model is 
explained in chapter 4.1 and the velocity_model14 is explained in section 5.1.6.

Figure 3-5: Footprints of used SAR scenes. The inset shows the average azimuth and range look direction of all scenes.



3.3 Digital Elevation Model

DEMs covering Antarctica have been available in relatively high resolution since 1999 and have
markedly improved since then. The Radarsat Antarctic Mapping Project (RAMP) first published an
Antarctica wide model, derived from the ERS Tandem mission and historic topographic records
with a ground resolution of 200x200 m and a vertical accuracy of ±100 m [Liu et al., 1999, 2015] .
Bamber et al. [2009] published a DEM which is an amalgamated product from the ERS-1 satellite
radar altimeter and the ICESat laser altimeter missions with a resolution of 1 km and about 15 to
40 m vertical  accuracy.  The  TanDEM-X  mission  (German  Aerospace  Center)  offers  a  vertical
accuracy of about 2 m at 12 m ground resolution [Bartusch et al., 2010] and commercial products
from DigitalGlobe have  about  2  m resolution  horizontally  and vertically  [DigitalGlobe,  2016].
Similarly, Spot Image supplies the SPOT 5 stereo-image DEM with a 20-30 m ground resolution
(depending on product), using the panchromatic mode and reaching a vertical accuracy of 10 m at
90% for slopes lower than 20% (18 m at 90% of slopes between 20% and 40% and 30 m at 90% for
slopes greater than 40%) [SPOT Image, 2004; Bouillon et al., 2006]. For the area of the Darwin GZ,
an  ALOS PRISM based  stereo-imagery  DEM is  freely  available  from Land  Information  New
Zealand  [LINZ,  2010].  ALOS PRISM reaches  a  maximum ground resolution of  2.5 m at  nadir
[JAXA, 1997] and has a vertical accuracy of about 5-24 m, depending on terrain  [Takaku et al.,
2007].

For this thesis, the DEM from 2010 provided by LINZ (hereinafter referred to as 'LINZ DEM') is
considered as the best and readily available choice. The data were surveyed specifically for the
Darwin Glacier  and published in May 2010. For the application of radar  interferometry over a
glacier tongue, the focus for the DEM accuracy is on the glacier itself which has an average surface
slope of about 0.8° up to 15 km downstream of the GL and about 1.6° up to 10 km upstream of the
GL. The ALOS PRISM DEM generally shows higher accuracy in shallower terrain [Takaku et al.,
2007] and is  therefore  expected  to  be  near  5 m accuracy vertically.  TanDEM-X data  have  not
become available for this study but could perform better than the LINZ dataset. The LINZ DEM
only covers the glacier from about 3 km downstream of the GL to the upper reaches in the west. It
was therefore essential to supplement the LINZ DEM with a secondary terrain model. A SPOT 5
stereo-image DEM from December 2007 (hereinafter referred to as 'SPOT DEM') with lower spatial
resolution and lower vertical accuracy is used (This was originally used in an earlier study for the
ASAID project  [Bindschadler et al., 2011a]). The LINZ DEM together with the complementary
SPOT DEM are used to generate a hybrid DEM. The resulting LINZ/SPOT DEM is further refined
using the GNSS elevations measured in the field (chapter 4.3).

3.4 Oceanic Tide Model

Tidal displacements are estimated from a regional model to analyse glacier displacements observed
in SAR imagery in dependence of oceanic tides. Modelling of oceanic tides in the Southern Ocean
goes back to Robertson et al. [1998] who published a model for the Weddell Sea which was updated
to the Circum-Antarctic Tidal Simulation CATS99.2 by  Padman and Kottmeier [2000] and then
developed further to CATS00.10 [Padman et al., 2002] to cover the whole of the ocean surrounding
Antarctica.  The  model  was  later  refined  for  the  Ross  Sea  region  as  CATS02.01  and  further
improved using ICESat laser altimetry creating the CATS2008a_opt model [Padman et al., 2008a,
2008b]. The CATS2008a_opt model is currently the most accurate option for this application apart
from data from local tide gauges. It must be noted that the water column thickness is a crucial input
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factor to the model and errors in this variable are particularly large under ice shelves [Padman et
al., 2002]. This study assesses the tide model using locally measured GNSS data on freely floating
ice (Shirase station).

CATS2008a_opt allows for modelling of oceanic tides including the 10 major constituents in Table
3-2. Additionally, the solid Earth deflection due to ocean tide loading must be considered.  Egbert
and Erofeeva [2002] published a global model to calculate ocean-tide loading which is used for this
study (Model_tpxo6.2_load, [Egbert et al., 2002]).

Another  major  component  to  consider  when  reconstructing  local  oceanic  tides  is  the  inverse
barometric effect (IBE). A variation of atmospheric pressure results in a proportional change in sea
level of about -0.01 m for every +1 hPa [Padman et al., 2003a]. To correct for this effect, historic
atmospheric  pressure  records  where  obtained  from  the  automatic  weather  station  “Marilyn”
(79°55'48''S,  165°33'36''E  at  62 m  above  sea  level)  via  the  Antarctic  Meteorological  Research
Center and the Automatic Weather Stations Project [SSEC, 2016]. The data are provided in monthly
bulk files containing 3-hourly records. The weather station is located about 120 km towards the east
from the research area, on the Ross Ice Shelf. Despite its relative proximity, the local weather at the
Darwin GZ may divert from the weather station data due to the influence of the Transantarctic
Mountains and IBE correction might therefore be erroneous. To validate the weather station records,
the atmospheric pressure was measured locally during the period of the field campaign near Shirase
station using a digital barometric pressure sensor (0.03 hPa resolution).
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Table 3-2: CATS2008a_opt tidal 
constituents
Symbol Constituent

Principal lunar semidiurnal
Principal solar semidiurnal
Larger lunar elliptic semidiurnal
Lunisolar semidiurnal
Lunar diurnal
Lunar diurnal
Solar diurnal
Larger lunar elliptic diurnal
Lunisolar fortnightly
Lunar monthly

M2

S2

N2

K2

K1

O1

P1

Q1

M f

Mm



4 Data Processing

This chapter describes the work flows applied in the processing of all input data. A selection of
commercial and open source software are used for this task.

The interferometric data processing is carried out using the GAMMA software package [GAMMA
Remote Sensing AG, 2017]. This software consists of seven packages while each package contains
several individual programs. Each GAMMA program is run directly from the command line so that
a process chain can be scripted for fully automated processing of the SAR imagery. For this thesis,
the packages 'Interferometric SAR Processor' (ISP) and 'Differential SAR Processor & Geocoding'
(DIFF&GEO) modules are applied.

For  the  scripting  of  the  processing  chain,  the  extract-transform-load  (ETL)  software  Feature
Manipulation  Engine  (FME)  is  used  [Safe  Software,  2017].  This  software  allows  for  process
automation and transformation of spatial and non-spatial data between a large number of formats.
Additionally, it can be applied to run external code in different programming languages, including
Python.  Each  data  manipulation  step  is  carried  out  by  an  individual  'Transformer',  a  modular
building  block  with  a  graphical  user  interface  to  form  processing  chains.  Making  use  of
transformers, FME processes are developed within so-called workspaces which run from within the
software itself or from the command line.

Making use of FME's modular functionality, so called 'Custom Transformers' are created for each of
GAMMA's individual programs. The Custom Transformers use flexible Python scripts to trigger the
run of the relevant GAMMA program. Each Custom Transformer is set up to contain all parameter
values  which  are  required  for  the  particular  GAMMA  program  to  run  (Figure  4-1 and
Figure_Appendix 1,  2,  3,  4).  These programs can then easily  be combined and chained in any
required combination. In this way the required GAMMA programs can be scripted, automated and
complemented by geospatial operations and transformations which are native to the FME software.

Other  data  are  processed  through  Python,  MATLAB  [Mathworks,  2017] and  IDL  [HARRIS,
2017] scripts. ENVI  [HARRIS, 2017] offers a powerful software package for image viewing and
processing but is not applied for the task of interferometric processing. All mapping and simple
geospatial tasks are carried out in QGIS [OSGeo, 2017]. 
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Figure 4-1: Simple FME workspace with Custom Transformers for GAMMA's create_offset and SLC_intf. The
'ENVIHeaderCreator' is developed to add header files to raw raster image outputs.



4.1 Tide Model Data

This study focusses on the tidally driven ice dynamics on the Darwin Glacier. Tidal amplitudes can
be measured relative to the local Datum using a tide gauge near Scott Base, Ross Island, Antarctica
(77°51'S,  166°46'E).  However,  as the tidal displacements at  Darwin Glacier GZ, about 260 km
south  from Scott  Base,  are  not  identical,  more  accurate  data  was  required.  Therefore  the  tidal
displacements are inferred from a model and corrected taking the local atmospheric pressures into
account.

4.1.1 Oceanic Tides

For the time period of the available satellite radar imagery, oceanic tides are simulated using the
CATS2008a_opt model  [Padman et al., 2008a]. The model is run as a MATLAB script to infer a
single tidal displacement at a given time. Required inputs are the coordinates of the location for
which the tide is to be modelled and the time for the tide prediction. Coordinates are provided in
Polar Stereographic projection (WGS84) with the standard parallel  at  71 degrees south and the
central meridian at 70 degrees west, divided by 1,000. Date and time are provided as serial date
numbers  in  units  of  days  with  reference  to  January  0,  0000.  Tides  are  inferred  at  one  hour
resolution, using all 10 tidal constituents available in the model (see 3.4).

A MATLAB script is created to estimate oceanic tides near the Darwin GZ at one hour intervals
covering the eight month study period. Thus, the script runs the model for 7,200 hourly samples
(300 days), starting from 01/04/2016 00:00:00. As the ice shelf mask within the model is quite
coarse,  it  attempts  a  number  of  coordinates,  starting  at  the  location  of  the  GL and  moving
downstream within the Darwin embayment until a value is returned by the model. The final location
for which the model returns tide values is 79° 42'S 161° 32'E which is about 45 km downstream
from the Darwin GL.

Similarly,  the  ocean  tide  loading  is  calculated  using  a  MATLAB  script  to  run  the
Model_tpxo6.2_load model.  This model uses identical inputs as CATS2008a_opt except for the
location which is given in terms of geographical latitude/longitude coordinates (datum WGS84).

Figure 4-2 shows the contributions of each of the 10 constituents to the total tidal displacement
during  the  time  of  the  conducted  field  work  in  November  2016  as  modelled  through
CATS2008a_opt (see also Table 3-2). It is apparent that the diurnal constituents K1, O1 and P1 are
strongest while the semi-diurnal, principal diurnal and larger diurnal constituents have only minor
influence on the total tidal displacement. Also, the fortnightly (Mf) and monthly (Mm) constituents
have only a small contribution with up to 0.01 m and appear to be cancelling each other out during
the shown period. The approximately fortnightly occurring spring tide cycles are largely owed to
the difference in  wavelength and the resulting phase shift  between the K1 and O1 constituents.
Resulting tidal amplitudes range from about 0.05 m to 0.6 m over the whole modelled period in
2016.
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4.1.2 Inverse Barometric Effect

Atmospheric pressure influences the local sea level which must be considered in the tide model (see
also  3.4).  For the calculation of the IBE, all atmospheric pressure data from the weather station
“Marilyn” are converted into a relative vertical tidal displacement by removing the mean pressure
from the period between 01/01/2016 – 30/11/2016 as per equation 4-1:

z (t)=(
∑

N

P

N
−Pt )∗0.01 (equation 4-1)

with  z  being  the  IBE,  t  the  time  of  measurement,  N the  number  of  measurements  and  P the
atmospheric pressure in hPa.

A two  day  equally  weighted  running  mean  is  applied  to  the  calculated  vertical  displacements
[Padman  et  al.,  2003a].  The  resulting  vertical  displacements  of  the  IBE  are  then  linearly
interpolated to fit the one hourly inferred oceanic tides and tide loading.

For  the  period  of  the  field  campaign,  the  IBE  from in-situ  measured  atmospheric  pressure  is
compared to that of the Marilyn automatic weather station. The deviations translate to on average
0.04 m vertical  displacement (max. 0.07 m). However, both measurements agree well (Pearson's
correlator 0.988, significant at 0.01 level) while a constant difference between both has no effect on
the  inference  of  relative  tidal  changes.  When  removing  the  mean  displacement between  both
measurements, the Root Mean Square Error (RMSE) between both IBEs is 0.01 m (Figure 4-3).
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Figure 4-2: Tidal constituents inferred from CATS2008a_opt model [Padman et al., 2008a] at 79° 42'S 161° 32'E. 
Showing individual constituents (solid) and the resulting tide amplitudes (dashed). The major constituents K1, O1 and P1

are highlighted in red, blue, green, respectively. Fortnightly and monthly constituents are bold, all other minor 
constituents are black.



Ocean tide loading and IBE are added to the modelled tides. While load tides add only a small
contribution to the total tide amplitudes, the displacements due to atmospheric pressure variations
are a relatively large factor. The separate contributors are shown in Figure 4-4, the resulting tidal
displacements which are used for this study are shown in Figure 3-4 and are hereinafter referred to
as tide model.
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Figure 4-3: Comparison of IBE from Marilyn weather station 
and from locally measured atmospheric pressure near Shirase 
station.

Figure 4-4: Tidal displacements from CATS2008a_opt model [Padman et al., 2008a], IBE from Marilyn weather 
station and load tides from Model_tpxo6.2_load [Egbert et al., 2002].



4.2 Processing of GNSS Data from Field Measurements
4.2.1 Trimble Data Conversion

All GNSS data recorded in the field with the Trimble R9s receivers was stored in proprietary raw
Trimble  GNSS  data  files  (*.T02  files)  containing  records  of  up  to  one  hour.  These  data  are
converted  into  an  commonly  interchangeable  format  (DAT)  for  further  post  processing  using
Trimble's command line based software 'runpkr00' (version 5.40) [Trimble, 2013]. The conversion
is carried out with the following command:

runpkr  -d  Trimble_file.T02 (command 4-1)

The resulting  DAT files  are  further  converted into the Receiver  Independent  Exchange Format
(RINEX) using UNAVCO's free-ware program for Translation, Editing, and Quality Check (TEQC)
(version  2016Nov7)  [Estey and Meertens, 1999;  UNAVCO, 2016a]. This process outputs a NAV
and OBS file with the following command:

teqc +nav RINEX_nav_file.NAV Trimble_file.DAT > RINEX_obs_file.OBS
(command 4-2)

All RINEX (OBS) and associated NAV files of one consecutive measurement are combined into
bulk files to allow for single-step post processing. This is done as follows within any individual
group of files:

teqc  *.OBS  >  RINEX_obs_file_combined.OBS (command 4-3)
teqc  *.NAV  >  RINEX_nav_file_combined.NAV (command 4-4)

All commands are batched through an FME workspace.

4.2.2 Differential GNSS Post Processing

The Differential GNSS (DGNSS) technique uses a reference station on the ground to estimate the
differences between measured satellite pseudoranges (measured distorted distances between satellite
and receiver) and expected ranges based on an a-priori ground location. These derived differences
are applied individually to the pseudoranges measured by the roving receiver in order to correct the
GNSS solution.

For this study, the base station Mawson is used as reference station for the DGNSS post processing
task. The location of Mawson itself is determined through a preceding DGNSS process utilizing a
close-by permanent GNSS receiver station. UNAVCO maintain a network of stations worldwide
including in the Transantarctic Mountains  [UNAVCO, 2016b]. The closest stations are Westhaven
Nunatak  (WHN0,  distance  107km),  Butcher  Ridge (BURI,  distance  108km)  and  Fishtail  Point
(FTP4, distance 117km) (Figure 4-5). Only BURI and FTP4 recorded a consecutive series of GNSS
data for the time during the field campaign.  According to UNAVCO  [pers.  comm., 11 January
2017], neither has a know precision surveyed location.

- 31 -



- 32 -

Figure 4-5: UNAVCO stations near the Darwin (A) [UNAVCO, 2016b], different sources of BURI and their locations 
(B), DGNSS solved measurements at Mawson station (C) and example 10 minute point GNSS measurement from 
repeat point 26 (D). (B), (C) and (D) show the Antarctic Polar Stereographic map grid.



The LINZ Geodetic Database  [LINZ, 2016] contains a record with a coordinate for BURI which
was determined in July 2010 using Precise Point Positioning (PPP) [LINZ, pers. comm., 12 January
2017].  A recent record from BURI was used to carry out an updated PPP through the AUSPOS
processing service [Geoscience Australia, 2017]. See Figure 4-5 B for an overview of the available
and utilized BURI coordinates. It is assumed that the PPP method using a long time record of BURI
results in an accuracy in the scale of single digit centimetre values. The AUSPOS report (Appendix)
quantifies the positional  uncertainty at  0.004 m horizontally and 0.011 m vertically.  The BURI
station data are provided in RINEX format in Hatanaka compression [Hatanaka, 2008] and files are
extracted using the RNXCMP software  [Hatanaka, 2016]. BURI RINEX files are then combined
using TEQC as above.

To carry out the DGNSS correction on the field measurements, the open source software library
RTKLIB (version 2.4.2 [Takasu and Yasuda, 2013a]) is applied. RTKLIB supports GNSS data of all
common providers, including GPS, GLONASS, Galileo, QZSS, BeiDou and SBAS  [Takasu and
Yasuda, 2013b]. Firstly, Mawson base station data is solved against the BURI data series using the
determined  BURI  location  from  AUSPOS  in  the  RTKPOST program  (RTKLIB).  Outliers  are
removed from the resulting point cloud following the 'outlier labelling rule' with a g-value of 1.5
[Hoaglin  et  al.,  1986].  Outliers  made  up  0.2%  of  all  measurements  at  Mawson.  The  XYZ
coordinate  median of  the remaining Mawson measurements  defines  the Mawson location.  This
coordinate is used together with the original GNSS records of the Mawson station to further correct
all GNSS measurements done on the glacier.

RTKPOST is run with the settings in Table 4-1 for all GNSS measurements (see Table_Appendix 1
for a list of GNSS field records). The elevation mask value is reduced to 5 degrees to increase the
number of accepted satellites in the process since GNSS satellite visibility is often at lower angles
on the Antarctic continent  [Xu et al.,  2012].  However,  using satellites with lower angles might
compromise the GNSS accuracy.
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Table 4-1: RTKPOST GNSS post processing settings, Saastamoinen model see Saastamoinen [2013]

Parameter

Positioning Mode Static (Carrier‐based Static positioning) Kinematic (Carrier‐based Kinematic positioning)

Frequencies L1, L2, L5 (Triple‐frequency) L1, L2, L5 (Triple‐frequency)

Filter type

Elevation Mask 5 degrees (excluding signals from below this elevation) 5 degrees (excluding signals from below this elevation)

SNR Mask

Rec Dynamics OFF (receiver velocity and acceleration not estimated) ON (receiver velocity and acceleration not estimated)

Earth Tides Correction Yes (applied) Yes (applied)

Ionosphere Correction Broadcast (apply broadcast ionospheric model) Broadcast (apply broadcast ionospheric model)

Troposphere Correction Saastamoinen (apply Saastamoinen model) Saastamoinen (apply Saastamoinen model)

Satellite Ephemeris/Clock Broadcast (use broadcast ephemeris) Broadcast (use broadcast ephemeris)

RAIM FDE

Navigation systems Use all navigation systems, no exclusions Use all navigation systems, no exclusions

GPS use fix and hold, GLONASS use ON GPS use fix and hold, GLONASS use ON

Setting
Non-moving or point measurements

Setting
Moving and rover measurements

Combined (Smoother combined solution with forward and 
backward filter solutions)

Combined (Smoother combined solution with forward and 
backward filter solutions)

None (SNR thresholds to reject satellite signals for each 5 deg 
elevation)

None (SNR thresholds to reject satellite signals for each 5 deg 
elevation)

On (exclude non integrative and faulty satellite signals) - RAIM 
(receiver autonomous integrity monitoring) FDE (fault detection 

and exclusion)

On (exclude non integrative and faulty satellite signals) - RAIM 
(receiver autonomous integrity monitoring) FDE (fault detection 

and exclusion)

Integer ambiguity 
resolution



The  resulting  data  are  saved  as
Positioning Solution Files (POS);
delimiter  separated  plain  text
describing  the  position  of  each
solution alongside its epoch time,
quality,  positioning  standard
deviations,  time  offsets  between
base  (reference)  and  rover
(corrected)  receivers  and  an
indication  of  the  integer
ambiguity (ratio factor). For more
details  refer  to  Takasu  and
Yasuda [2013b].
In  summary,  the  flow  chart  in
Figure 4-6 shows the work flow
of the DGNSS data correction.

- 34 -

Figure 4-6: DGNSS processing flow chart
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4.2.3 GNSS Data Accuracy

The results from the DGNSS process contain solutions with quality flag Q1 and Q2 (out of 5 with 1
indicating highest quality). Flag Q1 indicates the solution to be “fixed” and solved by carrier‐based
relative positioning while the integer ambiguity is resolved. Flag Q2 refers to “float”, meaning the
solution is  done by carrier‐based relative positioning but  the  integer  ambiguity is  not  resolved
[Takasu and Yasuda, 2013b]. The latter indicates that the phase difference measurements from GPS
and/or GLONASS systems resulted in ambiguities that are not fully solved. A different method for
resolving these ambiguities might improve the outcome but was not attempted in this study. Final
quality flag results are shown in Table 4-2.

