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Abstract

In this thesis | use synthetic aperture radar (SAR)ynd radar altimet¢r data to make new

observations ofAntarctic and Greenlanide sheet grounding lines.

| use ERS SAR data acquibedween 1992 and 2011o map the Petermann Glacier
grounding line on 17 occasiomsing quadruple difference interferometric SAR (QDINSAR)
Ower the 19year period, thegroundng line position varied by 6.km, on average, witimo
significant trend over time. Although itlal forcing explains a fraction (34 %) tie
movement, localised variations in the glacier thickness could explain it alltiveyeo alter

the glaciers hydrostatic balance as they advect downstream hitherto unconsidered
possibility that would reduce thaccuracywith which changes in grounding line position can
be detected.

Next, | developeda new technique fordetecting grounding lines using differential range
direction offset tracking (DRDOT) in incoher&AtRdata. | thenapplied this technique to a
sequence ofll TerraSAKX imagesacquired in2009 over Petermann GlacierThe DRDOT
technique is able to reproduc¢he shag and locationof the grounding linewith an
estimated lateral precision of 0.8 km and, although this is 30 times poorer than QDINSAR,

provides a complementary method given the paucity of coherent SAR data.

Finally, | developedrmther new method for deteting the grounding line as the break in ice
sheet surface slope computed from Cryo3atlevation measurements.then applied this
technique to mapgrounding linesn the sectors of Antarcticduttressed bythe Filchner
Ronne Ekstrom LarserC, andAmundsen Sea ice skek. The technique is able to map the
grounding line to within 4.5 km, on average, and, although this is far poorer than either
QDInSAR or DRDOT, it is computationally efficient and can succeed whelmsedR

methods fail, offering a additional complementary approach.
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Figure 1. Crosssection of an ice sheet grounding zone (reproduced from Schoof, 2007), showing
the relative position of the grounding line (red dot) and the hinge line (green dot), where h(x) is ice
thickness, b(x) is depth of ice below sea leyés, the groundig line and xis the calving front.....12
Figure 12. Estimate of dated grounding line retreat on the Ross ice shelf during thedrelo

(reproduced fronConway et al., 1999)....... it e e e e e e e e e e e e e e e e s, 15
Figure 13. Grounding line retreat measured using QDINSAR in the Amundsen Sta\8est
Antarctica (reproduced fromRIgNOt et al., 2014).........ooeiiiiiiiiiiiiiieee e 16

Figure 4. a) Change in grounded area, b) contribution to sea lgseland c) spatial pattern of
grounding line retreat in response to the same climate forcing, simulated by three of the most
sophisticated, independent ice sheet modedproduced fronfavier et al., 2014)....................... 18
Figure 15. Measurements of the grounding line position made by QDINSAR between 1992 and 2009
(Rignot et al., 2011), Antarctic drainage basins are also annotated (grgy4inelly, 2012 )....... 21
Figure 16. a) Absolute ice surface elevation measured along an ICESat track across the grounding
zone, b) kevation anomaly measured along the same track (reproduced Fricker and Padman,

Figure 17. The grounding line pogin (blue dot) and point of floatation (yellow dot) measured in the
FilchnerRonne ice shelf (reproduced fr@runt et al., 2011) (a), the Ross ice shelf (reproduced from
Brunt et al., 2010) (b) and the Amery ice shelf (reproduced Fricker et al.2009) (c) using repeat
TraCK 1aSEI AIIMETIY .. e e e e e e e e 24
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Figure 28. Quadruple difference interferometric fringe pattern across the grounding zone of
Petermann Glacier. The grounding line location (green) is identified as the inland limit of tidal flexure
as seen in a profile of differential vertical displacement (black) extracted along a transect (wWlite).
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Chapter 1

Introduction and Background

1.1 Importance of Grounding Lines
Global mean sea level has risen at a rate of 1.7 nemyear during the 20th century;

however, within the last 20 years this rate has increased to 3.2 mm per year (Church et al.,
2013). The primary contributing factors include thermal expansion of the oceans, mass loss
from ice situated on land (glaciers, ice caps, and ice sheets), and reductismdirwater
storage. Small differences between observed sea level rise and the sum of all contributing
factors can beattributed to either omission of individual components, or measurement
uncertainties.Ice losses from Greenland and Antarctica have irsgdarapidly over the
recent decadeg by 278 % and 148 % respectively since 19%hd the most pronounced
changes have occurred in places where the ice sheets are grounded well below sea level
(Shepherd et al 2012). Such marinbased and marinéerminating ice sheet sectors are
particularly vulnerable to environmental change, because they are in contact with
atmospheric and oceanic masses that are relatively warm, where modest changes in
temperature can melt and destabilise the ice. In the most rapitlgnging regions, such as

the Amundsen Sea sector of West Antarctica and Jakobshavn Isbrae in Western Greenland,
warm ocean currents have triggered glacier retreat (Park .e28lL3), leading to increased
rates of ice flow (Joughin et.aR014a) and icehinning (McMillan et a) 2014) far inland.
Elsewhere, at the Antarctic Peninsula, for example, changes in air temperature are believed
to be a driver (Scambos et. a22000) of ice shelf collapse (Rott et,d1996) which, in turn,

has also triggered drawdown of inland ice (Rignot et28l04). Ice sheet grounding lines are
therefore a sensitive indicator of dynamic instability, and modelling the rate and spatial
pattern of future change remains one of the niosignificant challenges limiting the

accuracy of sea level rise projections (Church.ep@l3).
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The junction between the floating ice shelf and the grounded ice sheet is of critical
importance because it delineates the lateral extent of the ice shemfgin and determines

the optimum location of flux gates used for calculating ice discharge and hence ice mass
balance.n reality the grounding line is a transitory feature with a location thatfaactuate

on short, sukdaily timescales due to the effecbf ocean tides and localised ice thickness
change Thomas, 198} or longer annual to decadal timescales when sustained ice thickness
change caused by dynamic instability is present (Rignot et al., 1998b; Park et al.,T2@&L3)
grounding line is defineds the boundary between floating ice in hydrostatic equilibrium
with the ocean, and grounded glacial ice (Cogley et al., 2011). It lies at the base of the ice
sheet (Figure 11) and the hinge line is the manifestation of this flexure feature at the ice
surface. Although there may be a small lateral variation in the locations of the hinge line and
grounding line, their migration rates are similar, and tsacking either is an accurate
measure of grounding line motion or stasis (Rignot et al., 1996). The grounding line lies
within a region called the grounding zone which encompasses the full range of tidal motion,
and can be up to a few kilometres wide tine in the flowline direction, depending on
factors such as bed topography and ocean tide heights. Ice within the grounding zone is
supported by hydrostatic pressure from the sea below and internal stresses present within

the glacial ice (Vaughan, 1995).

Figure 1. Crosssection of an ice sheet grounding zone (reproduced from Schoof, -
showing the relative position of the grounding line (red dot) and the hinge line (greer
where h(x) is ice thickness, b(x) is depth of ice below sea lgigelh& grounding line and.»

is the calving front
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Ice flow transitions at the grounding line from shelyminated, basatlrag flow in the
grounded ice sheet, to drafyee, sideshea-controlled, gravity spreading of flow in the
floating ice shelf (Cuffey and Patterson, 2010). Combined, the lateral shearing and
longitudinal stretching forces control the rate of ice outflow across the grounding line
(Schoof, 2007)Grounding lineretreat leads to a reduction in the resistive force which
restrains grounded ice and controls the rate of ice disch&Rijgnot et al., 2004)ce sheet
models and observations have shown that reduction or removal of this buttressing force can
lead to rapd inland propagation of ice drawdown of marine based ice sheet sectors (Rignot
et al.,, 2004; Joughin et.al2010). This illustrates how relatively modest changes at the
termini of outlet glaciers can have a marked impact on the wider ice sheet massaambal

In addition to influencing ice speed, grounding line retreat is also an indicator of decreasing
ice thickness. When glacial thinning occurs faster than the rate of ablation, without
downstream thickening or advance of the terminus, dynamic thinnarglze said to occur.
Measuring change in grounding line positions allows us to better understand the present
day ice sheet contribution to sea level rise, and when ice sheet models accurately replicate
the observed past change it provides improved confiem their ability to predict the rate

and magnitude of future dynamical imbalance (Favier et al., 2014).

Ice displacement across the grounding zone can be simulated by an elastic beam model
which isdependent on a number of parameters including2 A a K&y, fde amplitude

and ice shelf thickness andK S | 2dzy3Qa oSt aGAO00 Y2Rdz dza 4K
(Holdsworth, 1962 The model has been used to guide manual delineation of the grounding

line andwas successfully applied to displacemenibfiles measured in the field (Vaughan

1995) and in satellite datasets (Rignot, 1996; Rabus and Lang, 2002); however, routine
application of the model for picking the grounding line has been limiadameters such as

ice thickness at the grounding lineRn | 2dzy 3 Q& Y2RdzZ dza& | NB &aLJ
variable however these differences are not well characterised. It is challenging to accurately
measure ice thickness at the grounding line from satellite altimetry datasets because the ice

shelf is not yet irhydrostatic equilibrium with the ocean, and airborne radar measurements

2T GKS A0S 0SRNRO]l AYGSNFIOS INB aLl NBAS RdzS
also largely uncharacterised at the ice sheet margins; however, lab and field measurements

suggest a large range of values between 1.1 and 10.0 GPa (VaugharnDEabed analysis
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of temporal variations in tidal flexurbave shownthat at a single locatiorthe value of

. 2dzy3Q& Y2Rdz dza ySSRa (2 O NB ¢ hditke elastiiRS {2
theory (Schmeltz et al, 2002). While some of the model misfit may be attributed to real
change in the ice thickness and rigidity parameters, other studies have indicatethéhat

elastic beam model is an oversimplification of ice flexureoserthe grounding zone (Tasi

and Gudmundsson 2015) and therefore may not be well suited to guiding manual
delineation of the grounding lineTheoretical and numerical models provide important
insights into dynamic processes of the grounding zoneiartbe future observational data

will continue to provide essential information for establishing relations between surface

elevation and ice thickness in grounding zoaed grounding line migratian

1.2 Grounding Line Migration

In order to assess whether presenaydchange in grounding line position is occurring at a
faster rate now than it has done in the past, we must have an understanding of the
historical retreat rates which occurred in the known past climate setting. Historical
grounding line positions can lestimated by dating shells and diatoms in marine sediment
cores and incorporated in raised beaches, radiocarbon dates of algae from ice dammed
lakes and using paleoclimate model simulations (Conway et al., 1999; Pollard and DeConto,
2009). Grounding linesn the West Antarctic ice sheet are thought to have retreated nearly
1300 kn since the Last Glacial Maximum (LGM) 20,000 years ago (Conway et al., 1999), and
arrived at their approximate present day location nearly 3000 years ago (Pollard and
DeConto, 200p Howeveralthough the overall distance is large, the rate of retreat is slower
than is observed today. Grounding line retreat in McMurdo Sound on the Ross Ice Shelf is
estimated to have remained relatively constant over the last 7500 years with a retreat rate
of approximately 0.12 km per year (Conway et al.,, 1999). Retreat rates measured on Ice
Stream C on the Ross ice shelf between 1974 and &4884éstimated to be much sloweit

0.03 km per yearhowever, on neighbouring ice Stream B the retreat over the samestim
period was larger, at 0.45 km per year (Conway et al., 199@se rates are comparable to
Eurasian ice sheeetreat after the LGMwhich are estimated to be up to 0.15 km per year

on ice streamsand 0.009 km per year on the intetream margins (Clarkt al, 2012).
Although these grounding line retreat rates are lower than the present day observations,

some ice sheet model simulations have shown that during the disintegration of the West
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Antarctic ice Sheet during the Holocene, even if the environnidotaing stabilises, once
initiated the grounding line retreat continues for thousands of ye&tsyprechts, 2002).
This suggests that the inherently unstable bedrock setting of the West Antarctic ice sheet

has had a role to play in both its historicadafuture stability (Thomas, 1979).