Interestingly, most of the measurements flagged as Q1 at Mawson are identified as outliers and
removed from the dataset using the outlier labelling rule with a g-value of 1.5  [Hoaglin et  al.,
1986].  Figure 4-5(C) shows the dataset in Polar Stereographic coordinates against the determined
location  of  the  Mawson  station  (median  location).  In  general,  the  coordinate  components  are
normally distributed but the easting locations show a multimodal distribution. The overall standard
deviation of all solutions at Mawson (excluding outliers) is 1.2 mm in X-direction, 1 mm in Y-
direction and 1 mm in elevation (Z). The plot of the point cloud measurements indicates that X and
Y measurements are related. Pearson's correlation r is 0.828 with a coefficient of determination (R2)
of 0.686. However, Z values are independent of the associated horizontal coordinates.

Similar to the above, relevant statistics are calculated for all ≈10 min point measurements. With a
flow velocity of up to about 60 m a-1 at the point measurement locations, the maximum average
displacement  over  10  minutes  is  about  1  mm.  On  average,  the  point  measurements  contain  a
standard  deviation  of  1.3 mm  in  X,  1.5 mm  in  Y  and  1.6 mm  in  Z  direction.  From  these
observations it is assumed that all GNSS measurements have an accuracy of at best ±0.002 m in all
three dimensions. This is assuming that the positional uncertainties of reference and base station do
not add to the overall error but are contained in the standard deviations observed at the individual
point  measurements.  However,  the  accuracy  of  the  repeat  point  measurements  may  have  been
compromised by the drilled holes in the ice which were re-used as antenna locations. These holes
may have slightly melted between first and second measurement so that the antenna position may
have changed within an estimated ±0.005 m. Similarly, a slightly tilting of the GNSS antenna pole,
potentially due to the movement of the sun, may have caused the seemingly XY-correlated records
at Mawson (also see 5.4).
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Table 4-2: GNSS data quality flags
measurement Q1 (%) Q2 (%)

Mawson 0.2 99.8
moving stations 2, 3, 4 38.4 61.6
10 min points 80.2 19.8
vehicle based rover 65.7 34.3



4.3 Preparation and Adjustment of Digital Elevation 
Model

4.3.1 Mosaicking of DEMs

The LINZ DEM from 2010 is available in McMurdo Sound Lambert Conformal 2000 (MSLC2000)
projection (EPSG:5479) using Ross Sea Region Geodetic Datum 2000 (RSRGD2000) datum. The
DEM is re-projected into the Antarctic Polar Stereographic projection while the elevations are left
unchanged since the RSRGD2000 datum can be assumed to be nearly identical to WGS84 [LINZ,
2010]. The SPOT DEM from 2007 is delivered in geographic coordinates in respect to WGS84
[SPOT Image, 2004].

Two different approaches are compared to mosaic the DEMs: Firstly, the models are matched at ice
free areas in the assumption that the elevations there remain static between data acquisition for the
two models. The LINZ DEM is warped to fit the SPOT DEM using a third order polynomial, based
on the elevation differences within ice free areas. As a second approach, the differences between the
two DEMs are exclusively calculated in an area adjacent to the GL (at the boundary line between
the two DEMs), spanning the width of the glacier and perpendicular to the glacier flow direction.
The LINZ DEM is then linearly adjusted to the median difference between the two DEMs along the
boundary  line.  A polynomial  is  not  used  to  avoid  excessive  warping  towards  the  outer  DEM
margins. Figure  4-7 shows  the  resulting  centerline  elevations  from both  approaches.  The  first
approach only has little effect on the original LINZ DEM surface of the glacier and a step of about
-20 m remains at the boundary line on the glacier surface. Therefore, the second approach is used
for further processing, achieving a smoother surface along the glacier centerline. Uncertainties in
the  absolute  elevation  of  both  datasets  might  partially  explain  the  differences  between  both,
possibly in conjunction with glacier elevation differences between the recording times of the DEMs.

4.3.2 Adjusting Hybrid DEM Using GNSS Data

For  a  further  and  more  accurate  adjustment  of  the  resulting  DEM,  the  processed  GNSS
measurements from the glacier surface are used. For that purpose, each GNSS elevation is tide-
corrected using  tide model data  from the time of  the GNSS measurement.  Since  inferred tidal
amplitudes are only valid for the freely floating portion of the glacier, ice flexure in the GZ is
estimated using a DDInSAR interferogram to scale GNSS elevations. The CS image triple 72-73-74
is used for this purpose (see chapter 5.3.3 and Figure 4-17).

All tide-corrected GNSS elevations agree well at locations where different tracks intersect (±5 cm).
All  GNSS data  cover  the  majority  of  the  area  of  interest  in  the  GZ with  sufficient  and some
redundant data along the centerline. Elevation differences between GNSS data and the DEM are
calculated  and  linearly  interpolated  to  form  an  offset  map.  Offsets  are  extrapolated  towards
surrounding  areas  and  subtracted  from  the  original  DEM  (assuming  zero  offset  at  the  DEM
margins). Marked differences between GNSS data and DEM may be partially due to a possible
geoid correction in the DEM. The adjusted DEM is hereinafter referred to as 'GNSS DEM'. The
GNSS DEM is of appropriate  quality for this  study, focussing on velocity variations along the
glacier centerline.
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The tide-corrected GNSS data are used to assess the the quality of the GNSS DEM. The RMSE is
calculated between all 39,540 elevation points and the GNSS DEM amounting  to 0.77 m, with a
mean difference of -0.1 m.
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Figure 4-7: Darwin glacier centerline elevation from the different DEM data sources. The DEM used for this thesis is 
shown as black line (GNSS DEM). Only GNSS measurements within 15 m of the centerline are shown. Wider research 
area (above) and detail near GL (below). The arrow indicates the boundary line between LINZ DEM and SPOT DEM.



4.4 Synthetic Aperture Radar Interferometry

All processes described in this section are based on GAMMA programs and are implemented in an
FME workspace which is designed to be flexibly usable for SAR data from different satellite orbits
and sensors. Workspace parameters allow for changing input files and key methods while it can be
batch run for a series of interferometric or speckle tracking image pairs.

4.4.1 Image Coregistration

Single  interferometry  (InSAR)  calculates  the  phase  difference  between  two  SAR images  from
different acquisition times. In contrast, speckle tracking calculates the offset of characteristic SAR
image patterns between two SAR images. Image coregistration of the two involved SAR images is
the process to spatially adjust a slave image to a master image in order to map specific surface
features (scatterers), i.e. corresponding pixels, in both images to the exact same image coordinate
(in terms of RDC). A study using an ERS SAR image pair showed that coregistration accuracy
needs to be better than 0.2 image pixels at a pixel resolution of 20 m in order to maintain sufficient
interferometric correlation  [GAMMA Remote Sensing AG, 2007]. For CS and TSX imagery with
3 m or finer ground resolution, coregistration therefore needs to be carried out at least at full pixel
accuracy. However, a higher resolution image is more sensitive to individual scatterers and thus
requires a proportionally higher coregistration accuracy. The method is a crucial link in the process
considering the influence of image coregistration on the image coherence for InSAR and on the
displacement accuracy for speckle tracking.

Available  coregistration  algorithms  operate  within  given  discrete  window  sizes  (raster  image
subsets) so that offsets which exceed this search area are not detectable. Larger window sizes may
capture greater offsets but tend to result in less cross correlation due to surface changes. Therefore it
is useful to run a number of consecutive coregistration steps with varying window sizes. GAMMA
uses  the  intensity  cross-correlation  optimisation  (offset_pwr)  and  coherence  tracking
(offset_SLC) algorithms.  Offset_pwr uses the pattern in image intensity caused by the back-
scatter  signal  (speckle)  to  correlate  images  and  therefore  requires  a  minimum  level  of  image
contrast in order to determine the peak correlation within each window. Offset_SLC calculates the
interferometric coherence within each window and for a number of offsets until an optimal offset
with highest coherence is determined. Both methods return an offset field and store coarse offsets
and polynomials into a parameter file. For this study, offset_pwr delivers better results leading to
higher coherence values between both SAR images in comparison to the offset_SLC method.

The coregistration process follows the steps as outlined in Figure 4-8. Firstly, coarse image offsets
are derived from orbital state vectors (init_offset_orbit). It works well for modern satellites
such as CS or TSX while it might be less accurate for older satellites with more inaccurate orbits
and metadata. Secondly, initial offsets between both SLC images are determined using an intensity
cross-correlation approach with a large window size (512x512 pixels) following a similar algorithm
as  offset_pwr (using  init_offset). Using those coarse image offsets it is possible to define
offsets at a smaller scale using smaller window sizes (about 64x64 pixels) using  offset_pwr.
From the resulting offset  field,  polynomial models are derived (offset_fit) and deployed to
resample the slave SLC image (SLC_interp). For this initial coregistration process only first order
polynomials are applied to avoid excessive warping.
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At this point the original SLC images may be masked (see section 4.4.2).

With the initially coregistered and resampled slave image, a second coregistration step is carried out
while optionally using smaller window sizes. This step is mostly relevant when subsetting and/or
masking  the  input  SLC images.  This  precise  coregistration  is  carried  out  using  offset_pwr,
offset_fit and SLC_interp, similar to the above. However, in the repeated step a second order
polynomial with six parameters is applied to allow for detailed coregistration. Further refinement to
the coregistration may be made by using a method which applies an arbitrary offset raster map. This
offset map can be created from the previously coregistered images using offset_pwr_list while
the resampling and interpolation of the slave SLC image is carried out with SLC_interp_map.

4.4.2 Image Subsetting and Masking

SLC images may optionally be subset before the first coregistration step to reduce the data amount
and to remove areas disturbing the coregistration process. For this purpose, a polygon is captured in
MPC to define the area of interest (AOI). The polygon is rasterised, geocoded and resampled to
RDC to match the SLC extents of the image pair. For that purpose a geocoding lookup table is
created from the SLC image metadata and the GNSS DEM. The extent of the AOI is used to clip the
original SLC data.

Image  masking  must  consider  the  nature  of  InSAR  and  speckle  tracking  separately:  InSAR
calculates phase differences between the exact same back-scatterers from two images. Therefore,
master  and  slave  image  must  exactly  match  in  terms  of  corresponding  back-scatterers.  This
coregistration is particularly difficult over irregularly moving and partially warped surfaces such as
glaciers. The Darwin glacier flows at velocities of about 45-100 m a-1 along the centerline and about
15-30 m a-1 along the shear margins. This velocity difference leads to a relative deformation of the
ice surface which multi-term polynomials covering the whole scene may not describe perfectly.
Especially sub-image rotation cannot be represented by polynomials. Also, stagnant areas around
the glacier complicate the general offset resolution. In contrast, speckle tracking calculates ground
offset  by  measuring  (sub-)  pixel  displacements  between  two  images.  Thus,  image  pixels  must
correspond to  the  exact  same location  (in  RDC)  when used  for  speckle  tracking.  That  is,  the
backscatter  of  stationary  objects  should  match  between  both  images  while  the  backscatter  of
moving objects should display an offset. In other words, the relative displacement of the speckle
pattern over the glacier is to be derived from the pixel displacement between both images provided
that the images match in stationary areas.

Considering the above, SLC images are masked to improve the coregistration result. For InSAR,
images are masked to remove stationary areas. Retained areas solely resemble the displacements of
the moving glacier surface. For speckle tracking, all moving areas are erased to ensure that the
coregistration is solely based on stagnant areas. For this purpose, a polygon mask is captured in
MPC outlining all moving (glacier) areas. This mask is rasterised, geocoded and resampled to RDC
during process runtime.  The resulting mask may be inverted depending on the applied method
(InSAR  or  speckle  tracking).  Masking  is  done  on  fcomplex  data  which  requires  temporary
conversion of the SLC images (scomplex). For speckle tracking, the unmasked SLC slave image is
used after image coregistration in order to retain the glacier area.
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Figure 4-8: SAR image coregistration process flow chart.
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4.4.3 TwoPass Interferometry (InSAR)

Interferometric processing is done using downsampled SLC imagery at lower resolution. This so-
called multi-looking process reduces the amount of data and processing time and also reduces the
amount of phase noise contained in each SAR image. However, multi-looking also leads to a loss in
spatial ground resolution and surface scatter detail which might lead to discontinuities in the phase
unwrapping process in areas with dense interferometric fringe spacing. Considering the morphology
and relative displacements over the Darwin GZ, the benefits from multi-looking outweigh possible
limitations. Here, zonal statistics are in the focus of interest and, except for some areas along the
shearing margins,  relative displacements  are  not such to  create densely spaced fringes.  Thus,  a
ground resolution of about 10x10 m for the interferometric outputs is sufficient. The approximate
pixel spacing in ground range (Δrange) is calculated from the SLC metadata using the slant range
pixel  spacing  (Δslant-range)  and  the  incidence  angle  at  center-range  position  (θcenter)  as  follows
[GAMMA Remote Sensing AG, 2014b]:

Δrange=
Δslant −range

sin(θcenter )
(equation 4-2)

Azimuth pixel spacing (Δazim) is taken from the SLC metadata. The nearest integer multi-looking
factors M for range and azimuth are then calculated using

M range=‖
ΔM

Δ range
‖    M range∈ℕ (equation 4-3)

M azim=‖
ΔM

Δazim
‖      M azim∈ℕ (equation 4-4)

with ΔM designating the output ground resolution aimed for. For example, a CS SAR image with
Δslant-range = 0.8 m and θcenter = 20.3°,  Δrange is 2.3 m at image center. If aiming for an interferogram
ground range resolution of about 10 m, the multi-looking factor Mrange is 4. For the verification of
the coregistration process, multi-looked intensity images (MLI) are created from the original SLC
images. These can be overlaid to get an impression of the quality of the coregistration result (Figure
4-9).
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Figure 4-9: Example showing ground displacements in the image speckle of MLIs of coregistered SAR scenes 43 and 46
(A1 and A2) and enlargements in insets B and C. The temporal baseline is 46 days. Projection is in RDC.



GAMMA contains  two  different  programs  for  the  calculation  of  interferometric  phases.  The
program SLC_intf creates an interferogram from the master SLC and the coregistered slave SLC
only. Alternatively,  interf_SLC carries out the resampling of the slave SLC, the creation of the
MLI and the calculation of the interferogram at the same time. Both programs optionally carry out
spectral shift and common band filtering in the range and azimuth spectra, respectively, to account
for the non-identical Doppler centroids in both images. Here, SLC_intf is used to allow for better
visibility of intermediate results. Inputs are the precisely coregistered SLC image pair  and both
filter options are applied to the output interferogram.

The  raw  interferogram  contains  narrowly  spaced  fringes  caused  by  the  flat  Earth  surface
(unflattened  interferogram)  which  are  determined  by  the  perpendicular  baseline  between  both
images. GAMMA calculates the baseline with one out of three techniques: Accurate orbital state
vectors  give  reliable  baseline  values  for  modern  satellites  such  as  CS  and  TSX.  For  other
applications (with little or no horizontal ground displacements), the baseline may also be calculated
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Figure 4-10: Gray scale image showing phase coherence between two SAR scenes with 8 days temporal baseline (A) 
(note that the image is clipped for the glacier area). Low coherence areas are visible in the Nozzle (B) where ice 
velocity is faster and flow changes direction. Lower coherence also occurs in shearing zones (C).



using general offsets between SLCs or using the interferogram fringe rate. The calculated phase
trend is subtracted from the unflattened interferogram to create the flattened interferogram. In the
final step, noise is reduced in the interferogram using an adaptive filter and a coherence map is
created. Figure 4-10 shows a coherence map of the Darwin glacier, ranging from 0 (no coherence)
to 1 (coherent) for a CS image pair. In this example, coherence is highest in areas with uniform
displacement  and  little  change  in  direction over  the  observation  period.  The  interferogram  is
geocoded  into  MPC and colour  coded  to  display  interferometric  fringes (Figure  4-11).  For  an
overview of the process refer to the flowchart in Figure 4-12.
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Figure 4-11: Wrapped InSAR interferogram of image pair 69-
70. Fringes represent a phase cycle of 2π or half a radar 
wavelength. The unwrap start points are the prioritised 
locations where unwrapping is started, based on SAR image 
coverage (1 = highest priority), see 4.4.4.
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Figure 4-12: DInSAR processing flow chart.

<number>

Multi-look RDC images to 
resolution equivalent to 

about 10x10 m MPC 
ground resolution

multi_look

MLI 
Multi Look 

Intensity images

Generate interferogram

SLC_intf

Subtract ellipsoidal 
earth phase trend

ph_slope_base 

Calculate 
interferometric baseline

base_init

base_perp

Filter interferogram, 
Create coherence map

adf 

Geocode flattened 
interferogram to MPC

geocode_back 

Georeference 
interferogram using 

parameter file

Start point coord. 
for 

phase unwrapping

MPC

SLC image pair 
coregistered

RDC

Geocode to RDC

coord_to_sarpix

Interferometric 
phase unwrapping

mcf 

Geocode unwrapped 
interferogram to MPC

geocode_back 

Georeference 
interferogram using 

parameter file

Geocode to RDC

geocode

Simulate topographic 
phase component

phase_sim

Subtract topographic 
phase (DInSAR)

sub_phase

Flattened 
wrapped 

interferogram

Differential 
unwrapped 

interferogram

Interpret as 
horizontal range 
displacements

dispmap 

Create slant 
displacement map

dispmap 

Interpret as 
vertical displacements

dispmap 

Uncorrected 
displacements

Subtract topographic 
phase (DInSAR)

sub_phase

Differential 
wrapped 

interferogram

DDInSAR 
processing

Geocode wrapped 
interferogram to MPC

geocode_back 

Separate horizontal 
and vertical 

displacements

Corrected 
displacements

GNSS DEM

MPC

Geocoding 
lookup table

RDC



4.4.4 Phase Unwrapping

The  flattened  interferogram  contains  phase  differences  in  the  range  from  -π to  π which  are
converted to cumulative phase differences by phase unwrapping. Unwrapping of the interferogram
converts the discrete phase differences into continuous values (Figure 2-5). GAMMA contains two
programs based on different algorithms to perform this task. Here, the Minimum Cost Flow and
Triangulation  (mcf)  algorithm is  primarily  used  while  Region  Growing  (grasses)  is  used  to
validate the former.

Both  mcf and  grasses require a starting (reference) point to be defined where the unwrapping
process  begins.  Unwrap start  points  are  set  to  locations  of  zero  displacement  where  the  phase
difference between both images can be assumed to be zero. For this purpose, point features captured
in MPC are used which are created with the guidance of an interferogram (Figure 4-11). These
points  are  prioritised  and used  depending  on the  spatial  coverage  of  each image  pair.  Highest
priority is given to the location of the Mawson base station which is stagnant according to GNSS
data. Both algorithms can make use of a correlation raster mask which restricts phase unwrapping to
areas where the interferogram is continuous. With this approach, areas of low coherence or areas
that are irrelevant to the research and may disturb the result, are excluded.

The unwrapped interferogram is a float type raster which holds the cumulated, continuous phase
shifts in terms of phase radians (multiples  of  π). Where the unwrapping is started at a point of
non-zero displacement, the displacement at the start point is subtracted from the whole image (refer
Figure 4-12).

4.4.5 Differential Interferometry – Removal of
Topographic Phase Component (DInSAR)

The  unwrapped  interferogram  contains  the  topographic  phase
component which is caused by the surface topography and the different
imaging  positions,  separated  by  the  interferometric  baseline.  The
topographic phase component is estimated using the GNSS DEM and
the baseline information. The GNSS DEM is geocoded into RDC for
this  application.  A precision  baseline,  using  ground  control  points
(GCP),  is  not  calculated  as  the  here  used  satellites  deliver  high
precision orbital state vector data and GCPs are not available.

The simulated  unwrapped phase  image of  topography resembles  the
phase that is contained in an interferogram which was created from an
image pair taken over the given terrain with (theoretical) zero temporal
baseline and a given interferometric  baseline.  An example of such a
synthetic phase is shown in Figure 4-13.

Subtracting  the  synthetic  topographic  phase  from  the  unwrapped
interferogram  returns  the  differential  unwrapped  interferogram
(DInSAR) from pure ground motion. Again, the resulting interferogram
is geocoded to MPC and colour coded.
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Figure 4-13: Synthetic 
topographic phase in RDC 
(image is mirrored, glacer flows 
from bottom to top) (A). Detail 
(B) shows uncertainties along 
the joint line of LINZ DEM and 
SPOT DEM.



The DInSAR interferogram represents displacement in slant range. This can be interpreted as either
horizontal or vertical displacements by applying the properties of the imaging geometry. Slant range
displacements are ground offsets between the times of the two image acquisitions in LOS direction
with  positive  values  interpreted  as  a  movement  towards  the  sensor.  Horizontal  ground
displacements are interpretations of slant displacements over the same time period along ground
range direction with positive values meaning displacements in decreasing ground range. Similarly
for vertical displacements, positive values mean an increase in ground elevation between the two
image acquisitions.

4.4.6 Three and FourPass Double Differential Interferometry 
(DDInSAR)

Since the DDInSAR process requires two interferometric SAR image pairs, this FME based process
is designed not to run within the DInSAR processing chain but as a separate process that is batched
for all possible combinations of InSAR pairs.

The DDInSAR method aims to subtract the interferogram of one image pair from that of another
pair.  This  is  generally  done  with  wrapped  interferograms  containing  discrete  phase  difference
values. DDInSAR may be carried out with InSAR or DInSAR interferograms, with flattened or
unflattened sets of interferograms and interferograms may be filtered before the DDInSAR process.
All  possible  combinations  between  these  options  are  tested.  Results  are  best  from  wrapped,
flattened interferograms with topographic phase components removed and an adaptive spectral filter
(adf) applied.