Coulman . *

’bb\ 9 Kilometers 5?0 ’169
150"W 17&\# 19!11' 171d'E 165'5
Figurel-2. Estimate of dated grounding line retreat on the Ross ice shelf during the Hol

(reproduced fromConway et al., 1999).

The only present day observations of grounding Ine¢reat have been rade in the
Amundsen Sea Sector of West Antarctica using satellite radar interferonféyyre 13)

(Park et al., 2013; Rignot et.,aR014).Over the last 25 years satellite observations have
measured large spatial variability in the magnitude and onset of mass imbalance in
neighbouring ice streams (McMillan et al., 2014) which supports model projections showing
that future change wilnot be spatially and temporally homogeneous (Joughin et al., 2010,
Joughin et al., 2014 he present day grounding line retreat rates recorded in this rapidly
changing sector of Antarctica ade8 km per year at theentre of Smith/Kohler Glaciet,4

km per year on the main trunk of Pine Island Glacier with a lower ratetifateon the ice
stream margins0).8 km per year on Haynes Glaciand 1 km per year on Cosgrove ice shelf
(Rignot et al., 2014). Threean rate of retreat (1.25 knRignot etal., 2014) recorded on the

main fast flowing ice trunks in the Amundsen Sea Sector is 12 times greater than the
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historical long érm retreat (0.12 km per yeaConway et al., 1999uggesting that the

present day instability is occurring more rapidly tharthe past.

Ice sheet mass balance has been measured using three Earth observation techniques
including the Input Output MethodlOM) (Rignot et al., 2008), detection of gravitational
mass anomalies (Horwath and Dietrich, 2009) and change in surfacatiete (Shepherd

and Wingham, 2007). Accurate knowledge of tireunding line positions an important
parameter for all three techniques as the mass budget method requires ice velocity
measurements inland of thgrounding line(Rignot and Thomas, 2002)nd gravimetry
studies use weighted kernels to minimise signal leakage from change in ocean mass
(Horwath and Dietrich, 2009). A strong positive correlation between decreasing ice
thickness and grounding line retreat has also been observed (Park et aB) @®ich
demonstrates that long term change in grounding line position acts as a sensitive indicator

of dynamic imbalance.
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Figure 13. Grounding line retreat measured using QDInSAR in the Amundsen Sea

West Antarcticareproduced fronRignot et al., 2014)
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Over the last 25 yearsatellite observations have allowed us to accurately measure ice
sheet mass balance and therefore qtiynthe present day ice sheet contribution to sea
level rise (Shepherd et al., 201However, pojections offuture global sea level risare
more uncertain and estimatesnge from 20 cm to 2 rby 2100(Willis and Church, 2012).
When ice sheet models péicate past change, it provides greater confidence in their ability
to accurately predict the future sea level contribution. Regional ice sheet models can now
more accurately reproduce the spatial pattern of observed grounding line retreat in the
AmundsenSea Sector (Favier et al., 2018ig@re 14). Under the same warming scenario,
three different ice sheet models all predict a decrease ingheunded ice sheet area and an
increasingcontribution to sea level risehowever, there are still large unknowns, For
example the rate and spatial pattern of these changes is not the same in all mbidgis (
1-4). It is not possible to validate modelled grounding linggration outside of West
Antarcticabecause the rate of retreat has not been observed around the majority of the
grounded ice boundar Grounding line retreat in the Amundsen Sea Sector has occurred in
parallel with ocean warming caused by the influx of circumpolar deep water onto the
continental shelf (Dutrieux et al., 2014). Knowledge of the spatial and temporal pattern of
ocean tempeature change with depth is limited by the availability of in situ measurements
(Holland et al., 2008), therefore observations of grounding line retreat around the Antarctic
ice sheet may indicate the presence of ocean forcing processes in other regions. |
Antarctica the processed based link between ocean warming and dynamical imb&ance
relatively well establishedhowever, fully coupled iceocearatmosphere model studies
have yet to be performed (Joughin et al., 2012). New techniques must be devetmpdty
exploit the Earth observation data archive in order to increase the spatial and temporal
density of contemporary grounding line measurements and to validate model projections of

future change.
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of grounding line retreain response to the same climate forcirggmulated by three of thi

most sophisticated, independent ice sheet modeigroduced fronfFavier et al., 2014).

1.3 Review of Existing Methods for Detecting Grounding Lines

The grounding line can be detected using field techniguesvever, sparse coverage,
logistical difficulties and the high cost of repeatedly collecting measurements limit the
practicality of in sii data collection on a large scale. Earth observation data and processing
techniques provide a solution to these problems and enable data to be repeatedly acquired
over the full ice sheet area. Here | present a brief summary of the in situEamth
obsenation techniques that have previously been used to map the boundary between the
grounded ice sheet and the floating ice shelf, and examples of the locations where these
have been appliedAlthough these techniques provide valuable measurements, limitations
in the availability of suitable Earth observation datasets and the absence of geographical
features have limited the temporal resolution and spatial accuracy of grounding line

datasets that have been produced to date.
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1.3.1. Detecting Grounding Lines Using In Situ Methods

As the ice sheet grounding line is located at the base of the ice sheet it would be
theoretically possible to send an automatic submersible vehicle under the ice shelf to
directly measure this location. However, in practice all existimgsitu and remote
observation techniques use ice surface features, such as the inland limit of tidal flexure (the
hinge line) or the break in surface slope, as a proxy for grounding line position. Three in situ
methods have been used to measure ice shgebunding line positions. The vertical
displacement caused by ocean tides was measured across the grounding zone of the Rutford
ice stream, Bach ice shelf and Jackobshavn Isbrae kisegatic GPS (Vaughan, 1995t
meters have also been used to measuhe time varying component of the surface slope,
which in the vicinity of the grounding zone is caused by ocean tides, on dhkeDice
Rumples (Smith, 1991and Ekstrom ice shelf (Kobat§88). Finally, the historical ice sheet
grounding line position has been estimated using marine bathymetry combined with
radiocarbon chronologies of sea flosediments in front of Crane Glacier on the Antarctic

Peninsula (Rebesco et al., 2014).

Ground based observations of the grounding line position are extremely limited in both
space and time due to the high cost and logistical difficulty of acquiring data over large
areas. For all examples, a measurement has only been made at one epoch, and thle spati
variability within the localised region is not well constrained. This presents a problem when
there is a disagreement between two independent measurements. For example in the case
of Crane Glacier there is a discrepancy between the in situ groundedhteated the
grounding line positon measured using quadruple difference interferometry at an earlier
date (Rack and Rott, 2004). The authors attribute the cause of this difference to a
WYAaLX | OSYSyGQ 27F ipdsion Rebedcaebal) 28); N@vdegrRifeyf 3 A y S
that only one in situ sediment core is available it is not possible to constrain the spatial
variability of sediment coresvithin the localised area making it difficult to conclusively
ascertain whether an anomalous sediment core datighthave been collectedwithout
further investigation it is difficult to determine with confidence which dataset is correct
however, either waythe wider implications of the disagreement are large. Dating the

retreat of the Crane glacier grounding line pre or post 2002, which both of these
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examples seek to do, changes our understanding of whether the collapse of the-Baisen

shelfshouldbe attributed to either a marine based or atmospheric forcing mechanism.

1.3.2. Detecting Grounding Lines Using Quadruple Difference Interferometry

Quadruple difference interferometry (QDINSAR) provides a direct measurement of the
relative displacement of the floating ice shelf surface, with unprecedented centimetre scale
vertical accuracy and at a high (30 masal resolution (Rignot, 1998. The technique was

first demonstrated using ERISSAR data acquired over Petermann Glacier in North West
Greenland (Rignot, 1996A minimum of 3 SAR images acquired with a short (~3 day)
temporal baseline are required irrader to maintain sufficient interferometric coherence for

a QDInSAR hinge line measurement to be mddhe nominal 35lay repeat period of SAR
missions such as ER& and ENVISAT are too long to maintain phase coherence over fast
flowing ice stream regia Suitable data has largely only been acquired during the two
European Remote Sensing (ER$2Ikte 3-day repeat Ice Phaseand lday repeat Tandem
campaigns in 199¢ 1992, 1993¢ 1994, 2011 and 199§ 1996 respectively. Other useful
datasets have beeacquired by ALOS PALSAR and RADARSAT. Consequently, over the last
25 years it has not been possible to make widespread measurements of change in
grounding line position using QDINSAR, and for the majority of the Antarctic ice sheet
margin only a single nasurement at one epoch has been madeg(re 1-5). Thehigh
precision of the QDINSAR technique means that when suitable data is acquired, this is the
only method that has been successfully used to measewent grounding line retreat
(Rignot et al., 1998 Park et al., 2013; Rignot et al., 2014).
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Figure 1-5. Measurements of the grounding line position made by QDINSAR betweer
and 2009 (Rignot et al., 2011), Antarctic drainage basins are also annotated (gre

(Zwally, 2012 ).

The following high level steps summarige QDINSAR method for measuring grounding
lines:
1 Apply orbital corrections, instrument calibrations and imageregistration to SAR
images
1 Estimate the Interferometric baseline and perform common band filtering in order
to generate a coherent interferogm
1 The phase component of the complex interferogram is influenced by the curved
Earth contribution, topographic signal, surface displacements, atmospheric delays
and phase noise. The interferogram is flattened to remove the curved Earth
contribution and fitered in order to reduce phase noise
1 Topographic phase signal is simulated from a Digital Elevation Model (DEM) and the
SAR imaging geometry, and then is subtracted from the interferogram forming a
differential interferogram (DINSAR).
1 A second DINSAR inmeags generated using a different master and slave SAR pair and
this is then differenced against the first DINSAR image to remove the phase signal

associated with constant ice flow, forming a quadruple difference interferogram
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(QDINnSAR). The QDINSAR imame contains the differential phase signal which on
floating ice streams is largely caused by tidal motion, enabling the grounding line to
be determined.

1 The QDINnSAR image can be unwrappecetrieve the absolute phase difference

1.3.3. Detecting Grounding Lines Using Repeat Track Laser Altimetry
Repeat track laser altimetry has been used to measure the displacement of the floating ice

shelf surface caused by ocean tides, relative to the mean surface elevation along a satellite
ground track (Fricker and Paén, 2006).The technique uses laser altimetry data acquired

by the Geoscience Laser Altimeter System (GLAS) instrument on board the Ice, Cloud and
land Elevation Satellite (ICESat), to determine information about the structure of the
grounding zone and @ation of the grounding line. ICESat has a footprint size of 60 the

9F NI KQAa &adzaNFI OS gKAOK YSI &dzNE s alangtck{zwiig S G & o
et al., 2002).In regions with large ocean tide amplitudes and where the satellite ground
track is perpendicular to the grounding zone, relative surface displacement can be
accurately measured by the laser altimetry footprieabling the landward and seaward
flexure limits, and break in ice surface slope of the grounding zone to be obsenaa(F

and PadmaBl Hnnc 03X | f 2 ywheredieyiekist, (Brubt®t al JROLMyiguie 16
provides an example of a profile of the absolute elevation and elevation anomaly across the
grounding zone in the Filchn€&onne ice shelf produced using this technig&ellowing
calibration of the basic altimeter dataset, the Fricker and Padman (2006) method for
measuring the grounding line from ICESat data can be implemented according to the steps

outlined below

1 Obtain geolocated footprint locations and ocean and load tide corrections from
ICESat laser altimetry L2 Antarctic dataset (GLA12 product)

1 Filter out cloud affected data, and radiometrically calibrate the return energy and
receiver gain using the GLAO1 product

T WWSARSQ RIGF&AS0 dzaAy3 Dhe¢dppPH G AxoRthef Y2RS
ICESat data

1 Apply saturation correction to elevation data where return energy is greater than

receiver gain
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1 Interpolate each transect of elevation onto a common set of evenly spaced latitude
values for each repeated track

1 Calculate the measlevation profile for all repeats

i1 Calculate the elevation anomaly for each repeat track by differencing the absolute

elevation of each track from the mean profile
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Figure 16. a) Absolute ice surface elevation measured along an ICESat track acrc
grounding zone, b) elevation anomaly measured along the same trapkofuced from

Fricker and Padman, 2006).

The technique has been successfully used to map the grounding zahe BilchnefRonne

ice shelf (Fricker and Padman, 2006), the Amery ice shelf, (Fricker et al., 2009) and the Ross
ice shelf (Horgan and Anandakrishnan, 2006 and Brunt et al., Z8@0je(17). To date, only

lase altimetry data acquired by GLAS has been used for grounding line determination
because the small ground footprint of the sensor is wseited to the task of detecting
grounding line as iallows meter scale changes in surface elevation caused by the tide to be
detected. As a consequence, it is only possible to establish the grounding line using this

technigue during the six years of ICESat mission operation {2003), limiting the time
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period over which change in grounding line can be observed and preventing widespread

inter-comparison of the QDINSAR and altimetry techniques.
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Figure 7. The grounding line position (blue dot) and point of floatatigellow dot)

measured in the Filchn&tonne ice shelfdproduced fromBrunt et al., 2011) (a), the Ro
ice shelf feproduced fronBrunt et al., 2010) (b) and the Amery ice sh&dproduced from

Fricker et al., 2009) (c) using repeat track laser altiynetr

In regions such as the Amundsen Sea Sector in West Antasgtieae rapid grounding line
retreat has been observed (Park et al., 30)1the ocean tidal range is smaller and

consequently vertical displacement of the floating ice shelf and the corresponding
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grounding line position has not been measurading the repeatrack laser altimetry
technique. While the ice sheet hinge line has been mapped once using repeat track laser
altimetry, change in hinge line position over time has not been observed which prevents the
onset or evolution of dynamical imbalance around tle isheet coastline from being
detected using this technique. Pulse limited radar altimetry data has a ldrgerkm)
diameter footprint which encompasses a larger more topographically variable area on the
ice surface, therefore it has yet to be demonsadtif this technique can be adapted to

detect tidal dsplacement

1.3.4. Detecting Grounding Lines Using Optical Shadow

The grounded ice sheet boundary has also be identified using topographic shadow visible in
radiometrically calibrated optical Earth obsation data, caused by the break in surface
slope at the ice sheet ice shelf boundary (Bindscahdler et al., 2011). This method is the
only technique that has been used to map a continuous grounded ice boundary around the
full Antarctic ice sheetRjgure 18 a), however, as the technique is reliant on manual
delineation it is time consuming to produce and cannot be easily repeated to obtain a
presentday measurement of the grounded ice boundary or to accurately measure change.
An intercomparison of the grounded ice boundary location produced from optical shadow,
QDINSAR and repeat track laser altimetry showed discrepancies of up tonlibOskallow

slope regions such as ice planes or areas of fast flow (Rignot et al., 2011; Brunt et al., 2010),
indicating that in some regions optical shadow may not be a reliable proxy for grounding

line position.
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Figure 18. a) Gounding line measured from manual delineation of the shadow bounda
the grounded ice boundaryeproduced fronBindschadler et al., 2011), b) an example of

shadow boundary.

1.4 Aim

The aim of this thesis is tmap change in the locatioof ice sheegrounding linedecause

they are an important glaciological parametessing satellite Earth observatidechniques

and data acquired over the lasd2/ears This aim is of significant importance because
grounding lines determine the lateral extent of thee sheet, the optimum location for mass
balance flux gatesand provide evidence of dynamic instability; howevarpund the
majority of the Antarctic coastline the grounding line has only been measured at one epoch
during the last 25 years, armbntempaary observations of grounding line retreatirrently

only exist in one sector of Antarcticawill meet this aim by measuring grounding lines in
Greenland and Antarctica using existing techniques suchQasdruple Difference
Interferometry (QDINSAR), ara/ developing new techniques such as Differential Range
Direction Offset Tracking (DRDOT) and break in sudkge from CryoS&2. The results
presented in this thesis are used to assess long term grounding line migration over the full
24 year period fo which satellite Earth observation data is available, and short term
grounding line migration which enables the likely controlling processes to be

comprehensively assessed.
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1.5 Objectives

The following list of objectives was devised to successfully addresariof this thesis:

1. Apply theQDInSARechniqueto measure the grounding linat a high spatial but
coarse temporal resolutiomsingERSL andERS SAR data acquired between 1992
and 2011 and estimate theateral precision of theechnique

2. Quantify motionof the hinge lineon an ice streanusing QDInSARnd perform a
comprehensive assessment of the likely controlling process.

3. Developand applya new technique for detecting grounding lines negions of low
interferometric coherenceand estinate thelateral precision of the technique

4. Develop a new technique fatetectingthe break in ice surface slope as a proxy for
ice sheet grounding linegsing CryoSa2 Synthetic Aperture Radar Interferometric
(SARIn) mode data

5. Apply and validatethe new CryoSaf break in slopetechnique to measure the

grounding line location in topographically diverse sectors of Antarctica

1.6 Thesis Structure

The remainder of this thesis seeks to fulfil the objectives. In Chapter 2 | present an overview
of the Earth observation techniques | used to measure grounding lines, with a focus on
interferometry as this was the only technique not newly developed dutiegcourse of the
thesis. In Chapter 3 | present a 19 year time series of grounding line measurements made
using QDINSAR from ER&nNd 2 data. In Chapter 4 | present a new technique to map ice
sheet grounding lines in incoherent SAR data using diffedeméinge direction offset
tracking of SAR intensity features. In Chapter 5 | present a new method to detect the ice
sheet grounding line as the break in surface slope, measured using synthetic aperture radar
interferometric (SARIN) mode Cryo&atradar altmetry data. Finally in Chapter 6 |
summarise the key science results presented in this thesis, and | discuss the opportunities
for future work, including an example which shows that | have made the first steps towards

measuring the grounding line positiavith Sentinell for the first time.
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Chapter 2

Methods

2.1 Methods Overview

This chapter provides an overview of the processing techniques used to produce the
grounding line results presende in this thesis,which include Quadruple Difference
Interferometric Synthetic Aperture Radar (QDINnSAR) in Chapter 3, Differential Range
Direction Offset Tracking (DRDOT) in Chapter 4 and Synthetic Aperture Radar Interferometry
(SARIN) mode CryoSatdata in Chapter 5. lis important to note that all three results
chapters ae structured in the format o$cientific papes and therefore contain information

on both methods and the results. As the DRDOT and Crpofatcessing techniques used

in Chapters 4 and 5 were devebp during this thesis, the methods are comprehensively
described within the respective the results paper. Consequently, to avoid unnecessary
repetition of text in this thesis, | present a high level summary of these processing chains in
this chapter (Chagtr 2), with references to the detailed methods descriptions in the results
chapters. Conversely, QDInSARed in Chapter 3, is an established technique and the
underlying algorithms used to produce an interferogram were not developed during this
thesis. krther details on the theoretical basis for Interferometric Synthetic Aperture Radar
(INSAR) can be found in Goldstein et al., (1993) and Hansen (2001). In this chapter | provide
a more detailed description of the specific INSAR processing chain useds ithéisis
because the QDINSAR method is not described in as much detail in the respective results
paper (Chapter 3). All Synthetic Aperture Radar (SAR) datasets were processed using the
GAMMA Remote sensing software (Werner et al., 2000).
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2.2 Overview of the QDINSAR Method

The QDInSARrocessing chainFgure2-1) is brokendown into seven core suimodules

including Single Look Complex (SLC) image formation, coregistration of the SLC pair,

formation of the interferogram, flat Earth and topographic gka signal removal,

combination of two DINSAR images to form a QDINSAR image and finally phase unwrapping.

After the QDINnSAR processing is complete the final step of picking the ice sheet hinge line

location at the inland limit of tidal flexure is performe@ihe QDINSAR method described in

this section is stated more concisely, without examples at each stage of the processing

chain, in Section 3.4 of results Chapter 3.

Input Data QDINnSAR Processing
Master SAR .
. 1.Read in data 3. Make interferogram 4. Flatten InSAR
image & Make master i initial
- Make InSAR Estimate initia
metadata —> parameter file Ml —>  baseline from
and SLC image g orbit info
Slave SAR coregistered pair
image & Make :la“;fl 7 Use baseline info
metadata parameter fiie Produce to remove curved

and SLC image coherence image Earth phase signal

Precise Orbit

Y

—

Information 2. Coregister SLC pair
DEM & Make offset Estimate offset 5. Remove topographic phase
metadata parameter file polynomials
v Simulate §ubtract
Calculate initial Resample slave to topographic simulated
offsets from orbit master based on phase signal from > topographic
info offsets 2 DEM phase from the
7 v INSAR image
Refine initial Reiterate offsets | Master and
offsets by and polynomial slave power
correlating image using resampled 6. Removeice image
intensity in an AOI image velocity signal 7. Phase Unwrapped,
Calculate offset v Combine 2 unwrapping flattened, DEM
eruozse\:hoslz s Resatmple lslave to interferogramsto ~ =* Unwrap QDINSAR - suhtrac‘Fed,
image usin | mas erf;JsTg new remove constant phase using QDInSAR image
. g. g ottsets surface Branch cutting QDInSAR
image intensity )
. deformation method coherence
cross correlation .
image

Figure 2-1. An overview of the Quadruple Difference Ifdeometric Synthetic Aperture Rad
(QDInSARJrocessing chain.

2.2.1. ERS1/2 Synthetic Aperture Radar (SAR) Data

{!'w RFGF | OljdZANBR o0& GKS 9dz2NRPLSIy { L} OS

and 2 satellites are used as the primary inplattaset for the QDINSAR processing chain.

Both satellites were maintained at a mean altitude of approximately 780 kovelthe

Earth surface, in @91 minute sursynchronous Polar orbit with a 98.5° inclination angle.

The satellite inclination angle conains the maximum latitude that observations can be

made which for ERE2 equals 82°. This is particularly important for ice sheet studies as
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there is a data gap, where no observations are made, at latitudes higher than 82° North and
South. The ERB2 SARsensor is configured into a right looking viewing geometry with a
23° incidence angle at the centre of each swath. ThelERSAR sensor is ab@nd radar

with a 5.3 GHz central frequency and a 5.6 cm wavelengthlBRE operational for a 9

year periodbetween 17.07.1991 and 10.03.2000, and 2Rfas operational for a 16 year
period between 21.04.1995 and 05.09.2011. Complex SAR data is comprised of an
amplitude signal which is primarily controlled by the satellite imaging geometry, surface
roughness ad dielectric properties of the Earth surface; and a phase difference signal which
is controlled by the satellite orbit configuration, curved Earth, surfaspldcement surface

topography, atmospheric delay and noise.