DDInSAR is most convenient with interferograms which share a common master image so that both
interferograms have a common coregistration (three-pass DDInSAR). If this is not the case, i.e. if
both  interferograms are  produced from two independent  image pairs  (four-pass  DDInSAR),  an
additional coregistration process must be carried out. Here, this process is automated so that an
arbitrary combination of interferograms can be used. The derivation of initial offsets between the
master images of both interferograms using init_offset_orbit is unsuccessful if the offset is
greater than about half the search window size of the initial coregistration in  azimuth direction
(imagery from the same orbital path contains only minor offsets in range direction). Therefore, the
approximate image offset is calculated using MPC offsets between image corner coordinates and
the interferogram azimuth pixel resolution. Similar to the coregistration process for SLC images,
the  multi-looked  interferograms  are  coregistered  using  init_offsetm,  offset_pwrm and
offset_fitm to determine the precise image offsets and fitting polynomial from the MLI images.
The interferogram of the second pair is resampled to fit the first pair.

The DDInSAR interferometric  phase ϕDDInSAR is  calculated with  comb_interfs.  This  program
calculates the differential phase as follows [GAMMA Remote Sensing AG, 2003]:

ϕDDInSAR=F1ϕDInSAR 1+F2ϕDInSAR 2   (modulo 2π) F1,2∈ℤ (equation 4-5)

The  factors  F1,2 are  adjusted  to  scale  the  wrapped  interferometric  phases  ϕDInSAR1,2 of  both
interferograms. In order to subtract interferogram2 from interferogram1, F1 and F2 are chosen as -1
and  1, respectively, given that both interferograms have the same temporal baseline. If temporal
baselines are different, the factors are used to scale the interferometric phases to the least common
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multiple of the interferogram1 and interferogram2 temporal baselines. For instance, when combining
an interferogram with 12 days temporal baseline with a 16-day interferogram, the scaling factors are
4 and -3, respectively.

That  said,  since  both  interferograms  are
calculated so that they are referenced to the
same  master  image  geometry,  the  first
interferogram is  usually reversely combined
(for  three-pass  DDInSAR).  For  an  image
triple with the numbers 12-13-14 this results
in the interferometric pairs 13-12 and 13-14
so that both interferograms share image 13 as
reference.  In  this  case  the  factor  for
interferogram 2 needs  to  be  positive  (using
the above temporal baseline example):

ϕDDInSAR=3ϕDInSAR2+4ϕDInSAR 1

(equation 4-6)

Assuming  that  the  glacier  flows  constantly
along  the  same  flow  vectors,  common
displacements  contained  in  the
interferometric phases of both interferograms
are  cancelled  out.  Only  the  differences
between both interferograms are contained in
the  outputs.  Here,  the  temporal  baseline
multiplied  with  the  scaling  factor  must  be
taken  into  account  when  interpreting  the
results. Additionally, as some image pairs are
combined to capture the difference between
neap-to-spring  and  spring-to-neap  tidal
phases,  the  vertical  displacements  of  both
interferograms  are  converse.  In  this  case,
subtracting  interferogram  2  from
interferogram  1  returns  the  sum  of  both
absolute  vertical  displacements  which  leads
to a pronounced fringe pattern in the GZ of
the DDInSAR interferograms.

DDInSAR  interferograms  contain  discrete
differential  phases (wrapped) which have to
be  unwrapped  using  the  same  method  as
described in section  4.4.4.  Again,  from the unwrapped double differential  phase the differential
displacements can be interpreted in slant range, ground range and vertical direction. Output rasters
are colour coded and geocoded to MPC (example output Figure 4-14 and the details of the process
Figure 4-15).
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Figure 4-14: Three-pass DDInSAR interferogram with 
unwrapped phase fringes of image set 72-73-74. Fringes 
represent cumulative residual phase differences of 2π each (1 
wavelength), starting at 0 at Mawson.
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Figure 4-15: DDInSAR processing flow chart.

<number>

DInSAR interferogram 1 
wrapped, filtered 

image pair 1  

RDC

DInSAR interferogram 2 
wrapped, filtered 

image pair 2  

RDC

Master MLI 
image pair 1  

RDC

Master MLI 
image pair 2  

RDC

Start point coord. 
phase unwrapping 

used for pair 1

RDC

Geocoding 
lookup table 
image pair 1

RDC

Calculate MPC offset 
between interferograms

Determine master SLC 
image corners in MPC

SLC_corners

DDInSAR 
interferogram 

(scaled, wrapped)   

Initial offset 
between pairs

Derive initial image offset 
(using the above 

as indication)

init_offsetm

Fine coregistration 
of interferograms

offset_pwrm

DDInSAR 
Subtract interferogram 2 

from interferogram 1

comb_interfs

Resample interferogram 2 
to fit interferogram 1

offset_fitm

interp_cpx

Define scaling factors: 
Least common multiple 

of both temporal baselines

Filter DDInSAR 
interferogram

adf

DDInSAR 
phase unwrapping

mcf

DDInSAR 
interferogram 

(scaled, unwrapped)     

Geocode DDInSAR 
interferogram to MPC

geocode_back 

Georeference 
interferogram using 

parameter file

Interpret as differential 
horizontal range 
displacements

dispmap 

Create differential slant 
displacement map

dispmap 

Interpret as differential 
vertical displacements

dispmap 

Uncorrected 
diff. displacements  

Separate horizontal 
and vertical 

displacements

Corrected 
diff. displacements  

DDInSAR 
set type

DDInSAR 
set type



4.5 Synthetic Aperture Radar Speckle Tracking

This  process  is  incorporated  into  the  main  FME  workspace  as  described  in  section  4.4.  The
following steps are specific to speckle tracking and are run additionally to the above. The flowchart
in Figure 4-16 illustrates the speckle tracking process.

For the purpose of speckle tracking, the slave SLC image is coregistered to the master image based
on stagnant areas. The resampled image is multi-looked and output as MLI. Depending on temporal
baseline, the glacier  displacement between the image acquisitions may be visible when visually
comparing the two coregistered intensity images (Figure 4-9).

An intensity cross-correlation algorithm is used in the GAMMA program offset_pwr_tracking
in order to determine the  displacements between the two images. This program creates an offset
map which is translated into range and azimuth displacements. The moving window size must be
adequate to take in a sufficient number of pixels to make a cross-correlation feasible within the
discrete window area and to cover the maximum possible displacement between two images. Here,
the window size is set to 20 times that of the range and azimuth multi-looking factors, covering a
ground area of about 200x200 m. The moving window intervals are set to two times the multi-
looking factors  to  create  a  dense  enough displacement  field.  Input  SLC images  are  two times
oversampled which is a recommended figure for this application  [GAMMA Remote Sensing AG,
2015]. The recommended cross-correlation threshold is 0.01.

Additionally to the determined range and azimuth offsets,  offset_pwr_tracking also outputs
the  peak  cross-correlation  map  for  each  window  position  in  the  SLC  image.  The  program
offset_tracking makes use of these outputs and creates displacement maps in terms of RDC
and MPC (ground units). The cross-correlation map is used to mask out areas with low correlation
by setting an adequate threshold. Additionally, offset_tracking subtracts the earlier determined
overall  polynomial  trend  from  the  data  to  remove  systematic  displacements  between  the  two
images.  Output  raster  images  in  fcomplex format  are  converted to  real  type  raster  maps using
cpx_to_real.

4.5.1 Fine Correction of Displacement Maps

Where the image coregistration process is carried out with perfect precision, there should be zero or
close to zero offsets in either direction in the previously defined stagnant (non-glacier) areas. Any
systematic offsets in these areas can be interpreted as residual coregistration inaccuracies and used
to correct the entire displacement map. However, some of the surrounding areas are covered by
small  ice  caps  and  ice  falls  which  may  show small  scale  displacements  over  the  time  of  the
temporal baseline. The previously created mask of stagnant areas in RDC is inverted and deployed
to cover displacements of the glacier area. The median residual offset is then calculated over the
stagnant areas and subtracted from the entire displacement field.  A triangular weighted average
filter is applied to the whole displacement field with a filter radius of 25 pixels (fspf). All resulting
displacement maps are geocoded to MPC.
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4.5.2 Deriving Displacement Vectors and Flow Field

The  filtered  displacement  maps  in  RDC  are  masked  to
retain all glacier areas using the previously created mask.
Range and azimuth displacement  maps are  resampled to
the required density of the flow field using a 16x16 pixel
average kernel. RDC coordinates of displacement start and
end points are determined for each pixel using the offsets
held in the range and azimuth displacement rasters. These
coordinate  pairs  are  then  used  to  create  flow vectors  in
RDC.  The  RDC coordinate  pairs  are  geocoded  to  MPC
using the GAMMA program sarpix_coord. This process
requires the elevation at each coordinate point to account
for  the  local  topography.  The  GNSS  DEM,  which  is
geocoded  into  RDC,  is  therefore  overlaid  with  the
displacement vectors to derive their individual elevations.
The resulting MPC coordinate pairs are used to create flow
vectors  representing  ground  unit  displacements.  The
displacement magnitudes are derived either from the length
of  each  flow  vector  in  MPC or  calculated  in  euclidean
terms (for a projected coordinate system).
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chart



4.6 Separation of Vertical and Horizontal Displacements

Horizontal  displacements  from  InSAR  and  speckle  tracking  are  distorted  by  vertical  tidal
displacements (Figure  2-4).  A relative  decrease in  surface elevation  extends the observed slant
range between sensor and ground and is therefore observed as a horizontal displacement away from
the sensor (mostly a velocity increase in the Darwin GZ). Increasing the surface elevation, in turn,
leads to an observed surface displacement towards the sensor (velocity decrease, partially leading to
reversed  displacements  in  the  Darwin  GZ).  The  amount  of  apparent  observed  horizontal
displacement ΔdL caused by vertical displacement ΔhL is calculated using the local radar incidence
angle θL as follows:

Δ dL=
Δ hL

tan (θL)
(equation 4-7)

where the vertical displacement ΔhL is inferred from the tide model and the local incidence angle θL

is calculated for each image pair using the GAMMA program look_vector. In order to correct
ground range displacement maps for these vertical distortions, the tidal amplitude inferred for each
image  pair  from the  tide  model is  scaled  throughout  the  image using  a  flexure  model  from a
DDInSAR interferogram (from image set 72-73-74) (Figure 4-17). The location of Shirase station is
assumed  to  be  on  freely  floating  ice  and  is  assumed  to  experience  100%  of  the  tide  model
displacement.  The  derived  vertical  displacement  flexure  model is  converted  into  horizontal
displacement equivalents using equation 4-7 and θL. The resulting horizontal displacements ΔdL are
subtracted from the original range displacement maps (before scaling to annual displacements) to
derive corrected displacements (process flow chart in Figure 4-18). Figure 5-12 shows an example
of a range displacement map before and after correction.
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Figure 4-17: DDInSAR interferogram from set 72-73-74 used as flexure field in the Darwin GZ. 3D view is 2000 
times exaggerated.
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Figure 4-18: Flow chart of process to separate horizontal 
from vertical displacements
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Similarly,  single  DInSAR interferograms  contain  the  phase  differences  caused  by  vertical  and
horizontal surface displacements in range look direction. Calculating phase differences between two
SAR  images  returns  the  displacements in  both  dimensions  but  does  not  inform  about  the
displacements in one specific dimension (Figure 2-4). Therefore, the tidal and surface parallel flow
displacement components have to be separated by making an assumption on either the vertical, tide
induced displacements, or the horizontal displacements caused by glacier flow.

Firstly, the separation of  vertical and horizontal displacements in order to derive  corrected range
displacements can be done as outlined above using equation 4-7 (Figure 4-18). This is the primarily
used method in this study.

Alternatively, the interferometric phase itself can be corrected for tidal distortion. For this purpose,
tide model displacements ΔhL are translated into a synthetic phase image which is subtracted from
the original interferogram. The vertical displacements are converted into slant range displacements
Δr based on the local radar incidence angle θL as follows:

Δ r=Δ hLcos (θL) (equation 4-8)

The unwrapped synthetic interferometric phase ϕDi is calculated either using  phase_sim or the
following equation:

ϕDi
=4 π

Δ r
λ

(equation 4-9)

with λ being the radar wavelength. To separate horizontal from vertical displacements, the synthetic
phase can either be directly subtracted from the original interferogram using sub_phase or it can
be interpreted as horizontal displacements and then subtracted from the horizontal displacements
derived from the original interferogram. Both leads to the corrected displacements map (Figure 4-
19). This alternative method is used to quality control the first approach.

The  techniques  described  above can  also  be  reversed  in  order  to  derive  corrected  vertical
displacements by making an assumption on the horizontal displacements. The results can be used to
infer tidal displacements observed by satellite imagery and to create a more accurate tidal flexure
surface of the GZ. To do so, the known horizontal displacement (e.g., an averaged displacement
map or GNSS measurements) is converted into equivalent vertical displacements using the imaging
geometry or by creating a synthetic phase image. As described above, the inferred vertical distortion
is then subtracted from the observed displacement or from the original interferogram (if using a
synthetic phase image).
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Figure 4-19: Ground displacements observed with DInSAR pair 73-74. Uncorrected displacements (A) and corrected 
displacements (B). The arrow indicates ground range direction.



5 Ice Flow Analysis

The following chapter describes three different methods to derive short term ice dynamics from the
available  data  sources:  GNSS  field  measurements,  speckle  tracking  and  interferometry.  The
emphasis  is  on  the  identification  of  variations  in  horizontal  ice  flow  dynamics.  However,  as
described in 4.6 this also requires deriving the mostly tidally forced vertical displacements within
the GZ of the glacier. Almost every combination of SAR image pairs contains both surface parallel
(largely horizontal) and vertical displacement components. Empirical flow models are derived from
the GNSS data to test whether the measured flow pattern is discernible in the SAR imagery.

The measurements taken from GNSS stations in the field are used to derive four dimensional (3D
plus time) high resolution displacement information over a period of about three weeks. Speckle
tracking is used to create 2D horizontal flow fields with full coverage of the GZ. InSAR results are
presented in two separate sections; The differential two-pass interferometry (DInSAR) uses pairs of
SAR images to derive 1D displacements (in ground range) while double differential three and four-
pass interferometry (DDInSAR) uses sets of image pairs to derive residual 1D displacements. Since
all satellite based observations of the GZ contain horizontal and vertical displacement components,
the  vertical  displacements  have  to  be  inferred  from  the  tide  model so  that  the  horizontal
displacement observations can be corrected for the distortions caused by vertical displacements. All
results presented in this chapter are discussed in chapter 6.

5.1 Ice Dynamics from Field Based GNSS Measurements

The GNSS data measured in the field allow for a number of different analyses. Firstly,  the ice
deflection and ice flow is analysed using the continuous data records of the three stations along the
glacier centerline. Secondly, the repeated point measurements taken over a the surveyed area of the
GZ are used to derive a mean flow field of the covered area. Additionally, the DEM is adjusted to
all in-situ measured GNSS elevations.

5.1.1 General Approach for GNSS Ice Flow Analysis

The  inputs  into  the  calculation  of  displacements  are  the  processed  GNSS  measurements  as
described in section 4.2. Position Solution Files are converted to points and re-projected to Antarctic
Polar Stereographic projection. In order to smooth the data and to remove outliers, a simple equally
weighted running median over four hours is calculated for each point on the projected X, Y and Z
coordinate values (i.e. medians of 960 points at 15 seconds interval continuous recording).

The  mean  elevation  is  removed  from  the  measured  elevations.  For  all  horizontal  point
measurements the horizontal distance to the first measurement is calculated to quantify cumulative
displacements over time. The linear trend of cumulative displacement against time is fitted over the
entire time series (Figure 5-1) and used to normalize the data. The linear trend is defined as the
mean background velocity. All linear trends are well defined with R2 = 0.999 or 1. Deviations from
the  background  trend are  interpreted  as  displacement  anomalies,  representing  larger  or  smaller
displacements on the glacier surface against the background trend at the location of the station. The
data show that a constant flow direction can be assumed over the short observation period.
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For the statistical analysis, peaks and troughs are visually identified, including those of modelled
tides, measured vertical displacements and horizontal displacement anomalies. The resulting values
of peaks and troughs in the data are plotted in Figure 5-4.

5.1.1.1 Correction of ice flexure effect on horizontal GNSS 
measurements in GZ

An earlier study on the Southern McMurdo Ice Shelf found that the bending of a thick ice shelf
causes a tide synchronous surface strain perpendicular to the bending axis [Rack et al., 2017]. The
authors  argue  that  with  a  falling  tide  the  glacier  surface  expands  while  the  glacier  is  being
compressed at its base and vice versa at rising tide. A GNSS station placed on the glacier within this
flexing zone would  therefore  record  a  forward movement  during  falling  tide  and a  backwards
movement  during  rising  tides,  solely  caused  by  ice  flexure.  The  magnitude  of  this  horizontal
displacement  depends on the  radius  of  bending curvature  which  is  primarily  a  function  of  the
thickness and viscoelastic properties of the ice, the tidal amplitude and the distance to the grounding
line.

The bending of the ice layer in the centre of a thick elastic beam can be described by the model of
elastic ice shelf flexure [Smith, 1991]. Here it is assumed that the neutral layer is in the middle of
the ice shelf with a thickness of 860 m (measured in this study by Oliver Marsh [pers. comm.,
December 2016] using ground penetrating radar). Young's modulus of ice is set to 1.5 GPa and
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Figure 5-1: Horizontal displacements measured with GNSS. Linear trends are 
fitted over cumulated displacements, relative to first fix.



Poisson's ratio is set to 0.31 as per Rack et al. [2017]. Furthermore, it is assumed that the ice beam
is clamped at the GL. The surface curvature is then calculated using the equation applicable to pure
bending  [Beer et al., 2014]. As this calculation is carried out for the Hillary station, the distance
from the GL is set to 2,900 m. The flexure related horizontal displacements of the Hillary station are
then  calculated  using  the  equations  brought  forward  by  Rack  et  al. [2017] using  the  vertical
normalized  tidal  displacements  as  observed  at  this  station  (after  applying  a  four  hour  running
median).  The  hereby  calculated  horizontal  movements  are  subtracted  from  the  measured
displacement anomalies to derive the horizontal displacement variations caused purely by glacier
flow (Figure  5-2). The resulting  GNSS data  are  used  for  all  following analysis (see  5.4 for a
sensitivity test on the results of this method).

5.1.2 Glacier Flow Field from GNSS Data

The repeated GNSS point measurements together with the trends of the continuous GNSS station
records are used to create a flow field of the Darwin GZ (Figure 5-3).

The highest  flow velocities are  recorded along the centerline at  Amundsen station,  about  1 km
upstream of the GL with 82.8 m a-1 (over about three weeks). The flow velocity decreases along the
centerline in downstream direction to 41.6 m a-1 at the freely floating ice shelf at Shirase station.
The highest decrease in flow velocity takes place as the ice flows across the GZ: at Hillary station,
about 3 km downstream of the GL and about 4 km downstream from Amundsen, the velocity is
about  68.2 m a-1 which  is  a  velocity  decrease  of  about  -4.4% per  km.  About  2.2 km  further
downstream the velocity decreases to 56.1 m a-1 and another 2.2 km on to 49.5 m a-1 which is a
decrease of -8% km and -7% km, respectively. The next point measurement about 3.2 km further
downstream is 46.3 m a-1 and at Shirase 45 m a-1 was measured (+4.5 km). These are both decreases
of about -2% per km.
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Figure 5-2: Removal of ice flexure effect from horizontal displacement anomalies measured in GNSS data.



The glacier  south  of  the  centerline,  which  is  at  the  outside  curve  of  glacier  flow,  experiences
displacements at similar velocities as at the centerline. However, at the north side of the glacier, the
inner curve of flow, slightly lower velocities were measured.

5.1.3 Vertical Displacements Measured at GNSS Stations

The Hillary and Shirase stations  downstream of the GL both show pronounced tidally  induced
vertical displacements. Shirase recorded vertical peak amplitudes between -0.9 m and 0.5 m. The
peak to peak amplitudes and the phase of the vertical displacements of Shirase are similar to the
tide model. The amplitudes at Hillary station, 3 km downstream of the GL, range from -0.4 m to
0.1 m.  Again,  the  phase  seems  to  be  well  synchronized  with  the  tide  model (Figure  5-4). At
Amundsen, 1 km upstream of the GL, vertical displacements have peak to peak amplitudes only
slightly  above  the  determined accuracy  of  the  GNSS measurements.  However,  data  were  only
recorded over the neap tide period with smaller amplitudes.
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Figure 5-3: Glacier flow measured locally using GNSS. Flow arrows are proportionally exaggerated.



The vertical displacements at Shirase and Hillary
correlate  strongly  with  the  tide  model and  the
linear regressions have R2 above 0.9 (Table 5-1).
The correlation between vertical displacements at
Amundsen and the tide model is much lower.

Phase  shifts  between  vertical  displacements  at
Hillary  and  Shirase  are  identified  (using  peaks
and troughs). The peaks of vertical displacements at Hillary show a lead of up to 1 hour and a lag of
up to 1.5 hours in comparison to related peaks of vertical displacements at Shirase. On average, the
vertical displacements at Hillary peak about 0.4 hours after those at Shirase (Table 5-2). Phase shifts
are not correlated to tidal amplitude. Vertical displacement magnitudes at Hillary reach only 21% to
40% of the Shirase values (on average 33%, comparing associated peaks and troughs).