2.2.2. Formation of a Single Look Conplex (SLC) Image

ERSL and ER8 data are processed from raw to Single Look Complex (SLC) images to
retrieve the phase and amplitude measurement for every pixel in each 100km wide SAR
image frame. Firstly, the accuracy of the orbit state vectors providethé metadata of

each image is improved by replacing them with precise orbit ephemeris provided by
Department of Earth Observation and Space Systems (DEOS) (Scharroo and Visser, 1998)
when available. The Doppler ambiguity is calculated to estimate th# shicentral
frequency caused by any offset in satellite pointing from 90° perpendicular to tketidin

of satellite travel. ie raw data is autofocussed in the range and azimuth direction to form a
complex SLC image which contains both the phase irdbom and backscatter power of

the return signal. The amplitude of the return SAR power is not homogeneous across the
SAR frame as it is affected by relative factors such as the antenna pattern signal and the
difference in travel path length of a wave mear and far range. A spatialhariable power
correction is applied to each frame to remove non uniform power variations and then a

constant offset is applied to produce an absolute radiometric calibrated power image.

2.2.3. SLC image pair Selection and ©registration

Interferometric pairs were identified by combining temporally sequential SLC master and
slave images formed from ERSand 2 data acquired prior to 1997. Howevier 2001 the
remaining ER3 gyroscope failed leading to a degradation of thatade stability of the

satellite platform (Rosich et al., 2001). No&ro yaw and pitch squint angles induce an
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offset in the Doppler centroid at which a SAR image is acquired. As the squint angle is not
controlled it is not stable through time and themE repeat SAR acquisitions are acquired

at different Doppler centroid frequencies. When the Doppler centroid difference between a
SAR image pair is greater than 800 Hz this leads to a reduced frequency spectrum overlap,
which causes lower levels of interbmetric coherence. Consequently, during the 2011 3

day campaign it is not always possible to pair images chronologically because low Doppler
centroid differences are required to achieve high interferometric coherence. Instead, SLC
image pairs were formeffom data acquired in 2011 when the Doppler centroid difference
was less than 800 Hz and for the image pair with the shortest temporal baseline up to a

maximum of 9 daysl@able 21).

Table 21. 2011 acquisition date, Doppler centroid per SAR frame and Doppler centroid differel
SAR pair, for ERSdata acquired over Petermann Glaciring the 2011 3l @ NB LIS |

denotesimage pairs that were deemed viable for interferometry.

SAR Date
(MM_DD) 05_16| 05_19| 05 22| 05_25| 05 28| 05_31| 06_03| 06_06 | 06_09
Doppler
Centroid | -498 | -2067 | 292 | -2444 | -2910 | -1868 | -1952 | -2254 | -1597
(Hz)
05 16 -498 0 1569 | -790* | 1946 | -2412 | 1370 | 1454 | 1756 | 1099
05_19 -2067 | -1569 0 -2359 | 377* | -843 | -199 | -115 187 -470
05_22 292 790 | 2359 0 2736 | -3202 | 2160 | 2244 | 2546 | 1889
05 25 -2444 | -1946 | -377 | -2736 0 -465* | -576* | -492 | -190 | -847
05_28 -2910 | -2412 | -843 | -3202 | -465 0 -1042 | -958 | -655 | -1313
05_31 -1868 | -1370 | 199 | -2160 | 576 | -1042 0 84* 386 -271
06_03 -1952 | -1454 | 115 | -2244 | 492 -958 -84 0 302* | -355
06_06 -2254 | -1756 | -187 | -2546 | 190 -655 | -386 | -302 0 -657*
06_09 -1597 | -1099 | 470 | -1889 | 847 | -1313| 271 355 657 0

Out of the 9 SAR images acquired over Petermann Glacier during th BBEL 3day
repeat period, 7 viable image pairsiged (Table 21). Only 4 of theseairs have the
optimum 3day temporal baseline with the remaining 3 pairs having-dag temporal
baseline Once image pairs were selected the SLC images were formigsgtietecting and
removing missing lines of data in the input raw datasestimatngthe Doppler ambiguity
using theMulti-Look Cross CorrelatioM{CQ¢ algorithm determining the fractionaDoppler
centroid from the overlapping spectra of the image paestimating, prefiltering and
compressinghe range power spectrum for eaglaw image,and finally autofocussing and

azimuth compressing each imageair. Image pair caegistration offsets were first
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estimated from the orbital state vectors, and then coarse and fine imagegigtration was
performed by calculating the offset betweemsing common features in the intensity
backscatter image. Once the offsets have been calculated and refined the slave SLC is

resampled to the reference geometry of the master SLC image.

2.2.4. Coherence Estimation and Interferogram Formation

Maintaininginterferometric phase coherence in repeat pass SAR acquisitions is challenging
over ice covered terrain because the surface rapidly deforms due to the ice flow and in
response to changing meteorological events such as snow deposition, redistribution and
melting (Figure 22). The nominal 38lay orbit repeat period of ERISand 2 is typically too

long to acquire viable (i.e. coherent) repgadss interferonetric data over ice, and so both
platforms have been moved into shorter repeat orbits during campaigns dedicated to this
purpose. Between 28.12.1991 to 30.03.1992 -ER&s placed in a-8ay orbit repeat cycle
(termed the first ice phase) and, after thecxess of this campaign, this was repeated in
1993/4 and in 2011 in order to acquire repeat measurements over Greenland and
Antarctica. SAR data acquired by HR&d 2 between 21.03.1995 to 05.06.1996, when
both satellites orbited in tandem 38ay repeats separated by -Hay, is also suitable for
interferometry over ice covered regions as the short temporal baseline allows phase
coherence to be maintained between SAR images acquired from both sensors. The QDINSAR

results presented in this thesis were pramhd from ER& and 2 data acquired during al 3

day ice campaigns and thedhy tandem campaign, between 1992 and 2011.
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Figure 22. a) Coherence image produced from an ER®age pair with a short -8ay
temporal baseline shows high coherence across the frame. b) Coherence image pr
from an ERS image pair with a longer t8ay temporal baseline shows a low level

coherence across the frame.

To further investigate the effect of coherence degradation ovaretil examined a time

series of 38 ERB SAR pairs acquired over Petermann Glacier between 07.02.1992 and
20.03.1992, with 3, 6 and iday temporal baselines. The level of coherence was measured

on three different glacial land cover types in the Petermaraci@r study area, which were

identified using a band ratio classification of a Landsatmage acquired on 09.07.1999

(Figure 23a). The land typesRSY 0 A TASR Ay GKS addzRe | NBIF A
A0UNBIYQY af2¢g Fi2Ay3 WAOS a&KSHr@BD).MhEeR NBT |
WESLI2E&SR NRO1Q fFyR O2@0SN) (eSS A& LINAYINxte C
vegetation in the summer and snow cover in the winter. Excluding the possibility of small
landslides or subsidence events this land cover type is assumed to be atabhot subject

to any large surfaceisplacement,IN2 0SdaSad® ¢KS WAOS akKSSiQ Iy
flowing land ice with speeds approximately 5% of the average ice velocity of Petermann

Df F OASNJ 6f cn Yk&ND O ¢ K e fash floding &iddym vdan I Y R
trunk of the Petermann Glacier and due to the band ratio classification used, it is largely in

the summer ablation zone. Surfacesplacemen2 y (1 KS WA OS &AGNBIFYQ f | yi
NBtI GABS G2 0K Ser tye,Cafid isi dB&I(b fast ice/fRw dn@ vertical
displacement by ocean tides on the floating ice shElfe level of coherence on all three

land cover types is affected by change in surface morphology caused by meteorological
events such as snow meknowfall and blowing snoywhowever, this effect is particularly

LINPYy 2dzy OSR 2y (KS WAOS a4NBIYQ YR WAOS akKks
at a nearby weather station during the winter 1992 study period when coherence is

assessed, remainecelow-10 °C suggesting that surface melt is unlikely to have occurred.
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Figure 23. a) Land surface classification performed usmga rtio of the spectral bands in a L:

image acquired on 09.07.1999 over the Peterm&@iacier study area. b) Location of land surf:

types annotated on an ERS backscatter intensity image including the location of polygons wt

A

O2KSNBYOS 461 & SEGNI OGSR TNRBY 6A0S akKSSi Az

is orange squares).

Coherence was computed from the cross correlation coefficient of each of the 38 image
pairs, and then théevel of coherence was retrieved from polygons located on all three land
surface typesHKigure 23a). On all 3 land cover types @gecrease ilfmean coherence was
measured as the temporal baseline of the image pair increasSigaie 24). On the rock, ice
sheet and ice stream land cover types the area greater than 0.7 coherenc@5was 88 %

and 87 % for a-Bay baseline, 88 %, 70 % and 67 % fodaybaseline and 76 %346 and

19 % for a 12lay baseline respectively.
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(c) land cover types in image pairs with 3 (i), 6 (ii) H2(i) day temporal baselines. The x axis shi
the number of the image pairs in the time series and the y axis shows the level of coherence.
bar shows mean coherence and the upper and lower bounds of the box represent ted758"

percentile while the dashed black vertical bafsow the total spread of the coherence values.

The perpendiculabaselines of the 38 image pairs used in this study range betw2@h m

to +30 m for all but two image pairs. The temporal variability in the -EREday
perpendicular baselinegFigure 25), shows that image pairs with larger perpendicular
baselines (> 100 ngo have lower coherence on all 3 landfsie types, (e.g. INSAR pairs 9,
10 and 11in Figure 24). However, in line with previous studies (Rott and Siegel, 1996), this is
not as significanta factor in comparison with the universal decrease in coherence observed

on all land surface typeas the temporal baseline increas€Bigure 24). These results

35



Methods

confirm that coherence decreases as the temporal baseline of the SAR image pairagacreas
and furthermore decorrelation occurs more rapidly on land cover types with large rates of
surface dsplacement(Figure 24). This illustrates th@nportance of selecting SAR data with

a short temporal baseline when using coherence based techniques on ice covered terrain.
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Figure 25. Perpendicular baselines of all ER$day INSAR pairs used in the coherence study.

Interferograms are formed by multiplying the master SLC image with the complex conjugate

of the slave SLC image on a pixel by pixel basis. The interferometric phase signal, the phase
difference of the two images, contains a signal contribution from thBlE&K Q& OdzNIII {
topography, surface idplacement atmospheric delay and noise. For the purposes of this

study we make an assumption that the influence of atmospheric delay on the phase signal is
negligible because it is small relative to the phase difieeecaused by other factors such as

ice flow.

2.2.5.Flat Earth and Topographic Phase Signal Removal

The perpendicular baseline is calculated from the orbital geometry of the image pair in
order to estimate and remove the curved Earth phase signal fronintieeferogram Eigure

2-6). The topographic phase signal is also simulated from the orbital geometry, along with
the surface elevation retrieved froman auxiliary Digital Elevation Model (DEM) (ASTER,

2009) (Figure 27) which has a mean elevation error of +8.3 Tachikawa et al, 20)1The

magnituck of the topographic phase signal is dependent on the baseline of the image pair,
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with small baseline pairs having a low sensitivity and large baseline pairs having a high
sensitivity to the topographyThe phase sensitivity of an interferometric pairttpography
is calculated from the altitude of ambiguityhy), which is a function of the wavelengtk)(

and look angle of the sensor ), the altitude of the satellite platformR), and the

perpendicular baselineB() (Equation 1).

N
o

(1)

TheERSL and 2satellitesboth operated at a @and wavelength of 5.6 cm with a look angle
2F HocX YR ¢gSNB YIAYyGrAYySR G F YSFoyanl £ G A Gc
INSAR pair with 400 m perpendicular baselineach fringe would thereforeorrespond to

93 m of topographic phase signal, whereas if the perpendicular baseline was doubled to 200
m each fringe would represent 47 m of topographic phase signal. This demonstrates that
small baseline pairs hawelow sasitivity and large baseline pairs having a high sensitivity to
the topography.The consequence of this foneasuringthe grounding line is that error in
removing the topographic phase signal from the QDINnSAR image is likely to be larger for
image pairs wh a larger perpendicular baselineowever, aserror in the DEM is less than

10 m, it is unlikely that this uncertainty would lead to a residual error greater than one
INSAR fringe.
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Figure 26. a) Interferogram of Petermann Glacier with phase signal containing flat E
topographic, surfacelisplacementand residual noise components. b) Interferogram once flat E

phase signal has been removed.

interferogram of Petermann Glacier with phase signal containing onlgulface dsplacementand

residual noise components. Note, in regions outside of the DEM area the topograpke signal i

retained in the interferogram.

2.2.6. QDINSAR Formation

At the Petermann Glacier surfacasplacementis caused by ice flow and, in floating
sections, by ocean tides. We combine interferogram pairs to remove the common phase
signal causd by constant ice flow, forming a quadruple difference interferogram (QDINSAR)
(Rignot et al., 1998a)lhis method assumes that there is no difference in the horizontal
motion contained in each INSAR pair, for example, that there is no real speed up or
slowdown in the velocity of the ice stream observed in either interferogreminimised the
likelihood of introducing error caused by residual horizontal velocity differences by
combining INSAR images that were produced from data acquired with a temppeabsien

of a few weeks. Seasonal ice velocity change can occur on some tidewater glaciers within a
few weeks however, the ERS Ice Phase acquisitions took place during winter when rapid
increases in speed are unlikely to occur. Furthermaoie previous stugts have observed

any long term annual change in the ice velocity of Petermarterci€, reducing the

38



Methods

likelihood that a real change in ice velocity may have been observed and introdscal
error inthe QDINSAR imagd$.the ice speed signal is not fully removed from the QDINSAR
image then it isalsolikely to be more gradually distributed across the interferogram, rather
than concentrated at the grounding zone giving the appearance of additional fringes which
may lead o errors in measuring the location of the grounding lifidhe remaining phase
signalwhich | assume to be purely verticad, manifest as a dense band of interference
fringes at the boundary Weveen grounded and floating ice and caused by vertical

displhcement of the floating ice shelf by ocean tides.

2.2.7. Phase Unwrapping

| unwrapped the quadruple difference interferograms across the grounding zone to
calculate the absolute idplacementin the satellite line of sight. The phase unwrapping
procedure wa performed using the branch cut method (Goldstein et al 1988) which was
initiated from a seed location on the grounded portion of the ice stream in each differential
interferogram to ensure that there is no offset between the real and measured absolute
displacementsignal. It was not possible to initiate phase unwrapping in the same location in
all instances due to temporal decorrelation of the SAR imagery inland of the glacier
grounding zone which is lost over even short 3 arahy temporal baselines. éas of low
coherence also limit the areal extent of interferometric data in other locations, necessitating
the use of manually selected bridges to link areas of disconnected phase in some places. The
unwrapped surface idplacementwas converted from Line foSight (LOS) to vertical
displacementusing the satellite geometry and 23° look angle. The absolute vertical
displacementsignal measured the QDINSAR directly corresponds to the surface elevation

change between the two input interferograms.

2.2.8. Picking the Grounding Line from a QDINSAR Image

In quadruple difference interferograms the grounding zone is seen as a dense band of INSAR
fringes across the ice stream approximately perpendicular to the direction of ice flow. The
grounding line is picked byanually delineating the inland limit of tidal flexure as described

by (Rignot et al., 2014)igure 28). In order to improve the repeatability of ¢hresult and
ensure a consistent approach was applied to all dataaedst of protocols were followed

when manually delineating the grounding line.
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1. The interferogram is converted to a geotifiid loaded into a geographic informatic
system software package.

2. The grounding zone is visually identified in the interferogram by locating the d
band of INSAR fringes.

3.  Zoom in to the interferogram so the individual pixels are resolved, buhat the
first 3 fringes in the vicinity of the grounding line can still be resolved.

4. Manually pick a line along the most inland full INSAR fringe, selecting indi
points as frequently as possible.

5. Extract the latitude and longitude coordites at each of the points and export as

text file.

When a dsplacementprofile is extracted across the grounding zoRe&y(re 28), the inland
grounded ice shows no significant verticadplacement with a mean absolute variability of

3.7 cm, whereas the floating ice shelf seaward of the grounding line (green vdiriepal

shows over 1 meter of verticalgplacement
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Figure 28. Quadruple difference interferometric fringe pattern across the grounding zor
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Petermann Glacier. The grounding line location (green) is identified asahd limit of tidal flexure

as seen in a profile of differential vertical displacement (black) extracted along a transect (whit

The inland limit of tidal flexure is more difficult to identify in differential interferograms with
a lower fringedensity because the magnitude of the verticapmlacementsignal is smaller
however, the fringes that are present are spread over approximately the same grounding
zone width Figure 29). The grounding zone width is defined as the distance between the
grounding line, the inland limf flexure, and theseaward limit of tidal flexurevhere the
floating ice shelf reaches hydrostatic equilibrium with tbeean. This feature is clearly
visible in an interferogram as the inland and seaward limit of the dense band of INSAR
fringes Figure 28). The seaward limit of tidal flexure is manually delineated using the same
procedures used for picking the grounding line; however, there is greater uncertainty in the
location of the seawardflexure limit with respect to the inland limit because gradient of the
change in displacement is more gradual and occurs over a ~50 % longer diSignee2B).

This shows that for all differential tide amplitudes greater than #0.8he mean width of

the grounding zone is 4.Km with a 0.98km range of variability. For differential tide
amplitudes less than £0.3 m the mean width decreases to 818vkh a much greater 2.8

km range of variability.
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Figure 29. The width of the Petermann Glacier grounding zone measured from the QDINSAR |

shown relative to the modelled differential tide and the relative displacement of the floating ice
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measured in an unwrapped QDINSAR image.

The presence of fewer frges results in a less abrupt boundary at the inland limit of flexure
between the vertically deformed ice shelf and stable grounded ice. To investigate the
impact that fringe density might have on the accuracy of the grounding line location picked,

| scaledi KS 6 NI LILISR LIKF&aS airaaylrt Ay SIOK RATFFSNE
increase the number of INSAR fringBgy(ire 210). The groundingane is clearly visible as a
dense band of fringes across the ice stream in the original interferogfagure 210a);
however, as noise within the QEBAR image is scaled at the same rate as isf@atement

signal, this eventually saturates the QDINSAR image rendering the grounding zone
undetectable Figure 210d). | phase scaled a number of the QDINSAR images until the fringe
density in the grounding zone was as high as possible before becoming obscured by noise
and then | repicked the inland limit of tidal flexure. When | compared the grounding |
locations delineated from the original and phase scaled DINSAR images | found that there
was no visible change in the grounding line location measufegli(e 210) therefore | used

the original hinge line location throughout the rest of this thesis.
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by 2 (b), 3 (c) and 4 (c) times the original value.

2.3 Overview of the DRDOT Method

The DRDOT processing chakiggre 211) is broken down into five core suhodules
including reading in the TerraSARSLC data, masking and then coregistering the SLC pairs,
intensity feature tracking and calculation of differeadtirange direction offsets and finally

picking the ice sheet grounding line.
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image & parameter file offsets from orbit master based on
metadata and SLC image info offsets
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Precise Orbit ‘l/ Refine initial and polynomial
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DEM & Make offset correlating image image
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Mask of fast Resize mask to be Calculate offsets masterf;Jsing new
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same size as input hol
moving ice SLC across whole \
areas mage e Coregister all 5. Calculate
Make raster of image intensity SLC’s to 1%tintime i )
resized mask cross correlation series Differential
offsets Master and
Mask master and J, Calculate mean slave power
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differential displacement
Convert offsets Scale range direction image
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image to (m/day) image pair SNR image

displacement map

Figure 211. An overview of the Differential Range Direction Offset Tracking (DRpOdgssing

chain.

The DRDOT method is comprehensively documented in the results Chapter 4 as described in
Table 22.

Table 22. Section references where a comprehensive description of the DRDOT methods are -

DRDOProcessingviodules Chapter Section
Read in data 4 4.4.1. Synthetic aperture radar data
alal {[/ Qa 4.5.1. Tracking ice motion

4.5.1. Trackingce motion

4.5.1. Tracking ice motion

4.6.1.1. Differential range direction offset
tracking

4.6.1.2. Delineating the grounding line

Coregistration
Intensity feature tracking

Differential range direction offset trackin

A B ~AB D

Picking the grounding line

2.4 Overview of the CryoSat-2 Method

The CryoSa2 processing chairF{gure 212) is broken down into three core suhodules
which include preprocessing correatn and gridding, iterative plane fit and grounded ice

boundary delineation suinodules.
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Figure 212. An overview of the CryoSaiprocessing chain.

The CryoSa2 method is comprehensively documented in the results Chapter 5 as described
in Table 23.

Table 23. Sectionreferences where a comprehensive description of the Crhp8mthods are

found.
CryoSat2 Processinglodules Chapter Section
Correction and gridding 5 5.3. CryoSa? data
Iterative plane fit 5 5.5.1. Computing ice sheet surface slope
Grounded icdoundary delineation 5 Sl.g)‘.)i. Identification of the break in surfac
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Chapter 3

Grounding line migration from 1992 to 2011 on Petermann Glacier,
North West Greenland

3.1. Abstract

We use satellite radar interferometrip investigate change in location of the Petermann
Glacier grounding line between 1992 and 2011. The location was identified in 17 quadruple
difference interferograms produced from ERR data - the most extensive timeeries
assembled at any ice streano tdate. There is close agreement (20.6 cm) between
interferometric vertical csplacementand relative tide amplitudes simulated by the AODTM

5 Arctic tide model. Despite reported ice shelf thinning and episodes of large iceberg
calving, the location of thd.4 km wide groundling zone has remained stable over the 19
year survey period, with no obvious trend over time. Of the £0.03 km grounding line
migration observed we estimate that 3% can be attributed to change in tide amplitude;
however, all of the observed horizontal displacement can be accountedf 2 £ 3n of ice
thickness change which is modest (28) in comparison with observed local terrain
variability. We estimate that the Petermann Glacier grounding line position can only be
determined with an accuracy of 81, reinforcing the importance of repeatedly measuring

grounding line locations when attempting to measure advance or retreat over time.

Over the 19year period, thegroundng line position varied by 6.km, on average, witimo
significant trend over time. Although ital forcing explains a fraction (34 %) tie
movement, localised variations in the glacier thickness could explain it all were they to alter
the glacie® hydrostatic balance as they advect downstregna hitherto unconsidered
possibility that would reduce the precision with which changes in grounding line position

can be detected.
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3.2. Introduction

Ice losses from Greenland and Antarctica have increased rapidly over the recent decades
by 278 % and 148 %espectively since 1992 and the most pronounced changes have
occurred in places where the ice sheets are grounded well below sea level (Shepherd et al
2012). Such marinbased and maringerminating ice sheet sectors are particularly
vulnerable to envbnmental change, because they are in contact with atmospheric and
oceanic masses that are relatively warm, where modest changes in temperature can melt
and destabilise the ice. In the most rapidly changing regions, such as the Amundsen Sea
sector of WestAntarctica and Jakobshavn Isbrae in Western Greenland, warm ocean
currents have triggered glacier retreat (Park et 2013), leading to increased rates of ice
flow (Joughin et a]2014a) and ice thinning (McMillan et.al014) far inland. Elsewhere, at

the Antarctic Peninsula, for example, changes in air temperature are believed to be a driver
(Scambos et g12000) of ice shelf collapse (Rott et,d996) which, in turn, has also
triggered drawdown of inland ice (Rignot et.,a2004). Ice sheet groumig lines are
therefore a sensitive indicator of dynamic instability, and modelling the rate and spatial
pattern of future change remains one of the most significant challenges limiting the

accuracy of sea level rise projections (Church.ep@l3).