Phase shifts between both Shirase and Hillary (vertical displacement) and the  tide model are also
analysed (Table 5-2). Vertical displacement peaks at Shirase have a lead/delay of about 1.5 to 1.4
hours before/after the  tide model with an average lag of 0.3 hours (Shirase behind  tide model).
Values of vertical displacement amplitudes are in absolute terms between 55 to 136% of the  tide
model. Overall, values of vertical displacement amplitudes at Shirase are very similar to the  tide
model,  reaching on average  about  100.4% of  the  amplitudes  from the  tide  model.  The  RMSE
between peak amplitudes of Shirase and tide model is 0.034 m. Phase shifts between Hillary and
tide model show a 0.8 hours lead to 1.9 hours delay with an average delay of 0.8 hours (Hillary
behind tide model). Again, there is no correlation between phase shifts and amplitudes.
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Figure 5-4: Vertical displacements (top) and horizontal displacement anomalies (bottom) measured locally using 
GNSS. Visually determined peaks and troughs are marked.

Table 5-1: Correlations between GNSS and tide model 
for vertical displacements.

tide model
r

Shirase 0.989** 0.978
Hillary 0.951** 0.905

Amundsen 0.336** 0.414

** correlation significant at 0.01 level

Vertical displacements GNSS 
data measured at station R2



5.1.4 Horizontal Displacements Measured at GNSS Stations

The horizontal displacements are found to oscillate around the background velocity. The anomalies
appear to be tide synchronous with an increase of horizontal displacement at  falling tide and a
decrease in displacement during rising tide.

At Hillary station, displacements exceed the background trend by up to about 50% during falling
tide and are about half the background trend displacements during rising tide (±35 m a-1) (Figure 5-
4). Over a 14-day cycle, displacements are exceeding the background trend during times of greater
tidal magnitudes, i.e. during spring tide. In contrast, during times of lower tidal magnitudes, i.e.
closer  to  neap  tide,  the  displacements  tend  to  be  smaller  than  the  background  trend.  These
superimposing anomalies reach about ±7% of the background trend (±4.5 m a-1).

A similar  pattern shows at  Shirase. Fluctuations  here  are  generally  weaker  and peaks  are  less
pronounced compared to measurements from Hillary station. Diurnal displacement anomalies reach
about 53% of the (slower) background trend over falling and rising tides (±22 m a-1). Compared to
Hillary, the peak to peak amplitudes are lower in the horizontal displacement anomalies. Similar to
Hillary, the fortnightly horizontal displacements at Shirase tend to be greater than the background
trend during spring tide while they are smaller around neap tide with deviations reaching about
±10% of the background trend (±4 m a-1).

The Amundsen time series is too short for this statistical analysis.

When fitting  a  quadratic  regression  curve  over  the  horizontal  displacement  anomalies  of  both,
Hillary and Shirase station, the relationship to the neap spring tidal cycles becomes apparent. At
Hillary station, this about 14-day anomaly reaches an amplitude of about 0.05 m and at Shirase
about 0.03 m (Figure 5-5) with peaks during spring tide and troughs during neap tide.  For both
stations, this quadratic regression curve is used to de-trend the horizontal displacement anomalies
for further statistical analysis.
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Table 5-2: Phase shifts in vertical displacements from GNSS

Hillary – Shirase* -1.0 1.5 0.4
Shirase – tide model -1.5 1.4 0.3
Hillary- tide model -0.8 1.9 0.8

* negative times mean Hillary peaks are ahead of Shirase peaks

peak timing of vertical 
displacements

min lag in 
hours

max lag in 
hours

mean lag in 
hours



When correlating the de-trended horizontal displacement anomalies measured at Shirase with the
tide model, no relationship can be found (Table 5-3).  At Hillary station, however, the de-trended
horizontal  displacement  anomalies  correlate  strongly  negatively  with  the  vertical  displacements
inferred from the  tide model.  The same relationship is tested using the horizontal  displacement
anomalies from Amundsen station (not de-trended). Although an intermediate negative correlation
can be found, the data series is too short to draw reliable conclusions.

From the data of all stations, flow velocities are calculated over discrete time intervals of four hours
using linear regressions  (Table 5-4).  Velocities based on less than 100 GNSS measurements are
excluded.  Both,  highest  peak velocity  and highest  standard deviation,  were recorded at  Hillary
while Shirase shows the least fluctuations in velocity. The standard deviations make up 46%, 45%
and  26%  of  the  background  velocities  at  Shirase,  Hillary  and  Amundsen,  respectively.  This
indicates that velocities show larger relative fluctuations on the floating ice, in comparison to the
grounded  ice.  Although  4-hourly  flow  velocities  are  relatively  noisy,  a  bias  towards  higher
velocities during falling tides and lower velocities during rising tides can still be determined (Figure
5-6).
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Figure 5-5: GNSS horizontal displacement anomalies and fitted quadratic regressions.

Table 5-3: Correlations between GNSS horizontal 
displacement anomalies and tide model.

tide model

r

Shirase -0.163** 0.026
Hillary -0.826** 0.682

Amundsen -0.644** 0.414

** correlation significant at 0.01 level

Horizontal displacement 
anomalies GNSS data 
measured at station R2



5.1.5 Relationship Between Vertical and Horizontal 
Displacements

This section analyses relationships between vertical and horizontal displacements. Hillary station
data  reveals  an  intermediate  to  strong  negative  relationship  between  vertical  and  horizontal
displacements (Figure 5-7) (using de-trended horizontal displacement anomalies,  Figure 5-5). At
Shirase, the relationship between vertical and horizontal displacements is weak and uncorrelated
(Table 5-5).

The  phases  of  horizontal  flow anomalies  suggest  an  inversely  proportional  relationship  to  the
vertical displacements. Especially at  Hillary
station, the phases of both data series contain
a  shift  of  about  12  hours  (horizontal
displacement  peaks  following  vertical
displacement  impulses).  In  other  words,
maximum horizontal displacements occur at
lowest  tides.  At  Shirase, the  phase  shift
appears to be shorter while the peaks of the
flow  anomalies  are  wider  and  less
pronounced.  This  suggests  that  flow
velocities react quicker to tidal displacements
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Figure 5-6: Velocity anomalies over four hours at Hillary (top) and Shirase (bottom) from GNSS.

Table 5-4: Velocities over four hours from GNSS.

Shirase 41.6 0.333 121.5 18.6
Hillary 68.2 0.408 148.8 31.7

Amundsen 82.8 0.364 133.0 21.7

GNSS measurements 
(horizontal) at station

background velocity 
in m a-1

peak velocity 
in m d-1

peak velocity 
in m a-1

standard deviation 
in m a-1

Table 5-5: Correlations between GNSS horizontal and vertical 
displacements.

r

Shirase -0.123** 0.02
Hillary -0.783** 0.614

Amundsen -0.233** 0.054

** correlation significant at 0.01 level

Horizontal displacement 
anomalies GNSS data 
measured at station

vertical displacement, measured at 
the same station

R2



in the freely floating areas in comparison to those in the flexure zone near the GL. However, the
phase ambiguity between the vertical and horizontal displacements must be considered, meaning
that the flow anomalies could have a lag of over 24 hours behind the vertical displacement impulse.

For both stations, the phase shifts between vertical and horizontal displacements are analysed (Table
5-6).  This  is  done  assuming  that  the  horizontal  displacement  anomalies  are  triggered  by  the
preceding tidal peak amplitudes (or the falling tide following the peak). For all analysis, only the
peak  amplitudes  (not  the  troughs)  are  taken  into  account  as  they  are  determined  with  higher
confidence. At  Shirase, the horizontal displacement anomalies peak on average 9 hours after the
tide  induced vertical  displacement  peaks.  This  means horizontal  peak displacements  take  place
during falling tides or close to low tide following the associated tidal peak amplitude. At Hillary,
the mean phase shift is about 12 hours.

At  Shirase, the  amplitudes  of  horizontal  displacement  anomaly  peaks  reach up to  31% of  the
amplitudes of preceding vertical displacement peaks while the average for this measure across all
peaks is about 7%. At Hillary station, these values are slightly higher with horizontal displacement
anomalies reaching amplitudes of on average 13% of the preceding vertical displacement amplitude
(maximum 25%).

At  Shirase, vertical  displacement  peak  amplitudes  correlate  strongly  positive  to  the  following
horizontal  displacement  peak  amplitudes  (r  =  0.834).  The  correlation  of  the  same measures  is
similarly intermediate to strong at Hillary (r = 0.771). From the linear regressions (Figure 5-8) can
be  seen  that  greater  vertical  displacements  are  normally  followed  by  greater  horizontal
displacements.  Closer  to  the  GL at  Hillary,  a  relatively small  increase in  vertical  displacement
amplitude triggers proportionally larger increases in horizontal displacements when compared to
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Figure 5-7: Hillary GNSS data - vertical vs. horizontal
displacement anomalies.

Table 5-6: Phase shifts between GNSS vertical and horizontal displacements.

min lag in hours max lag in hours mean lag in hours

Shirase 1 13 9
Hillary 7 16 12

* given times are phase shifts of horizontal displacement anomaly peaks behind associated preceding vertical displacement peaks

peak timing of horizontal vs. 
vertical displacements*



Shirase.  Therefore  can  be  concluded  that  horizontal  displacements  are  more  sensitive  to  tidal
amplitude at Hillary, when compared to Shirase.

5.1.6 Fitting Empirical Velocity Models to GNSS Measurements

A sine function is fitted to the horizontal displacement anomalies measured at Hillary and Shirase
stations to generalize the measured 14-day cycle of horizontal flow anomalies (Figures 5-9 and 5-
10). A model is required to predict displacement anomalies for the whole period of this study. The
empirically modelled displacements can then be used to infer flow velocities between two arbitrary
times  (i.e.  between  two  SAR image  acquisitions).  The  model  fitting  was  based  on  the  GNSS
measurements with the assumption that flow velocity variations take place in a similar manner over
longer  times.  The horizontal  displacement  anomalies  over 14 days are  defined by the equation
below and will hereinafter be referred to as velocity_model14:

velocity ─ model14(t )=0.025sin (
(t−272800)
−189000

)+0.003 (equation 5-1)

Where  t  is  the  epoch  time  in  seconds  (since  01/01/1970  12:00).  The  model  fits  the  quadratic
regressions over the Shirase and Hillary data with r = 0.88 (R2 = 0.774) and r = 0.695 (R2 = 0.484),
respectively. Figure 5-10 shows that the model mostly fits the fortnightly displacement anomalies
over the first seven days of the cycle while it slightly overestimates the displacements in parts of the

- 65 -

Figure 5-8: Relationship between GNSS vertical displacement peak 
amplitudes and their subsequent horizontal displacement peak amplitudes.



second half of the 14-day cycle. However, over longer periods it fits the fortnightly tidal cycle well
(Figure 3-4).

A second model is fitted to take short term velocity variations into account. The analysis of GNSS
data shows that diurnal velocity variations are strong, especially at Hillary. In fact, these shorter
variations may override fortnightly velocity fluctuations depending on the time of image acquisition
in relation to the displacement anomaly. Based on the relationship and phase shift between vertical
and horizontal displacements which are observed at Hillary, the second velocity model is calculated
as a combination of the inverted (diurnal) tide model and the superimposing velocity_model14. The
observed phase shift of 12 hours between vertical and horizontal displacement and an amplitude
scaling of 4% (based on Hillary measurements) is used as follows:

velocity ─ model1 (t )=−0.04 z (t )+0.025sin(
(t−272800)

−189000
)+0.003 (equation 5-2)

Wherein velocity_model1 denotes the diurnal horizontal displacement anomaly, t is the epoch time
in seconds and z(t) is the tide model dependent on t. The second model will hereinafter be referred
to as velocity_model1. A comparison to the horizontal displacement anomalies at Hillary shows that
velocity_model1 correlates well to the measurements with r = 0.947 and R2 = 0.897.

Both models are additionally phase shifted. Velocity_model14 is shifted in 1-day steps up to a 7-day
lag and lead from the original model (Figure 5-9) while velocity_model1 is shifted in 1-hour steps.
This is done to test possible delays in horizontal displacement propagation upstream of the GL and
possible leads in horizontal displacements further downstream. Figure 5-10 shows the models over
the  measured  data.  While  velocity_model1 agrees  well  with  Hillary,  it  can  be  seen  that  the
displacement  anomalies  measured at  Shirase,  with a  phase shift  of about  9  hours  after  vertical
displacements, are slightly ahead of the model.
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Figure 5-9: Empirical velocity_models and 7-day phase shift of velocity_model14.

Figure 5-10: Velocity_models in comparison to GNSS measured horizontal displacement anomalies.



5.2 Ice Dynamics from Satellite Data Using Speckle 
Tracking

Similar techniques are applied for the analysis of speckle tracking as for interferometric data. Most
of the general approach for the statistical analysis will be explained in this section and will not be
repeated in the section for interferometric data analysis. The main aim of the analysis is primarily to
test whether the remote sensing techniques applied here are capable of detecting small scale ice
dynamics  at  a  high  temporal  resolution  as  measured  in  the  field.  This  section  also focuses  on
general ice dynamics which can be observed with the remote sensing techniques used in this thesis.

5.2.1 General Analysis Approach – Speckle Tracking

Both speckle tracking and interferometric data are used to create average displacement maps from
all image pairs covering the lower Darwin glacier. These average displacements are then compared
against the field measurements and amongst each other. All horizontal displacements measured in
the satellite's range look direction are corrected for tidal amplitude differences in order to remove
the distortions caused by vertical displacements (chapter  4.6). Observed horizontal displacements
from  which  this  vertical  distortion  is  removed  will  hereinafter  be  referred  to  as  corrected
displacements whereas all others will hereinafter be referred to as uncorrected displacements. The
glacier area is divided into zones within which median displacements are calculated individually for
all  image pairs.  These zonal displacement values are then tested against expected displacement
anomalies in order to analyse whether small scale flow velocity modulations are discernible in the
satellite data. The expected flow velocities are inferred from the velocity_models brought forward in
section 5.1.6, equations 5-1, 5-2.

For the calculation of zonal statistics, the research area is divided into a) areas downstream of the
GL covering the GZ (DownS_GZ), b) areas immediately upstream of the GL (UpS_near) and c)
areas  further  upstream within the Nozzle (UpS_far)  (Figure 5-11).  Areas covering the shearing
zones and other  areas of  general  low image cross-correlation are excluded.  Additionally,  200m
radius buffered areas around the Hillary and Shirase stations are used to calculate zonal statistics
(called Hillary_buffer and Shirase_buffer).
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Comparing ice flow velocities on grounded ice upstream of the GL (UpS_near, UpS_far) can be
done with all image pair combinations. This is assuming that the vertical displacements between
image recordings contained in each pair are either negligible or constant. Since there is no tidal
forcing  upstream  of  the  GL,  vertical  displacements  may  only  be  caused  by  relative  glacier
subsidence  during  gravitational  flow  or  by  ice  thinning  or  thickening.  Those  variations  are
considered to be minor within the temporal baselines of the interferometric pairs considering the
shallow gradient of the glacier and the local climate. Analysis of grounded areas must also consider
a possible delay in propagation of flow velocity modulations towards regions further upstream. The
velocity_models are phase-shifted in order to test for possible delays or leads (Figure 5-9).

For statistical calculations using areas in the GZ, image pairs should ideally be recorded at times of
identical  tidal  amplitudes  in  order  to  make  the  surface  parallel  uncorrected  displacements
comparable. If assuming viscoelastic bending of the ice shelf, image pairs should also be selected
from identical  tidal  phases  so that  an  equal  surface  elevation  can  be  assumed.  Although these
conditions cannot be met with the available SAR imagery, an attempt is made to select image pairs
which nearly meet these criteria. This subset of image pairs with tidal amplitude difference less than
0.1 m will hereinafter be referred to as pairs of similar tides (sample size = 12).

The tidal amplitude is determined for the acquisition time of each SAR image from the tide model
to allow for the selection of suitable image pairs for this analysis. Table_Appendix 2 lists all used
image pairs with the differences in tidal amplitude. For all analysis, range and azimuth displacement
maps, holding displacements in ground units in MPC, are used. Image pairs with low image cross
correlation  are  excluded.  All  absolute  displacements  held  in  the  raster  images  are  scaled  to
displacements per year using the temporal baseline of their image pair. Median displacements are
then  calculated  individually  for  each  displacement  map  within  the  zones  while  average
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Figure 5-11: Zones used for statistical analysis of speckle tracking and InSAR 
observed displacements.



displacements are derived for each image pixel across all displacement maps. Due to varying spatial
coverage between the scenes, calculations are done from a subset of all displacement maps for the
Shirase_buffer zone (column 'Shirase coverage' in Table_Appendix 2 marks the scenes which cover
this area, boundary of coverage is marked in Figure 5-11).

5.2.2 Results from Speckle Tracking

In  the  following,  the  results  from speckle  tracking  between  43 image  pairs  are  analysed.  The
displacements in azimuth and range direction are derived for each image pair. Figure 5-12 shows a
set of displacement maps in MPC. It is apparent that, due to the satellite's orbital direction, glacier
flow  roughly  between  Nozzle  and  GL  is  mainly  observed  as  azimuth  displacement  while
displacements in the GZ as well as in the Nozzle are strongly represented in range displacement
maps. Furthermore, a typical transverse variation in the flow pattern is visible with higher velocities
along the centerline and a slower flow along the margins.

In range displacement maps, the measured uncorrected displacements in glacier flow direction are
distorted by the vertical tidal displacements. This becomes especially apparent where displacement
maps are created from image pairs with large difference in tidal amplitude. For instance, pair 66-67
has  a  modelled  amplitude  difference  of  about  +0.52 m which  leads  to  a  marked  distortion  in
horizontal displacement (Figure 5-12). Corrected range displacement maps are used in the analysis
of individual image pairs while uncorrected displacement maps are utilised to test the theory of this
distortion.
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Figure 5-12: Azimuth (A) and ground range displacements (B, C) from speckle tracking pair 67-69. (B) shows 
uncorrected displacements and (C) shows corrected displacements. The arrows indicate the direction of azimuth and 
range displacements.



The stacked averaged displacement maps show a smooth flow field over the study area (Figure 5-
13). A discontinuity in the stacked maps exists along the joint line between the area covered by all
displacement maps and the area covered by only a subset. In the DownS_GZ area, median azimuth
displacements are only slightly greater than in range direction (Table 5-7) while in UpS_near they
are nearly entirely in azimuth direction. Displacement magnitudes (derived from range and azimuth
displacements)  show  that  the  glacier  flows  faster  upstream  of  the  grounding  line.  Stacked
displacement maps from corrected displacements differ from uncorrected displacements and from
the subset of similar tides. The latter  shows that a correction is still  essential  for the subset of
similar  tides (displacement  maps  of  similar  tides contain  uncorrected  displacements).  For  this
reason the similar tides subset is excluded from further analysis.

All displacements observed with speckle tracking are compared against the GNSS displacement
measurements recorded in the field. It is assumed that flow directions from speckle tracking are
similar to flow directions from GNSS (see flow field analysis below). GNSS displacements are also
converted into horizontal equivalents of range and azimuth displacements using average look angles
of the satellite sensors γ:

Δra=Δ ground cos(α−γ) (equation 5-3)

Δaz=Δground sin(α−γ) (equation 5-4)

where  Δra and  Δaz are  range  and  azimuth  displacements  from GNSS,  respectively.  The  GNSS
horizontal  ground displacement is  given by  Δground and  α is  the angle of GNSS measured flow.
Speckle  tracking  velocities  show  good  agreement  with  the  GNSS  measurements (Table  5-8).
Observed speckle tracking magnitudes are generally below what was measured in the field with the
greatest  difference  at  Point  28  (magnitude  -14.6 m a-1,  range  -2.6 m a-1).  Uncorrected  range
displacement values  are  slightly  higher  than  the  GNSS  measurements  (converted  to  range
displacements) but are closer when corrected. Differences between GNSS and speckle tracking may
be explained by the accuracy of the techniques and by deviations in measured flow directions.
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Table 5-7: Zonal statistics (medians) from all stacked speckle tracking image pairs (range, azimuth and magnitude), 
range displacements are not measured in UpS_near due to the satellite look angle.

Zone

DownS_GZ 29.9 26.9 23.5 33.8 43.1 45.8
UpS_near . . . 78.9 79.1 79.1

Speckle tracking average range displacement in m a-1 Speckle tracking 
average azimuth 

displacement in m a-1

Speckle tracking displacement 
magnitudes in m a-1

Uncorrected
Displacements

Corrected
Displacements

Uncorrected Displacements
Similar Tides

Uncorrected
Displacements

Corrected
Displacements

Table 5-8: Comparison between speckle tracking displacements and GNSS data.
Magnitudes Range displacements

max negative difference -14.4 -14.6 -2.3 -2.6
max positive difference 0.8 -0.1 4.9 3.8

mean difference -2.6 -3.5 2.6 0.9
RMSE 4.4 4.8 3.4 2.1

Speckle tracking minus 
GNSS measurements   

(m a-1)
Uncorrected

Displacements
Corrected

Displacements
Uncorrected

Displacements
Corrected

Displacements



- 72 -

Figure 5-13: Flow field from stacked corrected speckle tracking displacements. Research area shown in (A) and GZ
detail in (B). (C) shows detail at confluence of Gaussiran and Darwin glaciers and (D) shows shearing zone and ice
fall at Darwin margin. Flow arrows are proportionally exaggerated.