An ce sheet grounding line is the junction between an ice shelf which floats on the ocean
surface, and the ice sheet which is grounded on bedrock. In reality the grounding line is a
transitory feature with a location that can fluctuate on short (sddily) tmescales, for
example due to the effects of ocean tides which alter the proportion of ice that floats. The
grounding line is located at the base of the ice sheet whereas the hinge line location is the
manifestation of this feature at the ice surface. Altlghh there may be a small lateral
variation in the position of the hinge and grounding line locations we can infer from elastic
beam theory that their migration rates are directly correlated therefore tracking either is an
accurate measure of grounding lingotion or stasis (Rignot, 1996). Both junctions lie within

a region called the grounding zone, which can be up to a fdemktres wide in the
direction of ice flow depending on factors such as bedrock topography and tidal amplitude.
The grounding zone & critical importance for ice sheet stability, because it determines the
rate at which ice is discharged into the oceans from inland (Schoof, 28QRAg absence of

pinning points, gounding lineretreat leads to a reduction in the resistive force agtito
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restrain the grounded ice, and consequently an increase in the rate of ice discharge. These
effects have been observed and simulated (Joughin .e2810) to rapidly propagate ice
drawdown from further inland. Relatively modest changes at the termfroutlet glaciers

can therefore have a marked impact on the wider ice sheet mass imbalance.

Although ice sheet grounding lines can be detected using ground based techniques, such as
kinematic Global Positioning System measurements of tidal flexuregflday 1995), they

can be logistically difficult or impossible to access, and the high cost of repeated surveys
limits the practicality of this approach on large scales. Because of this, techniques based
upon satellite observations have emerged as an aléwe solution, enabling relatively

large quantities of data to be regularly acquired. Three independent Earth observation
techniques have been employed to date; the detection of shadow caused by the break in ice
sheet surface slope in optical imagery @ohadler et al., 2011), and the detection of tidal
motion in quadruple difference interferometric synthetic aperture radar (QDINSAR)
observations (Goldstein et al., 1993) and repeat satellite altimeter measurements (Fricker
and Padman, 2006). It has beshown (Rignot, 1998a) that the technique of QDINSAR is
capable of detecting grounding line locations with fine (30 m) spatial resolution and with
high precision. However, the temporal sampling frequency of the technique is limited,
because of the relativéenfrequency with which suitable SAR image triplets are acquired;
typically, at least three SAR images acquired within a few days are needed. The most useful
QDInSAR data were acquired during periods when the two European Remote Sensing (ERS)
satellites wee orbiting in 3day and tandem repeat cycles, between 1991 and 1992, 1993 to
1994, in 2011, and between 1995 and 1996, respectively.

3.3. Petermann Glacier Study Area

Petermann Glacier is a large marine terminating ice stream located on the North West coa
of the Greenland Ice Sheet at 81°N and 62Aigyre 31). It drains around 4% of the total

ice sheet area (Munchowt al., 2014) and is one of only seven ice streams in Greenland
with a permanently floating section (Moon et al., 2012). Inland, Petermann Glacier is
grounded on bedrock more than 300 m below present day sea level and its 1280 km
floating ice tongue flow through a steep sided, 20 km wide fjord into the Hall Basin in the

Nares Strait. Satellite observations of surface elevation change inland of the Petermann
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Glacier grounding line show a moderate rate of thinning (0.3 m/yr) for the period 2003 to
2007, ofwhich 50 % is directly attributed to a negative surface mass balance anomaly
(Pritchard et al., 2009). Episodic calving events in 1992, 2010 and 2012 (Nick et al., 2012,;
Munchow et al., 2014), have decreased the length of the floating ice shelf by ~40 %.
However, there is no evidence to suggest that these calving events are occurring with
greater frequency, or that they have affected the glacier speed, which has remained steady
at ~1 km/yr in the fastest regions (Nick et al., 2012). This is in part becauBetermann
Glacier, high rates of channelized basal melting remove the vast majority (80 %) of floating
ice before calving can occur, making-amean interactions the dominant control on ice
mass imbalance (Rignot and Steffen, 2008). Althoughtsdmpd studies confirm that there

is sufficient heat available within the fjord waters to drive the rapid rates of basal melting
inferred from satellite observations (Johnson et al., 2011) it is not certain whether potential
changes in ocean temperature, miginor sea ice cover might lead to additional melting
potential, fuelling speculation that a warming ocean could trigger future grounding line

retreat on Petermann Glacier (Johnson et al., 2011; Nick et al., 2013).
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Figure 31 Map of Petermann Glacier, a marine terminating ice stream in North West Greenlan
ice stream is shown by an ERSynthetic aperture radar image, and flows from the bottom to toy
the image. The approximate grounding line is shown in red, dlomgtransects are marked i
white, the calving front is shown in cyan, and ICEBridge Hiigintl (West) and 2 (East) separated
2.9 km is shown in blue. Also shown are the seed locations chosen for interferometric
unwrapping (yellow), and for tideodel heights (green). The inset shows the location of Peterr
Glacier in Greenland and the location of the start and end points of the fjord (red) and Nare:

(blue (North) and green (South)) tide model transects.

50



QDINnSAR Results

3.4. Data and Methods

3.4.1. Synthetic aperture Radar Data

Maintaining interferometric phase coherence in repeat pass SAR acquisitions is challenging
over ice covered terrain, because the surface rapidly deforms due to the ice flow and in
response to changing meteorological eventshsas snow deposition and redistribution and
melting. The nominal 3R & 2NBAG NBLISIG LISNA2R 2F (GKS
European Remote Sensing (ERS) 1 and 2 satellites is typically too long to acquire viable (i.e.
coherent) repeatpass interferometric data over ice, and so both platforms have been
moved into shorter repeat orbits during campaigns dedicated to this purpose. Between
28.12.1991 to 30.03.199ERSL was placed in a-8ay orbit repeat cycle (termed the first

ice phase) and, after theuscess of this campaign, it was repeated in 1993/4 and in 2011 in
order to acquire repeat measurements over Greenland and Antarctica. SAR data acquired by
ERSL and 2 between 21.03.1995 ar@b.06.1996, when both satellites orbited in tandem
35-day repeats,separated by day, is also suitable for interferometry over ice covered
regions as the short temporal baseline allows phase coherence to be maintained between
SAR images acquired from both sensors. Here, we used BR$2 data acquired on track

12, frame 1953 over Petermann Glaciduring all 3day ice campaigns and thedhy
tandem campaign, between 1992 and 20Thljle 31), to produce measurementsf the

grounding line location.
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Table 31. Details of all SAR data used in this study, including sensor, track number, acquisitio
and temporal baseline. The data are listed in rows identifying each SAR diament of the 17
guadruple difference interferograms used to detect grounding line locations (identifiable as C
through GLL_17).

GLID Sensor | Track | Master1 | Slave 1l | Master 2 | Slave 2 | Temporal
No. Date Date Date Date Baselines
GLL_01] ERS 12 19920207| 19920210| 19920210| 19920213 3,3
GLL 02 ERSL 12 19920210 19920213| 19920213| 19920216 3,3
GLL_ 03 ERS 12 19920213| 19920216| 19920216/ 19920219 3,3
GLL 04 ERSL 12 19920216| 19920219| 19920219| 19920222 3,3
GLL_ 05 ERS 12 19920219| 19920222| 19920222| 19920225 3,3
GLL_06 ERSL 12 19920222| 19920225| 19920225| 19920228 3,3
GLL_07 ERSL 12 19920225| 19920228| 19920228| 19920302 3,3
GLL 08 ERS 12 19920228| 19920302| 19920302| 19920305 3,3
GLL 09 ERSL 12 19920302| 19920305| 19920305| 19920308 3,3
GLL_10 ERS 12 19920308| 19920311| 19920311| 19920314 3,3
GLL_11] ERSL 12 19920311| 19920314| 19920314| 19920317 3,3
GLL_12 ERS 12 19920314| 19920317| 19920317| 19920320 3,3
GLL_13 ERSL/2 12 19951028| 19951029| 19960229| 19960301 1,1
GLL 14 ER®2 12 20110603| 20110606| 20110606| 20110609 3,3
GLL 15 ER®2 12 20110531| 20110603| 20110606| 20110609 3,3
GLL_16 ER 12 20110516| 20110522| 20110519| 20110525 6, 6
GLL_17 ERS 12 20110531| 20110603| 20110603| 20110606 3,3

3.4.2. Quadruple Difference Interferometry

We processed ERISand ER8 data from raw to Single Look Complex (SLC) images using
precise Department of Earth Observation and Space Systems (DEOS) orbit ephemerides
(Scharroo and Visser, 1998) when available. Temporally sequential St&C amakslave

image pairs were formed from ERSand 2 data acquired prior to 1997gble 31).
However, failure of the ERSgyroscope in 2001 (Rosiehal., 2001) resulted in larger and

less stable Doppler centroid frequencies, and so it is not always possible to pair temporally
sequential images in data acquired during the latter period. To achieve high interferometric
coherence low Doppler centroidifferences are required to ensure sufficient spectral
overlap, therefore in 2011 SLC image pairs were formed when the Doppler centroid
difference was less than 800 Hz and when temporal baseline were less than 9 days. Each
SAR image pair was -cegistered using common features in the backscatter intensity
images, with the aid of initial eegistration offsets determined from the orbital state
vectors. Assuming that the influence of atmospheric delay on the phase signal is negligible,

the interferograms computed from each SAR image pair contain signal contributions from
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GKS 91 NIKQa OdzNIII ( dzNBpEcemehfiaiviiNds hdise& We dimfilRteda dzNJF |
the Earth curvature and topographic phase signals using the orbital geometry of each SAR
image pairand using a digital elevation model (DEM) generated from ASTER data. These
signals were then subtracted from the smoothed interferograms to reduce noise and then
isolate the surface idplacementphase signal. At the Petermann Glacieispthcementis

caugd by ice flow and, in floating sections, by ocean tides. We then combine interferogram
pairs to form quadruple difference interferograms (Rignot et al., 1998a) which removes the
common signal due to constant ice flow which is relatively stable over gietbds in
comparison to tidal motion. The remaining phase signal, which is manifestieissa band

of interference fringes at the boundary between grounded and floatinghagu(e 32), can

be attributed to vertical surfaceisplacementcaused by ocean tides. We unwrapped the
guadruple difference interferogram phase signal across the glacier grounding zone using the
branch cut method (Goldstein et .al 1988) to calculate the absolute differential
displacemenin the satellite line of sight. It was not possible to initiate phase unwrapping in
the same location in all instanceBigure 31) due to temporal decorrelation of the SAR
imagery inland of the glacier grounding zone, which also limited the extent of
interferometric data in other locations, necessitating the use of manual bridges to link areas
of disconnected phase in some places. Finally we compuldterential vertical

displacemenfrom the unwrapped phase using the satellite geomefig(re 32).

3.4.3. Picking the Inland Limit of Tidal Flexure

We identified the Petermann Glacier grounding line locatiéigyre 32) by manually
delineating the inland limit of tidal flexure, as described by Rignot et al., (2014). In
longitudinal profiles Figure 32) grounded ice shows no significant verticapllacement in
contrast to the floating ice shelf, whickhows a relative displacement of up to 149 at

times of extreme tidal difference. Across the 17 quagae difference interferograms, the
grounding zone is marked as a ramp of between 7 and 47 interference fringe cycles, and
there is a strong (R= 0.94) positive correlation between the fringe density and magnitude

of the vertical dsplacemenimeasured.
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Figure 32 Quadruple difference interferometric fringe pattern across the grounding zone
Petermann Glacier. The grounding line location (green) is identified as the inland limit of tidal

as seen in a profile of differential vertical displacement (black) extratbed a transect (white).

3.4.4. Tide Model Intercomparison

To assess the accuracy of the verticabpthcement measured in the differential
interferograms, we compared the magnitude of the signal with differential tides calculated
from the AODTNMb Arctictide model (Padman and Erofeeva, 2004). For this comparison, we
assume that vertical idplacements solely caused bycean tides, and is therefordirectly
comparable. The landward extent of the AODBNde model domain ends 71 km from the
Petermann Gleier grounding lineKigure 33) which, for the majority of our survey period,

is seaward of the ice shelf calving front. Consequently, it is not possible to obtain tidal
predictions at locations present in the interferometric data. To assess the impact of this
mismatch, we examined thepatial variability of modelled tides at the time of each SAR
image acquisition in the Petermann Glacier fjord and the open ocean, fronk#fieBasin
towards the Kennedy (South) and Robeson (North) Channels in the NaresFigaié 33).
Within the fjord, the AODTM model predicts tides in the rang€.6 to +1.1 m, with a
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variabilityof less than 1m along each transect. In the open ocean, thegicted tidal range

to the North of the Nares Strait is slightly smaller, at just under 1.7 m, whereas to the South
it is considerably larger at over 3.6 m. The dispersion of predicted tides is relatively large in
the open ocean, at 10 and 18ndo the Notth and South, respectively. North of the fjord,
tidal range decreases with distance, whereas to the South it increases. Taking the spatial
variation of tides into account, we estimate that tidal amplitudes at the Petermann Glacier

ice shelf will be withil an of those at the closest available model grid cell.
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Figure 33 Ocean tide amplitude in the Petermann Glacier fjord (red), and to the North (blue

South (green) of the fjord in Nares Strait, as predicted byADBTM5 Arctic tide model. Each lir
shows tidal amplitude at the time of the ERS SAR acquisitions used in this study along lonc
transects in the three different regions (deéigure 31). The AODTM tide model domain begins 7

km from the grounding line.

We compared tidal amplitudes at the AOD-BVmodel grid cell closest to the front of the
Petermann Glacier; 81.2° N§2.2° W Figure 31) to vertical displacements recorded in the
interferometric data Table 32). Differential tides were computed (Equati@pas the linear
sum and difference of model tides on the dates and tinteab(e 31) of each individual SAR
acquisition used to produce each quadruple differential interferograiable 32). Although
modelled tidal amplitudes at the times of the SAR acquisitions 4pam in range, from

0.5 to +1.0 m, the spread of the modelled differential tides is, at 2.21n® ¢o +1.2 m),
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considerably higher, indicating that the displacement of flogtice recorded in differential

interferograms is large relative to the range of absolute tide amplitudes

o0 Y O pb Y @)
O Y Do Y

00 Y

Table 32. Table showing the modelled ocean tide predicted by the AGDAkttic tide model fol
the date and time of each SAR acquisition, the total modelled differential tide calculated fro
data using Equatior2. Thevertical displacement measurdry QDINSAR ahe floating ice shelf it

also shown for comparison, along with the grounding line location ID.

Master 1 Slave 1 Master 2 Slave 2 Differential QDINnSAR
Modelled Modelled .
. Modelled ) Modelled Modelled Vertical
GLID Tide . Tide . . .
(MIMT) Tide (M2MT) Tide Tide (DMT) | Displacement
| ST | T seMym) | (m) (m)

GLL 01 0.59 0.02 0.02 -0.21 -0.34 -0.80
GLL_02 0.02 -0.21 -0.21 0.59 -1.02 -0.86
GLL_03 -0.21 0.59 0.59 1.10 0.29 0.35
GLL_04 0.59 1.10 1.10 0.36 1.25 1.43
GLL_05 1.10 0.36 0.36 -0.14 -0.24 -0.14
GLL_06 0.36 -0.14 -0.14 0.07 -0.72 -0.98
GLL_07 -0.14 0.07 0.07 0.58 -0.30 -0.35
GLL_08 0.07 0.58 0.58 0.87 0.22 0.25
GLL_09 0.58 0.87 0.87 0.56 0.60 0.93
GLL_10 0.56 -0.08 -0.08 -0.11 -0.61 -0.56
GLL 11 -0.08 -0.11 -0.11 0.76 -0.91 -1.24
GLL_12 -0.11 0.76 0.76 0.94 0.69 0.96
GLL 13 0.03 0.38 0.17 0.01 -0.52 -0.67
GLL 14 0.17 0.65 -0.56 0.17 0.24 0.20
GLL 15 0.65 0.35 -0.56 0.17 1.02 1.13
GLL 16 0.53 0.70 0.70 0.02 0.85 0.68
GLL_17 0.35 0.65 0.65 0.17 0.78 0.68

3.5. Results and Discussion

3.5.1. Ice Shelf Relative Displacement

We compared modelled tidal differences to the relative displacement of the Petermann
Glacier ice shelf, as recorded in each quadruple difference interferogram, along seven
streamwise transects bisecting ¢hgrounding zoneHigure3-4). On the inland (grounded)

ice there is very little verticalisplacement and the mean range of relative heights is 3.7

2.0 cm which is attributed to error in the QDINSAR vertical displacement measurement. In
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contrast, relative displacement of the floating ice shelf is much larger due to the effects of
the ocean tide, and spans a range of 2.8 m over the study period.alvirere is close
agreement between the magnitude of the ice shelf relative displacement and the size of
differential tides predicted by the AODTFMmodel, with positive or negative displacements
recorded at times of high and low differential tides, respvely. Across the boundary
between grounded and freelffoating ice, there is aapid change in vertical displacement in

all 17 interferometric éplacementprofiles Figure3-4 and Figure 35). The zone of tidal
flexure is on average 4.4 + 0.8 kmide; however, the relatively large range of 2.8rkis
caused by 3 outliers that correspond to low (< 0.5 m) observed tide amplitudteeugh

the change in slope is most abrupt at times of high relative displacement, the transition
between grounded and floating ice remains distinct in all profiles, allowing the grounding
line to be located as the landward break in surface slope acr@sgdhe of ice shelf flexure
(Rignot et al., 1996). The displacement profiles indicate that there has been no significant
change in position of the Petermann Glacier grounding zone and the landward limit of

flexure over the 19ear survey period.

Grounded Floating
1.5F —GLL 01
—GLL 02
—GLL 03
—GLL 04
—GLL 05
-GLL 08
GLL 07
GLL 08
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GLL 12
GLL 13
—GLL 14
—GLL 15
—GLL 16
—GLL 17

Vertical displacement (m)
o

13 5 10 15

Distance along transect (km)
Figure 3-4. Relative vertical displacement along a flbme profile of the Petermann Glaci

grounding zone measured using 17 quadruple difference interferometry &ée 31). Alsoshown
(coloured dots) are relative tidal amplitudes at the same epoch as determined from the AD
model Arctic Ocean tide model. Between 0 andnd tkere is novertical displacemen indicating

that this section of the glacier is grounded on bedrock. However, framah& farther seaward, ug
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to 1.5m of relative displacement are recordeddicating this section of the glacier is influenced

the ocean tide and therefore floating.
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Figure 35. Zoomed in view of the relativeertical displacement along a flekne profile of the
Petermann Glacier grounding zone measured using 17 quadruple difference interferomet
Table 31).

3.5.2. Tide Model Validation

We compared the modelled differential tide amplitude with the QDInSAR vertical
displacementto assess the degree to which the datasets agree. For this comparison, we
used estimates of relative verticalsplacementdetermined from the interferometric data

in an area of the glacier floating freely and just seaward of the grounding line location
(Figure 31). Thereis a strong (& 0.95) positive correlation between the modelled tidal
difference and the relative verticdisplacemenbf the floating ice, and the mean difference

is only 16.8 + 20.6ne (Figure 36). Weestimate that 0.9 m of this difference is caused by
spatial variability othe tide in the 70km section of the fjord separating the locations of the
tidal prediction and the interferometric data, and that 3.7 of the difference is caused by
error on the interferometric measurement. The remaining difference could arise through
errors in the tidal predictions, or through other factors affecting the vertical displacement of
the ice shelfg for example atmospheric pressure variations or #imal changes in local sea

level height. It is also possible that the Petermann Glacieshedf is not freely floating in
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hydrostatic equilibrium with the ocean; howevyehe strong correlation between modelled
and observed tides indicates that this is the case. The strong relationship and small
difference between both datasets indicates thaettide model predicts both the phase and

the amplitude of the ocean tide to within 12.2nc
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Figure 36. Comparison between ocean tidal amplitude differences, as determined from the AC

5 Arctic tide model (Padman anBrofeeva 2004), and relative vertical displacement of
Petermann Glacier ice shelf, as determined from quadruple difference interferometry (black j
Error on the QDINSAR vertical displacement measurement is quantified as the maximum r
vertical motion measured on the stable grounded portion of the ice stream. Also shown

difference (anomaly) between the two measurements (red crosses).

Accurate estimates of ocean tides are required for many glaciological applications, including
analysisof ice shelf thickness changes using satellite altimetry (Shepherd.,e2043),
assessments of ice sheet mass change using satellite gravimetry (Velicogna and Wabhr,
2013), and for characterising patterns of ice shelf basal melting derived from satatlde
interferometry (Joughin and Padman, 2003). Direct observations of ocean tides are,
however, sparse, anché certainty of ocean tidal predictions is limited by the paucity of
bathymetric data (Padman et al., 2002). These problems are especiallyymcew at the

ice sheet margins which are relatively inaccessible, and which often exhibit rugged and

steep bathymetric slopes. Satellite observations have been used to evaluate ocean tide
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model predictions in such remote and inaccessible regions. For dgampghe Weddell and
Amundsen Seas, modelled ocean tidal differences have been shown to deviate from
observations of ice shelf relative displacement byn® on average (Fricker and Padman,
2002; McMillan et al., 2011). Because there are few floatingsiwves in the Northern
hemisphere, an assessment of the utility of ocean tide models for glaciological applications
in this region has been lacking. Our assessment that tides predicted by the A Dibidlel

differ from the observed displacement of the Banann Glacier floating ice shelf by 16.8
cm, on average, confirms, therefore, that ocean tide models perform comparably well for
glaciological applications in the Northern hemisphere as they do in the Southern

hemisphere.

3.5.3. Grounding Line Migration

Although there has been clear movement of the Petermann Glacier grounding line since
1991, a progressive retreat or advance has not occurred, and its relative shape has
remained broadly constant over the I@ear survey period, with prominent meanders
presert in each set of interferometric datd{gure 37). Themost distinctive features are the
inland-pointing notches on the Nortitastern and SoutkVestern margins of the ice stream,
which is in line with observations showing that the ice is thicker towards the centre of the
glacier (Joughin et al., 1999) as le tcase in other fast flowing ice streams. The furthest
inland grounding line locations we have recorded occurred in February 1992 (GLL_04) and in
May 2011 (GLL_15). Relative to these positions, grounding lines recorded at other times are
located up to seeral kilometres downstream, and there is no obvious progression through

time.
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Figure 37. Petermann Glacier grounding line measured between 1992 and 2011. Each coloul
represents a grounding line produced from quadruple difference interferometry at distinct

periods (sedable 31).