Figure 5-14 shows the observed displacement magnitudes along the centerline against  the field
measurements. At 8 km downstream from the GL, the joint between both coverage areas of the
displacement rasters can be seen. The difference between both coverage areas indicates a bias in the
averaged rasters downstream as the sample size was reduced to allow for covering this area. In
Figure 5-15, the observed range displacements of selected image pairs are shown for the GZ. Here,
the influence of the vertical displacement distortion becomes apparent: Pair 66-67 was recorded
with a vertical difference of +0.52 m between both image acquisitions. This leads to an apparent
negative displacement across the GZ. Pair 67-69 in turn was taken with a negative tidal difference
of -0.4 m which resulted in an overestimation of range displacement. Pair 32-38 has images from
similar tidal amplitudes and range displacements agree well with those measured in the field. Also,
the corrected range displacement of 67-69 fits well to the measurements. The correction of 66-67,
however, does not correctly remove the tidal distortion. This may be due to an incorrect vertical
displacement inferred from the tide model or an incorrectly coregistered image pair.

Transverse velocity profiles show decreasing flow velocities from upstream to downstream as the
glacier widens (Figure 5-16). Also here can be seen that speckle tracking observations tend to result
in slightly lower velocities in comparison to GNSS field measurements.

The flow vector field created from the averaged azimuth and corrected range displacement maps
(Figure 5-13) generally matches the overall flow directions of the GNSS measurements well. The
observed flow directions from speckle tracking tend to be orientated slightly more towards north
while GNSS data indicates flow directions further towards east. On average, there is a difference of
6.1 degrees between the vectors of both sources and the largest difference is observed at Amundsen
station with 19.2 degrees (standard deviation 5.7 degrees). These deviations must be considered as
source of error in the comparison of speckle tracking magnitudes to the absolute displacements
measured at GNSS points. Small displacements over stationary non-glacier areas indicate a small
residual in the coregistration of the imagery. However, there is no systematic trend in those areas as
vectors appear to be pointing in random directions. Details, such as the confluence between the
Darwin and Gaussiran glaciers or the flow of the ice falls  along the south margins are a good
indication for the high resolution and detail of the speckle tracking method (Figure 5-13(C, D)).
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Figure 5-14: Velocity profile along Darwin centerline from all speckle tracking data (corrected and uncorrected, 
stacked). Uncertainty of speckle tracking data is exemplarily indicated by an error bar.



Displacements between individual image pairs are used to test speckle tracking data for  velocity
fluctuations. The  velocity_models are used to estimate the expected flow velocity between each
image pair. The velocities for each pair vt1,t2 are calculated as follows.

Using velocity_model14:

v t 1, t 2=

(0.025sin(
(t2−272800)

−189000
)+0.003 )−(0.025sin(

( t1−272800 )

−189000
)+0.003)

( t2−t1)/31.536∗106 +vb (equation 5-5)

Using velocity_model1:

v t 1, t 2=

(−0.04 z (t2)+0.025sin(
(t 2−272800)

−189000
)+0.003)−(−0.04 z (t1)+0.025sin (

(t1−272800)

−189000
)+0.003)

(t 2−t1 )/31.536∗106 +vb

(equation 5-6)

where t1 and t2 are the times of image acquisition in seconds since 01/01/1970 12:00 for image 1
and image 2, respectively. The tidal amplitude inferred from the tide model is given by z dependent
on t1 and t2 and vb is the background velocity (64 m a-1) (vt1,t2 are scaled to annual displacements
using the divisor 31.536*106). This calculation assumes that the velocity_models, which use in the
field observed GNSS data as basis, would be applicable over the eight months study period. In the
following, zonal statistics of all displacement maps are compared against the inferred values from
velocity_models.

Mean  azimuth  velocities  are  highest  in  UpS_near  where  the  ice  displacements  are  mainly  in
azimuth direction and flow velocities are  generally  higher  (Table 5-11, bottom rows).  Standard
deviations  in  azimuth  are  low  and  similar  to  the  modelled  velocity  anomalies.  The  box  plots
(Figure_Appendix 5) show that there are some outliers in the data which do not appear equally in
all zonal statistics of the azimuth displacements. Outliers are mostly found from image pairs of
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Figure 5-15: Ground range displacements along Darwin centerline from two selected speckle tracking image pairs 
(corrected and uncorrected). Speckle tracking uncertainties are exemplarily indicated by an error bar.



short (4-day) temporal baselines where uncertainties from the remote sensing techniques and the
tide model are upscaled (see chapter 5.4).

The azimuth velocities of all image pairs show some negative correlations with  velocity_model14,
which disagrees with the expected observation (Table 5-9). All R2 values are low, indicating that no
strong relationship between azimuth displacements and velocity_model14 can be found. The results
are  similar  using  velocity_model1.  Phase  shifts  in  the  velocity_models  do  also  not  result  in
significant correlations.

The zonal statistics of the observed corrected range displacements are as shown in Table 5-11 (top
rows).  Mean displacements are similar between the zone of DownS_GZ and Hillary_buffer while
they  are  lower  at  Shirase_buffer.  This  agrees  with  the  displacements  measured  in  the  field.
Compared to azimuth displacements, standard deviations in range direction are significantly higher.
In  general,  correcting  vertical  distortions  reduces  standard  deviations.  However,  especially  at
Shirase the  corrected displacements still contain large uncertainties. Statistics of each zone show
several outliers from different image pairs, especially in the smaller zones of Hillary and Shirase
stations (Figure_Appendix 5) which indicates that averaging larger  areas leads to more reliable
results.

In  DownS_GZ,  the  corrected  range  displacements correlate  weakly  negatively  with
velocity_model14 with  a  low R2 (Table  5-10),  contradicting  with  the  modelled  displacements.
Hillary_buffer results in a similar weak negative correlation while in all other zones no correlation
is found. UpS_near shows a weak positive correlation with a delay of about 3 days. When using
velocity_model1, none of the zones show any relationships to the model.
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Table 5-9: Correlations between speckle tracking azimuth displacements and 
velocity_models.

r r

Down_GZ -0.463 0.215 -0.053 0.050
Hillary_buffer -0.330 0.109 0.120 0.016
Shirase_buffer 0.087 0.008 -0.160 0.000

UpS_near -0.153 0.024 0.051 0.001
UpS_far 0.026 0.001 0.036 0.157

Horizontal azimuth velocity 
from speckle tracking

velocity_model14 velocity_model1

R2 R2

Table 5-10: Correlations between speckle tracking corrected range displacements 
and velocity_models.

r r

Down_GZ -0.452** 0.204 0.047 0.002
Hillary_buffer -0.420** 0.176 -0.051 0.003
Shirase_buffer 0.081 0.007 0.134 0.018

UpS_near -0.106 0.011
UpS_far -0.026 0.001 0.036 0.001

Horizontal range velocity 
from speckle tracking 

(corrected displacements)

velocity_model14 velocity_model1

R2 R2

0.327* † 0.107 †

** correlation is significant at 0.01 level
*   correlation is significant at 0.05 level
†   velocity_model14 phase shifted plus 3 days



The scatter plots of DownS_GZ and Hillary_buffer against velocity_model14 (Figure 5-17) give an
impression  of  the  distribution  of  the  values.  Expected  velocities  derived from  velocity_model14

range from about 60.5 to 67.5 m a-1 with a standard deviation of 1.6 m a-1 when using a background
velocity of 64 m a-1. The observed displacements in range direction have a far larger spread and are
in between -1.5 and 70 m a-1. Image pairs with shorter temporal baseline generally show greater
variability. Longer temporal baselines (> 8 m a-1) smooth the varying velocity signal. Interestingly,
the observed range displacements deviate stronger from their  mean than the expected velocities
which  indicates  that  the  data  is  noisy  and  vertical  distortions  are  possibly  not  sufficiently
compensated. A similar result is observed using velocity_model1.
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Figure 5-16: Transverse velocity profiles from stacked corrected speckle tracking velocities in comparison to GNSS 
measurements. Speckle tracking uncertainties are exemplarily indicated by an error bar.

Figure 5-17: Variations in range displacements from speckle tracking against predicted variations from 
velocity_model14. Measurements are classified by the temporal baseline of the image pair. Speckle tracking 
uncertainties are exemplarily indicated by error bars.



Using  uncorrected  range displacements for  the  same analysis  results  in  standard  deviations  in
DownS_GZ about three times the value of the corrected displacements deviations. Also, when using
the  uncorrected range displacement maps, range displacements correlate intermediate to strongly
negative with velocity_model14 (r values about -0.6 to -0.7). These correlations are mainly caused by
tide  synchronous  vertical  distortions  which  override  actual  surface  parallel  displacements  with
strong apparent accelerations caused by tidal displacement. This effect can be seen equally in all
tidally influenced zones.
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Table 5-11: Statistics of all speckle tracking observations within defined zones. Comparison between corrected 
displacements (left) and uncorrected displacements (right) (grounded areas and azimuth displacements do not require 
correction for tidal distortion).

Speckle tracking
N min max mean stdv min max mean stdv

43 -1.5 62.0 32.2 11.1 -74.1 95.3 31.3 32.4
43 . . . . -2.5 87.2 42.3 17.1
43 4.5 70.1 26.1 12.9 -51.7 88.5 25.9 26.5
29 -12.8 132.2 14.7 42.2 -61.0 202.9 19.5 47.1

43 . . . . 19.2 47.2 37.9 5.3

43 . . . . 58.9 103.5 83.9 7.6
43 . . . . 43.1 73.6 60.5 6.8
29 . . . . 15.4 64.4 38.1 8.4

Corrected range displacements in m a-1 Uncorrected range displacements in m a-1

DownS_GZ range

UpS_far range
Hillary_buffer range
Shirase_buffer range

DownS_GZ azimuth
UpS_near azimuth

Hillary_buffer azimuth
Shirase_buffer azimuth



5.3 Ice Dynamics From Satellite Data Using 
Interferometry

DInSAR and DDInSAR analysis follows the same method as speckle tracking. This includes the
creation of average displacement maps, correcting horizontal displacements in range look direction
for distortions from tidal  displacements and comparing observed displacements from individual
image pairs against expected flow velocities (velocity_models). Most principles for this approach
are outlined in section 5.2.

5.3.1 General Analysis Approach – Interferometry

As discussed  in  section  5.2,  displacements  over  grounded ice  do  not  need to  be  corrected  for
vertical displacements. Downstream of the GL, the same conditions as for speckle tracking apply.
The  results  from the  speckle  tracking  analysis  show that  the  distortions  in  uncorrected  range
displacements override  small  scale  velocity  modulations  and  therefore  the  interferometric  data
analysis will focus on corrected displacements only.

The DInSAR interferograms as  well  as  the  DDInSAR differential  interferograms used for  this
analysis are selected based on interferometric phase coherence and sensor and orbital compatibility.
An empirically determined threshold of 0.6 is used as a sufficient mean phase coherence. Examples
of high and low image phase coherence are shown in Figure 4-10. For a full list of all image pairs
and  their  tidal  displacements  see Table_Appendix  3,  4.  Due  to  the  principles  of  radar  remote
sensing, ground displacements can only be detected in LOS direction when using interferometry
(see chapter 2.2). The ideal constellation for highest sensitivity would therefore be a sensor where
range look direction is  parallel  to  the ice flow direction.  For this  reason, measurements within
UpS_near are not suitable for analysis in this section.

This  analysis  is  carried  out  following  two  different  approaches.  Firstly,  the  differential
interferograms created using DInSAR are interpreted as horizontal displacements in ground range
direction. This method makes all displacement maps comparable once they have been converted to
annual displacements. Median observed range displacements are calculated within all zones (Figure
5-11) in order to compare observed displacements against the velocity_models. The second method,
while based on DDInSAR interferograms, is similar to the first  approach using single DInSAR
interferograms:  Differential  displacements  can be derived from most  combinations  between the
interferometric pairs by applying the DDInSAR technique as described in section 4.4.6. The image
pair combinations are mainly restricted by differences in imaging geometries, caused by offsets
between the relative orbits of the images when using the four-pass DDInSAR approach. Also, the
combined interferograms have to be of identical sensor properties such as spatial resolution and
radar frequency and must be processed with the same multi-looking factors. It is not possible to
combine imagery of different relative orbits as precise coregistration cannot be achieved between
the different  look angles  and the backscatter  properties differ  significantly.  With the DDInSAR
method, differential displacements are calculated in terms of interferometric phases, unwrapped to
derive absolute phase difference radians and then interpreted as horizontal ground displacements
along the satellite's range look direction.
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5.3.2 Results From TwoPass Interferometric Data (DInSAR)

The average  corrected range displacements from all image
pairs  show  a  smooth  flow  field.  Uncorrected  range
displacements (not  used for  analysis)  are  distorted by the
tides  (Figure  4-19)  and the  difference  to  corrected  range
displacements is  similar  to  speckle  tracking  observations
(Table 5-12).  The observed  corrected range displacements
vary along the centerline between about 2 m a-1 near the GL
to 32 m a-1 6 km downstream and 14 m a-1 near Shirase as
the  glacier  changes  flow direction  relative  to  the  satellite
orbit.  Absolute  flow  velocities  (magnitudes)  are  inferred
from the observed,  corrected range displacements and the
flow  vectors  derived  from  speckle  tracking. Figure  5-18
shows the resulting raster image whereby large uncertainties
and discontinuities in UpS_near are visible due to the near
90 degrees look angle onto the flow direction of the glacier.

GNSS  measurements  are  converted  to  equivalent
displacements  in  range  look  direction  to  make  them
comparable to the observed range displacements from the
DInSAR  technique. The  conversion  is  done using  the  satellite  imaging  geometry  (see  5.2.2,
equation 5-3).  For this analysis only the  corrected displacements from all interferogram pairs are
used. As previously observed with speckle tracking, Point 28 shows the greatest negative difference
to the GNSS data. The largest positive difference is found at Point 25. On average, the DInSAR
observations show slightly lower velocities than the GNSS measurements (Table 5-13). The RMSE
is slightly higher in comparison to the observations with speckle tracking. Figures  5-19 and 5-20
show a comparison between field measurements and observations from DInSAR. Here can be seen
that  the  correction  of  horizontal  displacements  for  vertical  distortions  may  be  over  or
underestimated. Also, an image pair with a rather minor tidal difference (here 64-67 with +0.02 m)
must be corrected in order to remove any bias introduced by a vertical displacement.
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Figure 5-18: Stacked flow field from 
corrected DInSAR range displacements 
and speckle tracking flow vectors. 
Fragmented areas are caused by 
uncertainties in displacements near 
perpendicular to the radar look direction.

Table 5-12: Zonal statistics (medians) from all stacked DInSAR pairs
(range and magnitude). Magnitudes are calculated using speckle 
tracking flow directions.

Zone

DownS_GZ 32.0 27.2 46.2
Hillary_buffer 30.5 27.6 66.8
Shirase_buffer 21.7 14.3 39.3

DInSAR average range displacement 
in m a-1

DInSAR average 
displacement 

magnitudes in m a-1

Uncorrected
Displacements

Corrected
Displacements

Corrected
Displacements

Table 5-13: Comparison between DInSAR 
displacements and GNSS measurements.

Range displacements

max negative difference -2.8
max positive difference 4.4

mean difference 1.1
RMSE 2.3

DInSAR minus GNSS 
measurements (m a-1)

Corrected
Displacements



A  comparison between  the  corrected  range displacements observed  by  DInSAR and speckle
tracking shows that on average velocities measured in DownS_GZ using speckle tracking are only
slightly  higher  than  those  measured  using  DInSAR  (+0.3 m a-1) (Table  5-14).  In  contrast,  the
horizontal  displacements  measured  by  every  individual  pair  show  differing  results  from  both
techniques. There is only an intermediate correlation between the values measured with speckle
tracking and DInSAR (r = 0.575) in the DownS_GZ area. In UpS_near, where the look direction
onto the glacier flow is unfavourable, the measured velocities from both techniques do not show
any similarities due to large uncertainties (see Figure 5-18).

- 80 -

Figure 5-20: Ground range displacements along Darwin centerline from two selected DInSAR image pairs 
(corrected and uncorrected). DInSAR uncertainties are exemplarily indicated by an error bar.

Figure 5-19: Velocity profile along Darwin centerline from all DInSAR data (corrected and uncorrected, stacked; 
velocity calculated using DInSAR range displacements and speckle tracking flow field). Uncertainty of DInSAR data
is exemplarily indicated by an error bar. Large deviations are observed near the GL where the radar look direction 
is almost perpendicular to the ice flow.



As done in speckle tracking analysis (5.2.2), displacements between individual image pairs are used
to  test  DInSAR measurements  for  velocity  fluctuations.  The  statistics  of  the  corrected  range
displacements observed within the individual zones are listed in Table 5-15 and generally agree well
with  the  findings  from  speckle  tracking.  In  comparison  to  speckle  tracking,  observed  mean
displacements  are  higher  in  DownS_GZ and  Hillary_buffer  and  lower  at  Shirase_buffer  while
standard deviations within the zones are slightly higher. Again, each zone has different outliers in
the observations (Figure_Appendix 5). Negative minimum values and larger standard deviations
within Shirase_buffer, where tidal displacements are greatest, indicate that the correction of vertical
displacement  distortions  does  not  perfectly  match  true  tidal  amplitudes  and some uncertainties
remain.

None  of  the  median  corrected  range  displacements measured  within  the  zones  upstream  and
downstream of the GL show correlations to the expected velocities from velocity_model14 (Table 5-
16).  The scatter  plots  (Figure 5-21) show a similar pattern to  what was observed with speckle
tracking: Pairs of shorter temporal baselines are less clustered as they are able to capture small scale
velocity variations better. Also here, the observed values are scattered beyond what was predicted
by velocity_model14. When using velocity_model1, weak positive correlations and low R2 values are
present  within  DownS_GZ  and  Hillary_buffer  with  a  model  phase  delay  of  three  hours.  The
remaining zones show no notable correlations with velocity_model1. A three hour phase shift would
mean that  across  all  image acquisitions,  the  horizontal  displacements  have  a  longer  lag  to  the
vertical  displacement  impulse  than  expected.  As  velocity_model1 is  based  on  small  scale
fluctuations measured at Hillary, this finding contradicts with the measured data over the three week
field  work  period.  The  scatter  plots  (Figure  5-22)  show  that  image  pairs  of  shorter  temporal
baselines  introduce  larger  uncertainties  while  pairs  with  longer  temporal  baselines  have  results
which suggest a relationship between remotely sensed data and model. However, correlation values
are too weak to draw reliable conclusions.
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Table 5-14: Comparison between DInSAR and speckle 
tracking measurements.

Corrected range displacements
mean difference RMSE

DownS_GZ 0.3 12.1
UpS_far 4.4 23.7

Shirase_buffer 1.1 40.1
Hillary_buffer 2.3 14.2

DInSAR minus speckle 
tracking (m a-1)

Table 5-15: Statistics of all DInSAR observations within 
defined zones.

DInSAR
N min max mean stdv

DownS_GZ 39 7.3 53.9 33.6 9.8
UpS_far 39 5.5 56.3 41.0 8.0

Hillary_buffer 39 8.6 55.4 27.5 8.8
Shirase_buffer 28 -4.7 41.1 16.2 10.8

Corrected range displacements in m a-1



Analysing  uncorrected  displacements results  in  similar  correlations  to  what  was  found  using
speckle  tracking:  The  interferometric  image  pairs  correlate  negatively  with  the  velocity  model
within all zones in the GZ with r values between -0.6 and -0.8 indicating a strong sensitivity to the
tide synchronous distortions.
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Figure 5-21: Variations in range displacements from DInSAR against predicted variations from velocity_model14. 
Measurements are classified by the temporal baseline of the image pair. DInSAR uncertainties are exemplarily 
indicated by error bars.

Table 5-16: Correlations between DInSAR range displacements and velocity_models.

r

Down_GZ -0.198 0.039 0.307 0.094
Hillary_buffer -0.128 0.016 0.318 0.101
Shirase_buffer 0.072 0.005 -0.049 0.002

UpS_far -0.181 0.033 -0.029 0.001

Horizontal range velocity from 
DInSAR

(corrected displacements)

velocity_model14 velocity_model1

R2 r† R2 † 

†   velocity_model1  phase shifted plus 3 hours
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Figure 5-22: Variations in range displacements from DInSAR against predicted variations from velocity_model1. 
Measurements are classified by the temporal baseline of the image pair. DInSAR uncertainties are exemplarily indicated
by error bars.



5.3.3 Results from Three and FourPass Interferometric Data 
(DDInSAR)

A similar analysis to that using two-pass DInSAR measurements is applied to three and four-pass
DDInSAR observations.  Sets  of  three  and  four  images  are  selected  so  that  the  residual  tidal
differences are as low as possible. For instance, using DDInSAR to subtract a pair of images with a
tidal displacement of +0.51 m from another pair with a tidal difference of +0.48 m would lead to a
residual tidal difference of +0.03 m since common displacements are cancelled out between the
pairs. When analysing residual horizontal and vertical displacements, the scaling factors F1,2 of the
image  pairs  must  be  taken  into  account  (see  section  4.4.6,  equation  4-5).  The  differential
displacements can then be interpreted as a residual displacement over the temporal baseline of the
first image pair. Table_Appendix 4 lists all three- and four-pass sets that are used for this analysis
against their residual tidal displacements and scaling factors. For the selection of image pairs within
the sets, the same criteria as for two-pass DInSAR pairs are applied. The residual tidal difference is
then removed from the horizontal differential displacement maps so as to correct for distortions
from tidal displacements. The same technique as for speckle tracking and DInSAR is applied here.

Figure 5-23 shows residual horizontal displacements along the glacier centerline measured with
DDInSAR.  The  uncorrected  displacements  (Figure  5-23 left)  show  that  residual  horizontal
displacements are superimposed by residual vertical displacements within the GZ of the glacier.
Figure  5-23,  right,  shows the  displacement  equivalents  after  correction  for  vertical  distortions.
Although horizontal displacements are reduced after correction, it is apparent that the displacement
magnitudes in range direction still  exceed the expected residual displacement. The uncertainties
contained in the inferred tidal amplitudes are cumulated when differencing the measurements of
two image pairs. Also, DDInSAR sets with larger scaling factors are found to amplify image noise
which adds additional uncertainties. For more discussion on error propagation see section 5.4.
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Figure 5-23: Differential (residual) horizontal displacements from sets of two DDInSAR image pairs. 
Displacements are derived from DDInSAR interferograms along the Darwin centerline. Positive values indicate a 
faster flow in image pair two compared to image pair one. Uncorrected displacements (left) show large residuals 
due to tidal distortion. Corrected displacements (right) show the effect of correction but values are still larger (up 
to ±75 m a-1) than predicted by velocity_models.



The differential horizontal displacements (Figure 5-23) are primarily influenced by vertical flexure
and confirm the location of the grounding line. The apparent decrease in horizontal displacement at
about 20 km downstream of the GL indicates that the ice shelf is not entirely freely floating but
partially supported by the southern margin and the ice rise to the north. This is assuming that a
partially grounded (supported) ice shelf experiences a slightly smaller tidal amplitude which in turn
reduces the distortion in horizontal displacement. However, the dip in horizontal displacements at
this location might also be due to velocity variations at this point. Shirase was positioned at the
point of maximum tidal amplitude observed along the centerline (14.5 km downstream of the GL).

Residual horizontal corrected displacements are compared to the velocity_models to test DDInSAR
observations for  velocity fluctuations. The DDInSAR results show a similar lack of correlation
with the velocity_models as in DInSAR.

The uncorrected differential vertical displacement images from all DDInSAR interferograms are
used to derive the location of the GL. It is assumed that the GL location is located at the edge of
near-zero differential vertical displacement. The threshold for the near-zero displacement is set to
3% of the differential vertical displacement observed at the location of Hillary. The migration of the
GL is then measured along the centerline of the glacier between all derived GLs. It is found that the
largest migration takes place at the centerline, ranging over about 2 km (Figure 5-24). The standard
deviation  of  the  GL migration  is  measured  at  316  m  around  the  average  location  along  the
centerline.  Strictly  speaking,  the  derived  location  represents  the  hinge  line  which  marks  the
landward limit of ice flexure [Rignot, 1998]. The GL migration occurs across the whole eight month
study period as the DDInSAR image sets are combinations of SAR image pairs with acquisition
times throughout this period. Although a relation between tidal amplitudes and GL migration is
assumed, it cannot be directly linked to the DDInSAR observations.
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Figure 5-24: Grounding line locations derived from DDInSAR interferograms. The enlargement shows 
Amundsen station and the glacier centerline. An example of a DDInSAR interferogram is shown as 
background.



5.4 Estimation of Uncertainties

Most of the techniques  applied in this  thesis  inherit  uncertainties which lead to deviations  and
possible errors in the calculated results. This section firstly assesses and quantifies the tolerances
individually for each applied method and then transfers the uncertainties to the presented results.

The accuracy of the CATS2008a_opt tide model is quantified by Padman et al. [2008b]. They find
an RMSE of 0.077 m between modelled and measured data from in-situ measurements at the RIS.
Uncertainties  arise  from  the  calculation  of  the  IBE.  The  comparison  of  sea  level  deviations
calculated from in-situ atmospheric pressure measurements and records from the Marilyn weather
station shows a RMSE of 0.01 m (Figure 4-3). The direct comparison of measured versus modelled
tidal amplitudes at Shirase shows that the measured amplitudes exceed the model on average by
about  0.4% with  an  RMSE of  0.034 m (see  5.1.3).  This  observed error  is  assumed to  contain
uncertainties of the tide model and the IBE. Furthermore, some DDInSAR interferograms indicate a
difference in  vertical  offset  between Shirase and the ice shelf  outside the embayment of up to
0.05 m which questions the assumption that Shirase was on freely floating ice. Major uncertainties
are introduced by the phase shifts between tide model and actual tidal displacements (also analysed
in 5.1.3, Table 5-2). Field measurements show that phase differences reach up to ±1.5 hours at both
Shirase and Hillary in comparison to the  tide model. The  tide model does not resolve small scale
topographies  such  as  the  Darwin  embayment  and  tides  were  inferred  for  a  location  45 km
downstream from the GL. Possible phase shifts, which might be due to tidal propagation delay, can
therefore not be accounted for. When considering an average lag of ±0.8 hours, the uncertainty in
tidal amplitude is about ±0.04 m in the local diurnal tidal regime (using the average peak to peak
amplitude). Moreover, modelled tidal displacements are scaled for Hillary station using a DDInSAR
interferogram. The bending pattern derived from this interferogram may not be universally fitting
and a possible  viscoelastic  bending of  the ice shelf  is  not  considered.  Errors from this  scaling
approach cannot be assessed without a more precise flexure model of the glacier and are therefore
not included.

Uncertainties in the GNSS field measurements are calculated in section 4.2.3 and can be grouped
as  follows.  Three  dimensional  measurements  at  permanent  GNSS  stations  contain  an  overall
tolerance of ±0.002 m in their X, Y and Z components. Measurements taken from a roving receiver
could not be validated but are expected to the be within the aforementioned tolerance. Additional
repeated  point  measurements  have  a  larger  tolerance  of  ±0.005 m  due  to  the  uncertainties
introduced by the removal of the antenna between measurements.

With the adjustment of the  DEM to the in-situ measured GNSS data, a higher accuracy of this
model can be expected. Absolute accuracies of the SPOT and LINZ DEMs were improved to about
±0.8 m using this technique (4.3.2). However, the adjustment could only be done accurately in areas
with measured elevations while corrections over the remaining areas were interpolated. Relative
accuracies, which have importance in this study, are largely unknown. A noise analysis of the GNSS
DEM shows an average deviation between neighbouring elevations over the central glacier of about
±0.3 m. More specifically, along the joint line between LINZ and SPOT DEMs, the elevation values
diverge up to 15 m which leads to a slant range displacement difference of up to 0.01 m in a four-
day interferogram. Relative errors in the DEM of ±0.8 m would therefore lead to about ±0.0005 m
slant range error. This is negligible compared to other sources of error and so DEM tolerances are
neglected.
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The accuracy of displacements measured from speckle tracking is primarily depending on the pixel
resolution of the used SAR images and the sub-pixel precision of the image coregistration process.
A small factor in terms of accuracy is the radiometric accuracy of SAR imagery which influences
the representation and coherence of image speckle. For both TSX and CS this accuracy was found
to be better than 1 dB [Schwerdt et al., 2010;  Baghdadi et al., 2015;  Antony et al., 2016].  Rignot
[2002a] estimated the precision of the speckle tracking method in a study on Pine Island Glacier,
Antarctica, to 1/30 of a pixel which at best would result in about 0.1 m for the SAR imagery in this
study. The residuals of all speckle tracking displacement maps over non-moving, largely ice free
areas, amount to magnitudes of on average 0.001 m. Therefore an accuracy of at best  ±0.15 m is
assumed.

The accuracy of SAR interferometry is influenced by the ability of the sensor to reliably measure
the phase of the returned radar signal and any factors influencing the radar waves. Atmospheric and
ionospheric propagation delay may distort the radar signal for several wavelengths  [Massom and
Lubin, 2006] but the impact in the measurement is low as long as the distortion is uniform over the
whole radar image and distortions are considered to be low in the polar atmosphere. This is due to
interferometry being based on measurements of relative phase shifts. In an earlier study by Wu et al.
[1996], the accuracy of InSAR was estimated to be  ±0.0023 m under favourable conditions for
imagery from the ERS sensor with a wavelength of 0.056 m but is realistically estimated to be no
better than ±0.01 m [Rignot, 2002b; Kavanaugh et al., 2009]. For the shorter wavelength of the here
used X-band sensors, the accuracy would therefore translate to about  ±0.006 m at best. Another
important factor is  the precise estimation of the baseline between both image acquisitions.  The
orbital state vectors are considered to be precise for the satellites used here and no systematic trends
were observed in the resulting interferograms. However, it is difficult to assess the exact accuracy
of  the  baseline  figure.  Also  phase  unwrapping  may  introduce  errors,  mainly  caused  by
discontinuities in the interferogram due to lack of coherence. In this study, image pairs with low
phase coherence were excluded and no discontinuities were observed.

It must be considered that above mentioned tolerances for speckle tracking and interferometry are
constant  for  each  image pair.  This  means  the  resulting  errors  are  inversely  proportional  to  the
temporal baseline when scaling the measurements to a common time reference. The uncertainties
from the various measurement techniques are listed in Table 5-17.

In the following section, all errors of the individual techniques and measurements are combined in
order to quantify total uncertainties for all presented results. Total errors are calculated following
the rule of error propagation [Drosg, 2009]. All errors from speckle tracking and interferometry are
calculated as uncertainties in either azimuth or range direction. Therefore, the errors are upscaled
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Table 5-17: Uncertainties from techniques used in 
this study (best case scenario).

Data/Method Uncertainty in m

tide model amplitude (RMSE)
tide model phase shift
GNSS data stations XYZ

GNSS data repeat points XY

speckle tracking
interferometry

±0.034
±0.04

±0.002
±0.005

DEM
effective relative slant range error

±0.0005 (neglected)

±0.15
±0.006



for displacements with vectors which deviate from azimuth or range direction. All total errors are
listed in Table 5-18.

For flow velocities calculated from GNSS point measurements, the uncertainties of start and end
points (δGNSS) must be considered. The errors at stations are lower (±0.002 m) as velocities of the
whole period were determined from a linear regression over the whole data series.  Errors from
GNSS measurements εGNSS are defined as:

εGNSS=√2δGNSS
2

(equation 5-7)

Point  measurements  were  repeated  after  about  10  days  which  scales  the  uncertainty  to  about
0.26 m a-1. Station measurements have an approximate error of about 0.04 m a-1 when considering
the full  period of measurement.  All other GNSS time series measurements inherit  the errors as
determined  for  GNSS stations.  This  includes  vertical  and  horizontal  displacements  and  roving
GNSS measurements.

Speckle  tracking results of  horizontal  displacements  from  uncorrected  displacements have  an
estimated error of at best  ±0.15 m when ignoring the fact that vertical displacements distort the
results over the ice shelf. For a CS image pair over four days this means a tolerance of ±13.5 m for
annual displacements. Over the 11 day period covered by a TSX pair, the uncertainty is about ±5 m.
The average temporal baseline of all pairs used for speckle tracking was about 12 days for which a
displacement error of ±4.5 m a-1 is assumed. The results from corrected displacements also contain
uncertainties  from the  tide  model when  assuming  vertical  displacements  between  image  pairs.
Therefore, the total error εSPK for corrected displacements is calculated as follows:

εSPK=√2(RMSE / tan(θ))2+2δlag
2 +δSPK

2
(equation 5-8)

where the RMSE is the error between tide model and GNSS measured vertical displacements, δlag is
the error introduced by phase shifts between  tide model and measurements and δSPK is the error
inherited by the speckle tracking technique. The RMSE is converted to horizontal displacement
uncertainty based on equation 4-7 and the average radar incidence angle θ (24°) (see also Figure 5-
25). For the average temporal baseline of 12 days this leads to an approximate displacement error of
±7 m annually. The error for shorter baselines is considerably higher, e.g., ±20 m a-1 for a four-day
pair.

All uncorrected range displacements from DInSAR contain the error induced by the DEM and the
error from the InSAR technique. The DEM error was neglected and the InSAR error was assumed
to be ±0.006 m in ideal conditions. As vertical distortions are ignored, this error calculation is only
valid for grounded ice.  The resulting annual  displacement  error  is  ±0.2 m for 10-day baselines
(approximate average temporal baseline of all DInSAR pairs) and  ±0.6 m a-1 for 4 day pairs. For
corrected range displacements the tide model uncertainties must be taken into account:

εDInSAR=√2(RMSE / tan(θ))2+2δ lag
2 +δDInSAR

2
(equation 5-9)

Variables are as per equation 5-8 and δDInSAR denotes the error inherited by the DInSAR technique.
On an annual scale this translates to an uncertainty of ±6 m a-1 for 10-day pairs and ±15 m a-1 for
4-day pairs.   Figure 5-25 shows how errors from vertical displacements propagate into horizontal
displacement errors based on the SAR imaging geometry. By way of illustration, the average range
displacement  between  a  4-day  image  pair  amounts  to  0.33 m  (considering  30 m a-1 range
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displacement) which has an equivalent of 0.15 m vertical displacement with the here used SAR
techniques.  In  other  words,  a  0.15 m error  in  vertical  displacement  between  both  pairs  would
override Darwin's average flow in the observation from a 4-day interferogram or speckle tracking
image pair.

Using  two  corrected  displacements image  pairs  for
DDInSAR introduces uncertainties from four modelled
tidal  amplitudes  and  two  interferometric  pairs.  When
using the above equations, this leads to:

εDDInSAR=√4 (RMSE / tan (θ))2+4δ lag
2 +2δDInSAR

2

(equation 5-10)

DDInSAR interferograms of two 10-day pairs yield an
uncertainty of ±9 m a-1 or two four-day pairs ±22 m a-1.

The accuracy of the inferred velocity_models can only be
assessed  against  the  measurements  taken  in  the  field
within a relatively short time period. Although the fit of
velocity_model14 to  the  measured  displacements  is  not
perfect,  a good overall representation of the fortnightly
anomalies can be assumed. Velocity_model1 fits better to
the measurements but is more sensitive to phase shifts in
the signal of horizontal displacement anomalies.

Uncertainties  in  the  removal  of  the  ice  flexure  effect
(section  5.1.1.1) are linked to uncertainties in the used
parameters, including the distance of the GNSS station to
the  GL.  GL  migration  (±1000 m)  would  reduce  or
enlarge this distance causing the flexure effect to change.
The shortest assumed distance between Hillary and the
actual  GL location  could  therefore  be  1900 m  which
would reduce the actual horizontal displacement anomalies by 10% in amplitude. Similarly, if the
ice shelf was 1000 m thick (instead of 860 m) actual horizontal displacement anomalies would be
reduced by 8%. The Young's  modulus has the least  influence.  Using 0.8 GPa (instead 1.5 GPa)
reduces the actual horizontal displacement anomalies by 1%. It can therefore be assumed that the
here observed horizontal displacement anomalies cannot purely be owed to the ice flexure effect.
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Figure 5-25: Relationship between vertical and 
horizontal displacements as observed in side-
looking SAR imaging systems.
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Table 5-18: Combined uncertainties in the used data sources (best case scenarios).

Result

GNSS stations horizontal

GNSS stations vertical

GNSS repeat points (XY)

±5

±7 ±20

* not considering tidal distortions

Uncertainty in m a-1 
(measurement period)

Uncertainty in m a-1 
(average temporal 

baseline of used image 
pairs)

Uncertainty in m a-1 
4-day temporal baseline)

±0.04

±0.04

±0.26

speckle tracking azimuth 
displacements

±14

speckle tracking uncorrected 
range displacements

±5 * ±14 *

speckle tracking corrected range 
displacements

DInSAR uncorrected range 
displacements

±0.2 * ±0.6 *

DInSAR corrected range 
displacements

±6 ±15

DDInSAR corrected residual 
displacements

±9 ±22



6 Discussion and Interpretation

The objectives of this study were firstly to analyse short term dynamics in ice flow and ice flexure
at the Darwin GZ. Secondly, the aim was to research whether locally measured fluctuations in ice
dynamics could be observed with remote sensing techniques over a complex GZ such as at the
Darwin Glacier. Both research questions are answered by this thesis whereby it becomes clear that
for the GZ studied here and with the available remote sensing data sources, in-situ measurements
are still indispensable to obtain highly accurate and unambiguous information about short term flow
fluctuations. Having said that,  the presented remote sensing techniques are expected to perform
better at different imaging constellations and with a larger variety of SAR data sources. Clearly, the
greatest weakness lies in the compensation for tidal contaminations within the GZ. The correction
technique used here, which relies on the tidal model and atmospheric pressure data, leads to the
majority  of  uncertainties  contained  in  the  DInSAR  results  and  accounts  for  about  40%  of
uncertainties  in  speckle  tracking. Even  a  high  precision  technique  such  as  DInSAR  loses  its
accuracy when measurements are distorted by uncertainties in tidal displacements. What is more,
the incidence angles of CS and TSX SAR sensors are such that vertical displacement tolerances are
strongly amplified in their horizontal equivalents.

Analysis on the Darwin glacier is hampered by the relatively slow flow velocity of the glacier in
comparison to other Antarctic ice streams. The average velocity of about 64 m a-1 in the Darwin GZ
is  only  about one  sixth  of  what  is  for  example  observed  at  the  Rutford  Ice  Stream  in  West
Antarctica. Not surprisingly, many related research projects have concentrated on the Rutford with
velocity anomalies reaching about  ±50 m a-1 [Gudmundsson, 2006;  Aðalgeirsdottir et al., 2008] –
about 10 times the variations observed at the Darwin. While research on fast flowing glaciers may
be  easier,  slower  flowing  glaciers  make  up  a  major  proportion  of  polar  glaciers  and  glaciers
worldwide, so remote sensing techniques must be refined to give scientists a better visibility of their
flow behaviour, especially in the context of climate change. In the subsequent sections, this thesis
comes forward with a number of options to improve the presented techniques and to enable remote
sensing to observe such small scale ice flexure patterns.

6.1 Capabilities and Limitations of the Applied 
Techniques

The GNSS measurements conducted in the field provide highly accurate information about short
term ice dynamics in the Darwin GZ. Small scale displacement anomalies, below ±5 m a-1, can be
recorded at a temporal resolution of less than one hour alongside vertical displacements as little as
0.004 m h-1. The measurements provide sufficient accuracy to fit flow and flexure models resolving
semi-diurnal displacements.  The empirical  velocity_models used here could be improved using a
Fourier transform to better represent the measured data. However, modelling ice dynamics with an
hourly resolution may be redundant as it cannot be assumed that glacier flow and flexure, which are
measured during a relatively short field campaign, can be reliably extrapolated over longer time
periods. Additionally, the ice flexure effect contained in GNSS data of the GZ, as described by Rack
et al. [2017], can be a major pitfall in the interpretation of the horizontal movements measured on
the ice surface. However, this thesis shows that the horizontal displacement anomalies cannot be
explained by the ice flexure effect alone, even if assuming a shorter distance to the GL or a thicker
ice shelf. Despite their high accuracy, GNSS surveys also have a few shortcomings. The high effort
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of installing stations in remote areas and the high costs involved often rule out the use of this
technology. Also, GNSS data can only provide point information over a limited time frame. Limited
GNSS satellite coverage and low elevation angles constrain applications in polar regions [Xu et al.,
2012] which is likely to be the cause of data gaps in the measurements collected for this thesis.

Despite the shortcomings in the applied remote sensing techniques and especially the tidal models,
average  glacier  displacements  can  be  observed with good accuracy.  While  DInSAR results  are
within about 2 m a-1 in comparison to flow velocities measured with GNSS, this technique can only
observe  displacements  along  the  satellite's  ground  range  direction.  Speckle  tracking  performs
equally well while it adds the ability to observe displacements 2-dimensionally. Again, uncertainties
in the compensation of tidally  induced displacements override higher  accuracies  of the speckle
tracking and DInSAR techniques. In conclusion, where only average flow velocities of a certain
glacier are  required,  remote sensing techniques using averages from several SAR images make
in-situ measurements redundant. The flow fields created from speckle tracking show impressively
how small scale average displacements can be captured successfully: Slowly flowing ice along the
glacier margins at about 2-8 m a-1 is represented well in terms of displacement and direction (Figure
5-13). Velocity profiles of the averaged displacement observations show that both speckle tracking
and DInSAR return relatively smooth flow fields over the whole glacier (Figure 5-14 and Figure 5-
19).  However,  range  displacements  measured  with  DInSAR  can  only  be  reliable  where  the
displacement takes place in a favourable direction relative to the satellite's LOS. Flow perpendicular
to LOS (or close to 90 degrees) cannot be captured reliably with this method. DDInSAR gives
particularly detailed insights into the flexure field of the glacier. Relatively small flow variations
and steep SAR satellite incidence angles are an advantage when researching ice flexure in the GZ.
As a result,  the GL and its  short  term migration due to  tidal  forcing can be measured at  high
accuracy.  The  GL location  can  also  be  derived  from  uncorrected  displacements from  speckle
tracking data where tidally induced distortions are easily visible (although this would not reach the
accuracy of DDInSAR).

Not  less  importantly,  this  study points  out  weaknesses  and uncertainties  of  the  remote sensing
techniques in combination with tide modelling.  Learnings from this research will  help improve
similar studies in the future. It is therefore important to analyse the methods which could not be
applied with success. As the used remote sensing techniques incorporate a number of sequential
methods, the results can only achieve the accuracy stipulated by the weakest link. The error analysis
shows that uncertainties in tide model amplitude and phase have by far the greatest impact on the
overall DInSAR accuracy, similar to uncertainties in the speckle tracking technique. Increasing the
uncertainties for this particular site is the general flow direction of the glacier in the GZ in relation
to the satellite orbits. Displacement anomalies are most pronounced in the GZ and neither azimuth
nor range direction can capture 100% of the displacements there: displacements are observed at
about 60% in azimuth and 40% in range direction.

When analysing displacements from satellite observations, short term variations related to diurnal
tidal cycles are smoothed. With this in mind, this study attempted to observe the longer, fortnightly
cycles  in  displacement  anomalies  over  the  glacier  using  SAR imagery.  At  Hillary,  the  average
anomalies over the 14-day period were measured at about ±7% of the background trend which is a
variation of about  ±4.5 m a-1.  The slower flowing ice at  Shirase station varies about  ±4 m a-1 in
displacement over 14 days (about ±10% anomaly). In range direction, these fluctuations translate to
(at most) about ±2 m a-1 and ±2.5 m a-1 in azimuth direction, both of which are below the estimated
noise  level  of  the  remote  sensing  techniques  used  here.  In  fact,  velocities  inferred  from  the
velocity_models for the particular image pairs have a standard deviation of only 1.6 m a-1. Image
pairs with shorter temporal baselines, which would better capture displacement anomaly extremes,
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inherit in turn greater uncertainties. Therefore, the required sensitivity to detect the existing small
scale  velocity  changes  can  currently  only  be  reached  with  in-situ  GNSS measurements  or  the
DInSAR technique in areas without tidal contamination. Uncorrected displacements measured with
speckle tracking may just have the required accuracy to capture the extremes of flow variations in
grounded areas but the short time series of Amundsen as well as other studies [e.g., Gudmundsson,
2006;  Aðalgeirsdottir  et  al.,  2008;  Marsh  et  al.,  2013] indicate  that  velocity  variations  are
considerably smaller upstream of the GL in comparison to fluctuations downstream of the GL.
Uncorrected displacements from DInSAR are not suitable in this study as the relevant part of the
grounded Darwin glacier (which is not contaminated by tides) is flowing almost perpendicular to
the range look direction of the sensor and displacements are  therefore not  detectable  with this
method.  Thus,  a  compensation  for  tidal  displacements  becomes  necessary  which  results  in
uncertainties of at best ±6 to 22 m a-1. It can be concluded that more accurate tidal models or ideally
locally measured tides would reduce uncertainties and make at least the DInSAR technique suitable
for the remotely sensed detection of the locally measured velocity fluctuations over floating ice. For
some speckle tracking image pairs the tidal correction turned out to be incomplete (e.g., image pair
66-67 in Figure 5-15). The reason could be an uncertainty in the tide model or more likely a mis-
registration in the presumably stable areas of theses image pairs. The interferograms of these scenes
do not suggest any irregularities in the SAR image formation. Within this study it was not possible
to come to a final conclusion explaining these outliers.

Additionally, an attempt was made to avoid compensating tidal displacements by combining image
pairs of  similar tides. Results show that even minor tidal displacements (< 0.05 m) have a strong
impact on the horizontal displacement signal and the tested technique was rejected from further
analysis.  Tide model uncertainties are induced regardless of tidal phase or amplitude and phase
shifts are random.

6.2 Possible Improvements

The ideal temporal baseline for this study is about seven days. Longer time intervals reduce the
absolute  error  but  would  at  the  same  time  smooth  out  short  term  variations  making  them
undetectable. Interferograms of shorter temporal baselines, in turn, are less accurate as uncertainties
are scaled up. Hence, seven-day image pairs with image acquisitions at neap and spring tides would
serve the purpose of this study best (assuming constant phase coherence). In contrast, a study which
focusses  on  measuring  the  average  flow  velocity  of  the  Darwin  glacier  should  use  temporal
baselines of (multiples of) the wavelength of fortnightly fluctuations. While 28-day pairs would
dampen diurnal velocity fluctuations better, coherence is often lost over such a time interval.

SAR imagery with differing imaging geometries and orbits should be used in order to derive 3D
velocities and to fully resolve ambiguities induced by vertical displacements [e.g., Minchew et al.,
2016]. Especially a LOS parallel to glacier flow over the grounded area immediately upstream of
the GL is  expected to  deliver  good results.  Although velocity  fluctuations  are  of  smaller  scale
upstream of the GL, uncorrected displacements could be used and errors brought about by tide
models could be avoided. Sensors with shallower incidence angles would improve the sensitivity in
favour of horizontal displacements but would increase the effect of shadowing. Where local tide
measurements are unavailable,  satellite altimetry may help with improving the accuracy of tide
models  especially  in  terms of  tidal  phase as  vertical  accuracies  are  currently  not  sufficient  for
amplitude tuning (e.g., ±0.14 m accuracy from ICESat [Shuman et al., 2006]). A better approach to
determine tidal amplitudes and phases is by deriving vertical displacements from InSAR over freely
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floating areas with zero horizontal motion along LOS [e.g., Rack et al., 2000]. Reflecting from this
study, statistics zones may be improved if selected over areas of equal flow velocity – for instance,
DownS_GZ covers a larger area within which flow anomalies may propagate with delay (Hillary
flow peaks on average 0.4 hours after Shirase). However, the study also shows that small areas
(Hillary_buffer, Shirase_buffer) are more susceptible to outliers. Also, more effort could be made in
discarding image pairs where compensation for tidal displacements seems to be unsuccessful (e.g.,
pair 66-67) which is feasible with a larger selection of scenes.

In  general,  faster  flowing  glaciers  with  greater  velocity  fluctuations  of  at  least  ±25 m a-1 over
periods of at least eight days would stand out from uncertainties and their velocity perturbations
would be discernible in SAR imagery. Rutford Ice Stream, as mentioned above, is a prominent
example  of  a  successful  application  in  this  field.  A less  complex  GZ might  also  facilitate  the
identification of small scale ice dynamics: It is assumed that the embayment at the Darwin GZ
together with an ice rise near the outflow to the Ross Ice Shelf add complications to the ice flexure
and flow regime: The ice shelf in the GZ might be partially supported by the embayment margins,
even  in  the  initially  assumed  freely  floating  areas  which  might  damp  the  tidal  signal.  Partial
periodic grounding along the embayment margins or ephemeral grounding on an ice rise might lead
to perturbations in velocities upstream through temporal stress relief. Therefore, the ice flexure and
flow pattern could be more complex and behave differently at the Darwin compared to a rather
straight-line fulcrum as, for instance, discussed in the study by Rack et al. [2017].
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6.3 Glaciological Interpretation

The Darwin Glacier is a relatively slow flowing glacier in comparison to other ice streams in the
TAM. With up to 90 m a-1 in the lower Nozzle and 80 m a-1 at the GL, it flows at about a tenth of the
velocity  of  neighbouring,  larger  Byrd  Glacier  [Stearns  and  Hamilton,  2005;  Stearns  et  al.,
2008] and a quarter of the velocity measured at the Mulock Glacier GL [Stearns, 2007]. Glaciers
with similar  catchment  sizes  flow at  similar  velocities,  such as  the Skelton Glacier  with  about
90-130 m a-1 at  the  GL  [McLay,  2013;  Golledge  et  al.,  2014].  Earlier  studies  quantified  flow
velocities at the Darwin slightly differently: Hughes and Fastook [1981] measured in their 1978/79
campaign a velocity of 110-130 m a-1 in the lower Nozzle,  Humbert et  al. [2005] give a rough
estimation of 350 m a-1 and  Anderson et al. [2004] modelled the velocity in the Nozzle to up to
325 m a-1.  In November 2008,  Riger-Kusk [2011] measured a velocity of 179 m a-1 in the lower
Nozzle, 100 m a-1 near Point 34 and 55 m a-1 near Point 32 using GNSS receivers (however with
large uncertainties [Mette Riger-Kusk, pers. comm., 2 February 2017]). Thus, all previous studies
either  overestimated  the  ice  flow near  the  Darwin GZ or  the  glacier  has  decelerated  since.  In
contrast, velocities given in the (speckle tracking and DInSAR based) MEaSUREs dataset [Rignot
et al., 2011b] are similar to this study (Table 6-1). In fact, velocities from GNSS are on average
6.6 m a-1 faster  than  MEaSUREs which  suggests  that  the  glacier  has  accelerated  over  the  past
decade. However, temporal baselines of the MEaSUREs dataset are unknown and might contain
short term velocity anomalies or seasonality.

At the Darwin embayment, the oceanic tides inferred from the CATS2008a_opt model [Padman et
al.,  2008a] have relatively strong diurnal constituents in  K1 and O1,  with 24 hour and 26 hour
phases, respectively. Together with the P1 (24 hour phase) component, they combine to fortnightly
spring and neap tides. The Mf fortnightly constituent is weak and may be cancelled out partially by
the Mm component. Pronounced diurnal and weaker fortnightly velocity perturbations are observed
in the GZ of the Darwin glacier. Diurnal and fortnightly tidal cycles account for about 78% of
velocity perturbations at Hillary station while the signal is weaker on the freely floating ice shelf at
Shirase station. Flow velocities fluctuate fortnightly on average by  ±4 m a-1 (±9% of background
flow) in the GZ between GL and freely floating ice. Diurnal velocity perturbations are stronger with
on average ±29 m a-1 (±52% of background flow). While absolute velocity anomalies are weaker on
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Table 6-1: Comparison of glacier velocities determined in this study to the MEaSUREs 
dataset (in m a-1).

Station GNSS Speckle Tracking DInSAR  MEaSUREs 

Amundsen 82.8 78.4 83.0 91.6

Hillary 68.2 65.6 66.7 56.0

Shirase 41.6 40.1 40.1 41.9

Point 1 56.1 54.2 54.0 43.4

Point 25 55.2 52.6 53.3 47.3

Point 26 47.2 46.2 47.8 51.7

Point 27 67.4 66.2 65.9 57.7

Point 28 56.1 41.5 41.1 35.8

Point 29 51.5 47.8 48.6 40.3

Point 30 49.5 47.0 47.0 35.9

Point 31 42.1 37.3 37.1 35.3

Point 32 49.9 46.6 47.0 44.5

Point 33 57.8 57.7 53.1 53.9

Point 34 46.3 42.0 42.0 44.0



the  freely  floating  ice,  their  ratio  to  the  background  flow  is  slightly  greater.  The  fluctuations
measured  here  are  in  contrast  with  observations  from  the  Rutford  Ice  Stream,  where  diurnal
fluctuations are much weaker than those over the 14-day cycle [Gudmundsson, 2006; Murray et al.,
2007; Minchew et al., 2016]. Although tidal amplitudes are larger in the Weddell Sea (about 5-7 m
peak-to-peak [Gudmundsson, 2006]), the ratio between neap and spring amplitudes is still similar to
the Darwin area. Although the Rutford is flowing faster and velocity fluctuations are greater, they
account for about 12% of the background flow [Gudmundsson, 2006] which is very similar to the
Darwin.  Ice  Stream D,  which  also  feeds  the  Ross  Ice  Shelf,  experiences  strong  diurnal  flow
fluctuations on floating ice of about ±58% from the background trend [Anandakrishnan et al., 2003]
which  also  compares  well  to  the  Darwin.  At  the  Beardmore  Glacier  (TAM),  Marsh  et  al.
[2013] observed velocity perturbations of >±50% in the GZ diurnally and ±4% over the fortnightly
tidal  regime.  The  diurnal  fluctuation  ratio  is  similar  to  that  at  the  Darwin  while  fortnightly
fluctuations are smaller in relation to the background flow. However,  due to the faster flowing
Bearmore Glacier (about 330 m a-1 at the GL), velocity fluctuations are about ±14 m a-1 here and the
authors  were  able  to  detect  a  weak  signal  in  the  11-day  TSX  imagery.  SAR  remote  sensing
observations  of  the  Campbell  Ice  Tongue  (Scott  Coast,  Ross  Sea)  indicate  fortnightly  flow
anomalies of about ±6% of the background flow on the floating ice [Han and Lee, 2015]. On Mertz
Glacier,  East Antarctica,  flow perturbations exceed the background flow by up to 100% during
rising  tide  and  reduce  flow  by  about  40% during  falling  tide  [Legrésy  et  al.,  2004].  This  is
interesting as it is reverse to the behaviour of the Darwin where velocity increases during falling
tide.  The  authors  suggest  that  a  stress  release  caused  by  the  tidal  movement  may  trigger  the
pronounced movement increase. A major difference to the Darwin Glacier is that the Mertz Glacier
is  not  buttressed  by  an  ice  shelf  nor  an  embayment  and  its  tongue  may  experience  lateral
movements over tidal cycles. In summary, the Darwin GZ reacts strongly to the pronounced diurnal
tidal amplitudes with marked increases in flow velocity during falling tides and slower flow during
rising  tides.  Fortnightly  flow  variations  are  also  present  but  weaker.  Horizontal  displacement
anomalies are proportionally larger with an increase in tidal amplitudes and the closer to the GL
(Figure 5-8).

Horizontal displacement anomalies take place in a time-delayed manner at the two stations. The
phase shift between the horizontal signals at Hillary and Shirase suggests a horizontal displacement
propagation of on average 1 m s-1 over the GZ (Hillary behind Shirase). This is about three times as
fast as propagations measured over the Rutford Ice Stream GZ [Minchew et al., 2016] using SAR.
Gudmundsson [2006] estimates a propagation speed at the Rutford which is similar to the Darwin
but  over  grounded  ice.  It  is  not  clear  how different  propagation  speeds  can  be  explained  and
whether they can be attributed to certain ice properties of the glacier, such as thickness, Young's
modulus or glacier drag. The time span of three weeks observed here may be too short to draw
reliable  conclusions.  Velocity  fluctuations  at  Shirase  have  less  pronounced,  wider  peaks  which
shows that the glacier moves at a faster speed over a longer time period than at the GL. At Hillary,
velocity peaks have greater amplitudes but are shorter which suggests that the glacier accelerates
and decelerates stronger at the GL with falling and rising tides, respectively.

The Darwin Glacier decelerates relatively quickly as it flows over the GZ (about -6% velocity per
km). The rate of velocity decrease is partially due to the shape of its underlying topography: The
glacier accelerates as it flows through the relatively narrow Nozzle and decelerates as it widens in
the GZ (Figure 5-16). At Shirase the glacier has about twice the width as in the Nozzle and flows at
about half the velocity. Beardmore Glacier is more uniformly shaped and loses only about -0.5% of
its velocity per kilometre in the GZ [Marsh et al., 2013]. However, other factors such as ice shelf
buttressing, basal conditions and slope are influencing factors on average glacier flow. For example,
Han and Lee [2015] show that the Campbell Glacier Tongue, which is not buttressed, accelerates
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over the GZ, gaining about 5% velocity per km. The Darwin Glacier is well buttressed by the RIS
but also by the constraining topography of the embayment at its GZ. As opposed to glaciers with a
relatively straight-line GZs, side drag remains for about 15 km downstream from the GL at the
Darwin. The strongly undulating morphology of the glacier bed [Riger-Kusk, 2011] is also believed
to influence flow dynamics but larger influence to velocity variations is generally associated to
changes in the valley trough width as seen at  the Darwin GZ  [Kavanaugh et  al.,  2009]. These
attributes may make the Darwin less susceptible to changing environmental conditions like,  for
example, a reduction of back force from the RIS.

Interferograms show clearly  that  the  Darwin  Glacier  below the  GL is  largely  supported  by its
margins within the embayment. Fringe patterns show a corridor only about 2 km wide along the
centerline which is believed to be freely floating (Figure 6-1). The ice rise to the north restricts the
outflow to the Ross Ice Shelf  further.  This topography certainly retards the overall  flow of the
glacier and may also have an influence on the tidally induced velocity fluctuations as it modifies the
physical interaction between glacier and ice shelf. Between March and December 2016, the GL is
found to be migrating significantly with the tides near the centerline (±1000 m) while migration is
less along the glacier margins. A shallower bed increases the length of the “transition zone” along
the GL which may cause greater GL migration [Pattyn et al., 2006]. Thus, the bed topography is
assumed to have steeper slopes along the margins in comparison to that along the centerline. Figure
6-1 shows the difficulty in defining the boundary of hydrostatic equilibrium (see also Figure 1-2):
While line H is well defined by the seaward limit of dense fringe patterns in the embayment, there
is a slight gradient towards line H(1) which also follows the coastline and line H(2) which might be
caused  by  a  deflection  on  the  outer  ice  shelf.  There  is  a  large  distance  between  H and  H(2)
suggesting that none of the floating ice within the embayment is in actual hydrostatic equilibrium.
In the GZ along flow, ice flexure has a shallower gradient and therefore stretches over a larger area
than along the glacier margins. The GZ width along the centerline (distance F-H) is nearly 8 km
while the margins are less than 4 km wide and gradually narrow towards the junction with the RIS.
This pattern agrees with the fact that the glacier is thinner along its margins and also melts with
increasing  distance  downstream from the GL. Ice  thickness  may be inferred from tide-induced
flexure properties of an ice shelf, including GZ width, using an inverse formulation of the elastic
plate  equations  [Marsh et  al.,  2014].  Hence,  the  pocket  of  a  wider  GZ measured  immediately
upstream of the ice rise at the RIS intersection, indicates relatively thick ice in that region.

- 98 -



The measured  short  term migration  of  the  Darwin  GL shows that  one must  be  cautious  when
deriving trends of long term GL migration from single DDInSAR interferograms. What might be
observed as GL retreat may in fact be a temporal fluctuation of the GL position and uncertainties of
the absolute location might be more than what was estimated in previous GL location studies  [e.g.,
Fricker et  al.,  2009;  Bindschadler et  al.,  2011a]. In fact,  it  is  difficult  to derive the actual GL
location with the DDInSAR technique as the landward limit of ice flexure is defined as the hinge
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Figure 6-1: Darwin grounding zone features derived from DDInSAR 
interferogram from the set of image pairs 72-73-74.



line (F) while the GL (G) might be several hundred meters downstream depending on bed gradient
[Rignot, 1998].

Ice  flexure  curves  inferred  from DDInSAR interferograms  show little  evidence  of  viscoelastic
bending along the centerline (Figure 5-23). However, they may be contaminated by varying residual
velocities contained in the DDInSAR interferogram. GNSS measurements show that the average
proportional vertical offset at Hillary (about 33% of freely floating) matches well with the flexure
field from DDInSAR.
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7 Conclusion and Outlook

This study researches small scale flow anomalies at the Darwin Glacier GZ which are found to be
linked to oceanic tides. Although the Darwin Glacier flows at a sub average velocity compared to
most glaciers of larger or similar size in the TAM, relative velocity fluctuations are very similar to
what  earlier  studies  found  on  glaciers  around  the  RIS.  Glaciers  outside  the  RIS  region  show
differing patterns in short term flow relative to tides or season. The Darwin has a unique GZ flexure
regime within an embayment which may have a buttressing effect additional to that of the RIS. For
a better understanding of the processes of glacier flow dynamics of the Darwin, more knowledge of
its  basal  properties  is  required.  Bed  hydrology and  roughness  in  general  and  in  particular  the
interactions of ocean and glacier at the GL are open questions for future studies. The tidally induced
short term migration of the GL observed here is a phenomenon which has not yet been in the focus
of many studies. DDInSAR analysis of other outlet glaciers could give a better understanding of
how a GL migrates under tidal influence and whether this location uncertainty has an impact on
other studies which focus on long term GL retreat, especially in the context of climate change.

It is shown that radar remote sensing techniques are highly sensitive to both horizontal and vertical
ground motion. Patterns of ice dynamics in the GZ can be observed at high detail with the presented
techniques but limitations exists when looking at small scale perturbations. Oceanic tides are found
to be an aggravating factor when using the techniques for glacier flow monitoring. DInSAR is a
highly accurate technique but significantly degraded by tidal contamination. Speckle tracking is less
accurate and equally compromised by tidal movements. Measurements from image pairs of both
techniques are overridden by vertical distortions.

More research is needed to improve the amplitude and phase accuracy of tide models to aid remote
sensing  observations.  Also,  physical  flow  models  may  support  the  extrapolation  of  expected
velocity  anomalies  over  longer  time periods  without  the  need of  local  measurements.  A better
choice of imagery, including of the nearby RIS, would help to better resolve vertical and horizontal
displacements at the Darwin Glacier. For example at higher latitudes, the SAR imagery from the
new Sentinel-1A and -1B satellites offer promising opportunities. In combination, the two satellites
have a repeat pass of six days and a similar spatial resolution as CS and TDX.

The results from this study advance the knowledge of ice dynamics at the Darwin Glacier and polar
outlet  glaciers  in  general.  They  also  help  designing  future  remote  sensing  studies  of  similar
phenomena.
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Figure_Appendix 1: Input interface of FME Transformer 
'AttributeCreator'. The Transformer creates or amends 
attributes in the GIS sense (variables) for use by the 
consecutive FME process.

Figure_Appendix 2: Interface of FME Custom Transformer for GAMMA program 
create_offset. This Transformer runs a Python script which executes the GAMMA program 
and returns the outputs to an attribute. All parameters of the GAMMA program can be set in the 
user interface.
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Figure_Appendix 3: Interface of FME Custom Transformer for GAMMA program 
SLC_intf. This Transformer runs a Python script which executes the GAMMA 
program and returns the outputs to an attribute. All parameters of the GAMMA program 
can be set in the user interface.

Figure_Appendix 4: Interface of FME Custom 
Transformer 'ENVIHeaderCreator' which creates 
header files for raw raster data using the 
information contained in a GAMMA parameter file 
or manual inputs.
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Table_Appendix 1: GNSS field measurements
Name Type Start time (UTC) Latitude approx Longitude approx

Mawson base station 11/11/2016 07:25:00 79° 49' 55''S 159° 40' 17''E
Amundsen station 16/11/2016 01:10:00 79° 54' 54''S 159° 33' 4''E
Amundsen station 21/11/2016 03:45:00 79° 54' 54''S 159° 33' 4''E

Hillary station 12/11/2016 07:09:00 79° 54' 14''S 159° 42' 7''E
Shirase station 11/11/2016 09:29:59 79° 49' 44''S 160° 8' 19''E
Point 1 repeat point 13/11/2016 04:59:59 79° 53' 30''S 159° 47' 21''E
Point 1 repeat point 26/11/2016 06:51:59 79° 53' 30''S 159° 47' 21''E

Point 25 repeat point 15/11/2016 02:46:00 79° 54' 36''S 159° 49' 25''E
Point 25 repeat point 25/11/2016 01:29:00 79° 54' 36''S 159° 49' 25''E
Point 26 repeat point 14/11/2016 23:15:00 79° 53' 2''S 159° 40' 15''E
Point 26 repeat point 24/11/2016 22:38:00 79° 53' 1''S 159° 40' 15''E
Point 27 repeat point 15/11/2016 04:52:59 79° 54' 19''S 159° 41' 27''E
Point 27 repeat point 24/11/2016 23:23:00 79° 54' 19''S 159° 41' 27''E
Point 28 repeat point 15/11/2016 07:16:00 79° 53' 45''S 159° 55' 21''E
Point 28 repeat point 25/11/2016 02:15:00 79° 53' 45''S 159° 55' 21''E
Point 29 repeat point 14/11/2016 03:22:00 79° 52' 14''S 159° 44' 44''E
Point 29 repeat point 25/11/2016 05:23:00 79° 52' 14''S 159° 44' 44''E
Point 30 repeat point 15/11/2016 08:03:59 79° 52' 44''S 159° 52' 17''E
Point 30 repeat point 25/11/2016 04:14:59 79° 52' 44''S 159° 52' 18''E
Point 31 repeat point 15/11/2016 06:22:00 79° 52' 43''S 160° 1' 4''E
Point 31 repeat point 25/11/2016 02:57:59 79° 52' 43''S 160° 1' 4''E
Point 32 repeat point 14/11/2016 04:16:00 79° 51' 23''S 159° 49' 26''E
Point 32 repeat point 26/11/2016 04:23:00 79° 51' 23''S 159° 49' 26''E
Point 33 repeat point 15/11/2016 04:18:00 79° 55' 27''S 159° 43' 19''E
Point 33 repeat point 25/11/2016 00:18:59 79° 55' 27''S 159° 43' 20''E
Point 34 repeat point 13/11/2016 23:26:00 79° 51' 26''S 159° 58' 26''E
Point 34 repeat point 25/11/2016 23:03:59 79° 51' 26''S 159° 58' 27''E

rover measurement track 24/11/2016 02:21:00 79° 52' 38''S 159° 38' 55''E
rover measurement track 24/11/2016 03:11:59 79° 52' 38''S 159° 38' 55''E
rover measurement track 24/11/2016 04:48:00 79° 55' 39''S 159° 46' 29''E
rover measurement track 26/11/2016 11:15:00 79° 52' 29''S 159° 45' 9''E
rover measurement track 26/11/2016 11:42:59 79° 53' 30''S 159° 47' 22''E
rover measurement track 26/11/2016 12:22:00 79° 49' 55''S 159° 40' 17''E
rover measurement track 26/11/2016 23:30:59 79° 52' 29''S 159° 45' 9''E
rover measurement track 26/11/2016 23:48:00 79° 53' 30''S 159° 47' 22''E
rover measurement track 27/11/2016 00:26:00 79° 49' 55''S 159° 40' 17''E
rover measurement track 27/11/2016 02:33:00 79° 54' 14''S 159° 42' 6''E
rover measurement track 27/11/2016 04:27:59 79° 52' 29''S 159° 45' 9''E
rover measurement track 27/11/2016 06:36:59 79° 49' 44''S 160° 8' 18''E

one-off point point 24/11/2016 02:55:00 79° 52' 21''S 159° 38' 12''E
one-off point point 24/11/2016 03:55:00 79° 54' 8''S 159° 42' 42''E
one-off point point 24/11/2016 04:34:00 79° 55' 39''S 159° 46' 30''E
one-off point point 26/11/2016 02:35:00 79° 49' 56''S 159° 52' 58''E
one-off point point 26/11/2016 00:20:00 79° 50' 31''S 160° 2' 47''E
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Table_Appendix 2: Speckle tracking image pairs.

Pair ID Scene 1 Scene 2 Scene 1 date time (UTC) Scene 2 date time (UTC)

1 19 21 CS 06/04/2016 02:15:52 14/04/2016 02:15:47 -0.086 0.215 0.301 8 no
2 19 23 CS 06/04/2016 02:15:52 18/04/2016 02:15:43 -0.086 -0.075 0.011 12 no
3 21 23 CS 14/04/2016 02:15:47 18/04/2016 02:15:43 0.215 -0.075 -0.29 4 yes
4 23 25 CS 18/04/2016 02:15:43 04/05/2016 02:15:43 -0.075 -0.066 0.009 16 no
5 25 27 CS 04/05/2016 02:15:43 08/05/2016 02:15:40 -0.066 0.528 0.595 4 no
6 25 29 CS 04/05/2016 02:15:43 16/05/2016 02:15:36 -0.066 -0.036 0.031 12 no
7 27 29 CS 08/05/2016 02:15:40 16/05/2016 02:15:36 0.528 -0.036 -0.564 8 no
8 27 31 CS 08/05/2016 02:15:40 24/05/2016 02:15:29 0.528 0.614 0.086 16 no
9 29 31 CS 16/05/2016 02:15:36 24/05/2016 02:15:29 -0.036 0.614 0.65 8 no

10 29 61 CS 16/05/2016 02:15:36 01/06/2016 02:15:28 -0.036 0.244 0.279 16 no
11 31 61 CS 24/05/2016 02:15:29 01/06/2016 02:15:28 0.614 0.244 -0.37 8 no
12 31 62 CS 24/05/2016 02:15:29 05/06/2016 02:15:27 0.614 0.668 0.054 12 no
13 32 36 TSX (7) 25/05/2016 13:57:09 05/06/2016 13:57:09 -0.36 -0.618 -0.258 11 yes
14 32 38 TSX (7) 25/05/2016 13:57:09 16/06/2016 13:57:09 -0.36 -0.358 0.002 22 yes
15 33 37 TSX (98) 31/05/2016 13:48:36 11/06/2016 13:48:36 -0.027 -0.108 -0.081 11 yes
16 33 39 TSX (98) 31/05/2016 13:48:36 22/06/2016 13:48:36 -0.027 -0.653 -0.626 22 yes
17 36 38 TSX (7) 05/06/2016 13:57:09 16/06/2016 13:57:09 -0.618 -0.358 0.259 11 yes
18 37 39 TSX (98) 11/06/2016 13:48:36 22/06/2016 13:48:36 -0.108 -0.653 -0.546 11 yes
19 40 42 TSX (6) 08/07/2016 12:23:25 19/07/2016 12:23:25 -0.177 -0.54 -0.363 11 yes
20 43 44 TSX (7) 26/10/2016 13:57:16 06/11/2016 13:57:16 -0.04 0.15 0.19 11 yes
21 43 45 TSX (7) 26/10/2016 13:57:16 17/11/2016 13:57:16 -0.04 0.453 0.493 22 yes
22 43 46 TSX (7) 26/10/2016 13:57:16 28/11/2016 13:57:16 -0.04 0.272 0.312 33 yes
23 44 45 TSX (7) 06/11/2016 13:57:16 17/11/2016 13:57:16 0.15 0.453 0.303 11 yes
24 44 46 TSX (7) 06/11/2016 13:57:16 28/11/2016 13:57:16 0.15 0.272 0.122 22 yes
25 45 46 TSX (7) 17/11/2016 13:57:16 28/11/2016 13:57:16 0.453 0.272 -0.181 11 yes
26 62 63 CS 05/06/2016 02:15:27 09/06/2016 02:15:26 0.668 0.505 -0.164 4 no
27 62 64 CS 05/06/2016 02:15:27 03/07/2016 02:15:14 0.668 0.495 -0.173 28 no
28 63 65 CS 09/06/2016 02:15:26 07/07/2016 02:15:13 0.505 0.543 0.038 28 no
29 64 65 CS 03/07/2016 02:15:14 07/07/2016 02:15:13 0.495 0.543 0.047 4 yes
30 64 67 CS 03/07/2016 02:15:14 19/07/2016 02:15:08 0.495 0.516 0.021 16 yes
31 65 67 CS 07/07/2016 02:15:13 19/07/2016 02:15:08 0.543 0.516 -0.027 12 yes
32 66 67 CS 11/07/2016 02:15:09 19/07/2016 02:15:08 0.149 0.516 0.367 8 yes
33 66 72 CS 11/07/2016 02:15:09 20/08/2016 02:14:56 0.149 0.251 0.102 40 yes
34 67 68 CS 19/07/2016 02:15:08 23/07/2016 02:15:06 0.516 0.279 -0.237 4 yes
35 67 69 CS 19/07/2016 02:15:08 04/08/2016 02:14:59 0.516 0.178 -0.338 16 yes
36 68 69 CS 23/07/2016 02:15:06 04/08/2016 02:14:59 0.279 0.178 -0.101 12 yes
37 69 70 CS 04/08/2016 02:14:59 08/08/2016 02:14:58 0.178 -0.009 -0.187 4 yes
38 70 71 CS 08/08/2016 02:14:58 12/08/2016 02:14:59 -0.009 0.016 0.025 4 yes
39 71 72 CS 12/08/2016 02:14:59 20/08/2016 02:14:56 0.016 0.251 0.235 8 yes
40 72 73 CS 20/08/2016 02:14:56 24/08/2016 02:14:54 0.251 -0.146 -0.397 4 yes
41 72 74 CS 20/08/2016 02:14:56 28/08/2016 02:14:51 0.251 0.411 0.16 8 yes
42 73 74 CS 24/08/2016 02:14:54 28/08/2016 02:14:51 -0.146 0.411 0.557 4 yes
43 75 76 CS 23/10/2016 02:14:32 27/10/2016 02:14:34 -0.006 -0.068 -0.061 4 yes
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Figure_Appendix 5: Box-Whisker plots (interquartile range) of all speckle tracking and DInSAR observations. Greatest 
outliers are labelled (defined as per outlier labelling rule (Hoaglin 1986)). Most outliers are from 4-day image pairs or 
otherwise labelled.



- 117 -

Table_Appendix 3: DInSAR image pairs

Pair ID Scene 1 Scene 2 Scene 1 date time (UTC) Scene 2 date time (UTC)

1 19 21 CS 06/04/2016 02:15:52 14/04/2016 02:15:47 -0.086 0.215 0.301 8 no
2 19 23 CS 06/04/2016 02:15:52 18/04/2016 02:15:43 -0.086 -0.075 0.011 12 no
3 21 23 CS 14/04/2016 02:15:47 18/04/2016 02:15:43 0.215 -0.075 -0.29 4 yes
4 23 25 CS 18/04/2016 02:15:43 04/05/2016 02:15:43 -0.075 -0.066 0.009 16 no
5 25 27 CS 04/05/2016 02:15:43 08/05/2016 02:15:40 -0.066 0.528 0.595 4 no
6 25 29 CS 04/05/2016 02:15:43 16/05/2016 02:15:36 -0.066 -0.036 0.031 12 no
7 27 29 CS 08/05/2016 02:15:40 16/05/2016 02:15:36 0.528 -0.036 -0.564 8 no
8 27 31 CS 08/05/2016 02:15:40 24/05/2016 02:15:29 0.528 0.614 0.086 16 no
9 29 31 CS 16/05/2016 02:15:36 24/05/2016 02:15:29 -0.036 0.614 0.65 8 no

10 31 61 CS 24/05/2016 02:15:29 01/06/2016 02:15:28 0.614 0.244 -0.37 8 no
11 31 62 CS 24/05/2016 02:15:29 05/06/2016 02:15:27 0.614 0.668 0.054 12 no
12 32 36 TSX (7) 25/05/2016 13:57:09 05/06/2016 13:57:09 -0.36 -0.618 -0.258 11 yes
13 33 37 TSX (98) 31/05/2016 13:48:36 11/06/2016 13:48:36 -0.027 -0.108 -0.081 11 yes
14 36 38 TSX (7) 05/06/2016 13:57:09 16/06/2016 13:57:09 -0.618 -0.358 0.259 11 yes
15 37 39 TSX (98) 11/06/2016 13:48:36 22/06/2016 13:48:36 -0.108 -0.653 -0.546 11 yes
16 40 42 TSX (6) 08/07/2016 12:23:25 19/07/2016 12:23:25 -0.177 -0.54 -0.363 11 yes
17 43 44 TSX (7) 26/10/2016 13:57:16 06/11/2016 13:57:16 -0.04 0.15 0.19 11 yes
18 44 45 TSX (7) 06/11/2016 13:57:16 17/11/2016 13:57:16 0.15 0.453 0.303 11 yes
19 45 46 TSX (7) 17/11/2016 13:57:16 28/11/2016 13:57:16 0.453 0.272 -0.181 11 yes
20 62 63 CS 05/06/2016 02:15:27 09/06/2016 02:15:26 0.668 0.505 -0.164 4 no
21 64 66 CS 03/07/2016 02:15:14 11/07/2016 02:15:09 0.495 0.149 -0.347 8 yes
22 64 67 CS 03/07/2016 02:15:14 19/07/2016 02:15:08 0.495 0.516 0.021 16 yes
23 65 66 CS 07/07/2016 02:15:13 11/07/2016 02:15:09 0.543 0.149 -0.394 4 yes
24 65 67 CS 07/07/2016 02:15:13 19/07/2016 02:15:08 0.543 0.516 -0.027 12 yes
25 66 67 CS 11/07/2016 02:15:09 19/07/2016 02:15:08 0.149 0.516 0.367 8 yes
26 66 68 CS 11/07/2016 02:15:09 23/07/2016 02:15:06 0.149 0.279 0.13 12 yes
27 67 68 CS 19/07/2016 02:15:08 23/07/2016 02:15:06 0.516 0.279 -0.237 4 yes
28 67 69 CS 19/07/2016 02:15:08 04/08/2016 02:14:59 0.516 0.178 -0.338 16 yes
29 68 69 CS 23/07/2016 02:15:06 04/08/2016 02:14:59 0.279 0.178 -0.101 12 yes
30 69 70 CS 04/08/2016 02:14:59 08/08/2016 02:14:58 0.178 -0.009 -0.187 4 yes
31 69 71 CS 04/08/2016 02:14:59 12/08/2016 02:14:59 0.178 0.016 -0.162 8 yes
32 70 71 CS 08/08/2016 02:14:58 12/08/2016 02:14:59 -0.009 0.016 0.025 4 yes
33 70 72 CS 08/08/2016 02:14:58 20/08/2016 02:14:56 -0.009 0.251 0.26 12 yes
34 71 72 CS 12/08/2016 02:14:59 20/08/2016 02:14:56 0.016 0.251 0.235 8 yes
35 71 73 CS 12/08/2016 02:14:59 24/08/2016 02:14:54 0.016 -0.146 -0.162 12 yes
36 72 73 CS 20/08/2016 02:14:56 24/08/2016 02:14:54 0.251 -0.146 -0.397 4 yes
37 72 74 CS 20/08/2016 02:14:56 28/08/2016 02:14:51 0.251 0.411 0.16 8 yes
38 73 74 CS 24/08/2016 02:14:54 28/08/2016 02:14:51 -0.146 0.411 0.557 4 yes
39 75 76 CS 23/10/2016 02:14:32 27/10/2016 02:14:34 -0.006 -0.068 -0.061 4 yes
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Table_Appendix 4: DDInSAR sets of image pairs.

Set ID

1 21 19 21 23 CS -0.086 0.215 0.215 -0.075 -0.591 -8 4 1 2 no
2 21 19 72 70 CS -0.086 0.215 -0.009 0.251 -0.041 -8 -12 3 -2 no
3 21 23 67 69 CS 0.215 -0.075 0.516 0.178 -0.048 4 16 -4 1 yes
4 23 19 67 65 CS -0.086 -0.075 0.543 0.516 -0.037 -12 -12 1 -1 no
5 23 19 31 62 CS -0.086 -0.075 0.614 0.668 0.043 -12 12 1 1 no
6 23 19 67 64 CS -0.086 -0.075 0.495 0.516 0.01 -12 -16 4 -3 no
7 23 19 71 70 CS -0.086 -0.075 -0.009 0.016 0.014 -12 -4 1 -3 no
8 23 25 67 65 CS -0.075 -0.066 0.543 0.516 -0.035 16 -12 -3 -4 no
9 23 25 71 70 CS -0.075 -0.066 -0.009 0.016 0.016 16 -4 -1 -4 no

10 23 25 67 64 CS -0.075 -0.066 0.495 0.516 0.012 16 -16 -1 -1 no
11 23 25 31 62 CS -0.075 -0.066 0.614 0.668 0.045 16 12 -3 4 no
12 27 25 73 74 CS -0.066 0.528 -0.146 0.411 -0.038 -4 4 1 1 no
13 29 25 31 62 CS -0.066 -0.036 0.614 0.668 0.023 -12 12 1 1 no
14 29 25 67 64 CS -0.066 -0.036 0.495 0.516 -0.01 -12 -16 4 -3 no
15 29 25 71 70 CS -0.066 -0.036 -0.009 0.016 -0.006 -12 -4 1 -3 no
16 31 27 31 62 CS 0.528 0.614 0.614 0.668 -0.032 -16 12 3 4 no
17 31 27 66 68 CS 0.528 0.614 0.149 0.279 0.044 -16 12 3 4 no
18 31 27 31 29 CS 0.528 0.614 -0.036 0.614 0.564 -16 -8 1 -2 no
19 31 29 31 61 CS -0.036 0.614 0.614 0.244 -1.02 -8 8 1 1 no
20 31 29 31 62 CS -0.036 0.614 0.614 0.668 -0.596 -8 12 3 2 no
26 31 62 67 64 CS 0.614 0.668 0.495 0.516 -0.033 12 -16 -4 -3 no
27 31 62 71 70 CS 0.614 0.668 -0.009 0.016 -0.029 12 -4 -1 -3 no
28 36 32 36 38 TSX (7) -0.36 -0.618 -0.618 -0.358 0.517 -11 11 1 1 yes
29 36 38 44 45 TSX (7) -0.618 -0.358 0.15 0.453 0.044 11 11 -1 1 yes
30 37 33 37 39 TSX (98) -0.027 -0.108 -0.108 -0.653 -0.465 -11 11 1 1 yes
31 44 43 44 45 TSX (7) -0.04 0.15 0.15 0.453 0.114 -11 11 1 1 yes
32 45 44 45 46 TSX (7) 0.15 0.453 0.453 0.272 -0.485 -11 11 1 1 yes
33 62 63 71 73 CS 0.668 0.505 0.016 -0.146 0.002 4 12 -3 1 no
34 66 64 67 69 CS 0.495 0.149 0.516 0.178 0.008 -8 16 2 1 yes
35 66 64 66 68 CS 0.495 0.149 0.149 0.279 0.477 -8 12 3 2 yes
36 66 64 73 72 CS 0.495 0.149 0.251 -0.146 -0.05 -8 -4 1 -2 yes
37 66 64 66 67 CS 0.495 0.149 0.149 0.516 0.714 -8 8 1 1 yes
38 66 65 66 67 CS 0.543 0.149 0.149 0.516 0.761 -4 8 2 1 yes
39 66 65 66 68 CS 0.543 0.149 0.149 0.279 0.524 -4 12 3 1 yes
40 66 67 66 68 CS 0.149 0.516 0.149 0.279 -0.237 8 12 -3 2 yes
41 66 68 72 74 CS 0.149 0.279 0.251 0.411 0.03 12 8 -2 3 yes
42 67 65 75 76 CS 0.543 0.516 -0.006 -0.068 -0.035 -12 4 1 3 yes
43 67 65 67 68 CS 0.543 0.516 0.516 0.279 -0.211 -12 4 1 3 yes
44 67 65 67 69 CS 0.543 0.516 0.516 0.178 -0.312 -12 16 4 3 yes
45 67 66 67 68 CS 0.149 0.516 0.516 0.279 -0.604 -8 4 1 2 yes
46 67 66 67 69 CS 0.149 0.516 0.516 0.178 -0.706 -8 16 2 1 yes
47 67 68 67 69 CS 0.516 0.279 0.516 0.178 -0.101 4 16 -4 1 yes
48 69 68 69 71 CS 0.279 0.178 0.178 0.016 -0.061 -12 8 2 3 yes
49 69 68 69 70 CS 0.279 0.178 0.178 -0.009 -0.086 -12 4 1 3 yes
50 69 68 75 76 CS 0.279 0.178 -0.006 -0.068 0.04 -12 4 1 3 yes
51 69 70 71 73 CS 0.178 -0.009 0.016 -0.146 0.025 4 12 -3 1 yes
52 69 70 69 71 CS 0.178 -0.009 0.178 0.016 0.025 4 8 -2 1 yes
53 71 70 71 73 CS -0.009 0.016 0.016 -0.146 -0.186 -4 12 3 1 yes
54 71 70 71 72 CS -0.009 0.016 0.016 0.251 0.21 -4 8 2 1 yes
55 71 72 71 73 CS 0.016 0.251 0.016 -0.146 -0.397 8 12 -3 2 yes
56 72 70 72 74 CS -0.009 0.251 0.251 0.411 -0.1 -12 8 2 3 yes
57 73 72 73 74 CS 0.251 -0.146 -0.146 0.411 0.953 -4 4 1 1 yes
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