To characterise the temporal variability of the Petermann Glacier grounding line location,
we measured the relative grounding line position alongrahsects perpendicular to the
groundingzone in all 17 quadruple differential interferogranisgure 38). Over thel9 year

study period, the mean absolute variability of tgeounding lingposition was 0.5 + 0.0m.

The maximum range of grounding line locations was T With the most inland and
seaward positions measured .1 kn and +4.9 kn from the midpoint, respectively. Both
extremes occurred at the northern edge of the glacier, along transect 7, which bisects the
broadest section of the grounding zone. Elsewhere, the range (2.8 km) and variability (0.3
0.4 km) of grounding line positis are considerably lower. This demonstrates that, while
the mean grounding line variability is relatively low, this does not preclude large, isolated,

movements, and so sparse temporal records should be analysed witlifFigtee 38).
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Figure 38. (a) Distance of grounding line relatit@ the start of 7 streanwise transects straddlin
the Petermann Glacier grounding zone (Begure 31) betweenFebruary 1992 (GL1) and June 2(

(GL17). (b) Histogram of relative grounding line positions.

If the observed variability in grounding line position is attributed to a progressive change
over time, the average gumding line retreat would be 0.8Bm, equialent to an average
retreat rate of 43 myr ¢ in linewith estimated rates of 120 nyf grounding line retreat over

the Holocene inferred from the geological recq@onway et al., 1999), but twarders of
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magnitude lower than those recorded in regionsamntemporary imbalancePark et al.,
2013). However, there is magnificantcorrelation between grounding line location and time
(Figure 29), which siggests that the Petermann Glacier has remained relatively stable over
the past 19years despite the occurrence of large calving events (Nick et al., 2012) during
the same period. Although the presence of a modest secular trend in grounding line position
cannot be ruled out, the absence of a direct correlation suggests tiha is not the
dominant controlling factor and therefore the observed variability may be due to factors

other than ice dynamical imbalance.
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Figure 39. Change in grounding line position over tibetweenFebruary 1992 (GL1) and June 2(
(GL17).

3.6. Drivers of Grounding Line Migration

The position of an ice sheet grounding line is influenced by many factors, including the
bedrock geometry, basal friction, ice shelf buttressing, ice thickness, ice velocity and ocean
tides (Thomas, 1984). Although progressive grounding line retreat hexs dleserved over
annual to decadal timescales as a consequence of ice thinning following ice shelf collapse
(Rack and Rott, 2004) and sustained ocdawen melting (Park et al., 2013), the location
also changes over shorter (sdlaily) timescales due to ther factors¢ notably the vertical
displacement caused by ocean tidésgure 310). Whileground based observations show

that the inland limit of ticl flexure at the glacier surface does not necessarily fall directly
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above the grounding line (Smith, 1991), in elabig@am theory the point of minimum
deflection does, and changes in hinge line position are often taken as a proxy for changes in
grounding line location (Rignot, 1996). The magnitude of tidaliyuced grounding line
displacement depends primarily on the bedrock slope and on the tidal range, and previous
studies have shown that ocean tides can cause over 130 m change in grounding liru positi

at the Filchner Ronne ice shelf (Smith, 1991). Other factors, such as localised, temporary ice
thickness changeadvected downstream, may also lead to shtmtm changes in grounding

line position Figure 310).
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Figure 310. lllustration of grounding line migration caused by (a) change in ocean tide amp
and (b) change in ice thickness.
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Given that such a sing relationship exists between ice shelf vertical displacement and
ocean tides at Petermann Glacidfiqure 36), we conclude that the floating section is in
hydrostatic equilibrium with the surrounding ocean, meaning that the grounding line
position ought to be sensitive to short term changes in sea surface height. Moreover,
because the Petermann Glacier grounding hias moved forwards and backwards on many
occasions over our survey period, it seems likely that a sieom forcing is responsible for

the observed migration. To examine this possibility, we use a simple geometrical
relationship to simulate the effectsf shortterm fluctuations in ocean tide and glacier ice
thickness on the position of the grounding line (Rignot, 1998b). In this formulation (Equation
3), grounding line positionsy) migrate back and forth with time by following changes in

ocean tide §) and ice thicknes&Q.

) P : Q 3

where "> 0 for thickeningew> 0 for hingdine retreat, alpha and beta are the surface and
basal slopes, respectively, counted positive upward, 'ané@nd” are the densities of sea
water (1027.5 kg ) and ice (900 kg ), respectively. Using this relationship, changes in
grounding line position associated with changes in tide and thickness can be simulated,

independently.

To estimate the surface and bemk slopes and the potential scale of shtmtm
fluctuations in glacier thickness, we used geometry data acquired along two strésen
profiles on Petermann Glacier in 2010 by tthNASA Operation Ice Bridggirborne
Topographic Mapper (ATM) lidar anBlultichannel Coherent Radar Depth Sounder
(MCoRDS) (Allen, 2013lthough the ice surface elevation is similar in both flight lines
there are large differences in the elevation of the ice b@Sgure 311). Alongthe western
flight-line, there is an abrupt 420 m change in the elevation of the glacier base over a 2.6 km
distance, in sharp contrast to the eastern flidime where the step is only 75 m ovar
similar distance Figure 311 a and c). TheViCoRDSnstrument detects the icédedrock
interface on the grounded portion of the ice stream and the;@meean interface on the ice
shelf, therefore the ice base only represents the bedrock topography inland of the

grounding line. We calculated ice surface dwetlrock slopes along a 4.4 km section (the
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mean width of the flexure zone) of each fligite centred on the most inland grounding
line position measured from the interferometric dat&igure 311). The estimated ice
surface and bedrock slopes from the western flighe are 0.83% aneD.11%, respectively,

and from the eastern flighline they are 0.94% and 0.42%, respectively.
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Figure 311. Ice surface (blue line) and ice bottom (grey line) elevation measured along ad
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western (a) and eastern (c) streamise profiles of the Petermann Glacier (d&gure 31 for
locations). The spread of grounding line positions measured in this study are highlightec
shaded area). Regions over which the surface and bedrock slopes are computed (see |
highlighted by a thick black line (a, c). Also shown (red dashed line) is a polynomial fit to
surface elevation from which ice thickness anomalies (black line in b, d) in the vicinity

grounding zone are calculated.

We estimate that oceamides cause between 114 and 141 m grounding line movement at
Petermann Glacier for every metre of tidal displacement, and that fluctuations in ice
thickness cause between 100 and 123 m of grounding line movement for every metre
change. The spread of valuesflects differences in the ice surface and bedrock slopes
determined along the two flighlines. For comparison, the rate at which the Petermann
Glacier grounding line migrates through changes in tidal displacement or ice thickness is
approximately thredimes smaller than at the Pine Island Glacier in West Antarctica (Rignot

et al., 1998b), where the bedrock slope, in particular, is more pronounced.

We simulated the degree of grounding line migration caused by odiei®s by scaling
estimates of the dferential tide ¢) derived from the AODTM Arctic tide modelTable 32)

by eachof the tidal migration factors. The mean simulated tidafiguced gounding line
motion was 88 and 71 m along the western and eastern fliglets, respectively, and the
maximum was 319 and 259 m, respectively, attilhee of the minimum {1.02 meters) and
maximum (1.25 meters) modelled differential tiddsgure 312). By comparisonthe mean
actual grounding line variability measured along transects T1 and T2 adjacent to each flight
line was 193 and 281 m, respectively, indicating that, on average, the tides account for
around one third of the recorded movement. Based on the maxinexpected differential

tide range (4.4 m), we estimate that the Petermann Glacier experiences up to 560 m of
tidally-induced grounding line motion. This degree of motion is too small to account for the
range of grounding lingariability we have recorded-{gure 38). Moreover, when applied

as a correction, the simulated tidal motion does not reduce the variance in the observed
grounding line positionKigure 312), suggesting that ocean tides are not the dominant

cause of grounding line variability on Petermdalacier.

Fluctuations in glacier thicless also drive changes in grounding line position. First, we

computed the ice thickness change required to account for the observed grounding line
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variability using the scaling factors determined along the two fligtgs, to assess the
likelihood that ths may have occurred. The ice thickness anomaly required to account for
the observed mean variability in grounding line position is 2.2 £ 2.9 m, with a maximum
variability of 5.0 m and 10.7 m along the western and eastern flighs, respectively.
Although there is some evidence for modest long term change in dynamic ice thickness
(0.15 m/yr) on Petermann Glacier (Pritchard et al., 2009), there are significantly larger (x 25
m) streamwise fluctuations in the thickness of the floating sectidng(re 311), which

could potentially influence the location of the grounding line as they are advected
downstream. We computed the ice thickness anomaly byficing the mean polynomial

fit from the ice surface elevation profiles within a 40 km region centred on the 2011
grounding line Figure 311). The average variability was 7.1 to 8.1 m along the western and
eastern flightlines, respectively, with peak changes in the range 23.5 to 38.0 m. Were all of
the observed localised ice thickness anomaly to cause change in grounding line position, it
would be equivalent to a mean 0.9 + 1.2 km of motion, with a maximum range of 7.9 km
(Figure 312). While localised ice thickness change many not fuipdlate into change in
grounding lineposition due to the effect of lateral support from surrounding ice, the motion
attributed to the range of ice thickness anomalies is 94% greater than the observed mean
grounding line variability and is therefore suaféntly large to account for all the observed

motion.
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3.7. Conclusions

We have used estimates of Petermann Glacier ice shelf tidal motion derived from synthetic
aperture radar interferometry over the period 1992 to 2011 to assess the ability of the
AODTM5 Arctic oceantide model to simulate differential tides. The root mean square
difference between the observed and modelled differential tides is 20.6 cm, approximately
5 % of the tidal range in the Nares Strait, indicating that AOBTpovides reliable
predictions in his region. From the same data, we have also determined the location of the
Petermann Glacier grounding line on 17 different occasions using quasitiffdeence
interferometry ¢ the most comprehensive record for an ice stream to date. During this
period, the grounding line advanced and retreated on numerous occasions and, while th
average movement was just Okbn over the 19year period, the range of positions spanned

a 7.0 km distance. We conclude, therefore, that the Petermann Glacier is dynamidaléy sta
consistent with observations of only modest changes in the thickness of the grounded ice
inland (Pritchard et al., 2009), though in contrast to several ice streams on the-south
western coast of Greenland (Moon et al., 2012; Joughin et al., &014shg a simple

geometrical relationship, we estimate that one third of the observed variation in grounding
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line position can be attributed to the influence of ocean tides. On the other hand, all of the
observed migration could arise through modest (< 11 ogtélations in the glacier thickness
- one third of the variability that is typical of ice in the vicinity of the glaciers grounding

Zone.

Although the technique of quadrupldifference synthetic aperture radar interferometry
provides a precise estimate afe shelf tidal motion (to within 3.7 cm, on average) and of
groundirg line position (to within 81@n, on average), our analysis suggests that stesrh
fluctuations in grounding line position can be large in comparison. The impact of such
changes shouldbe taken into account when assessing grounding line migration over time;
for example, had our survey consisted of measurements acquired in 1992 and 2011 only,
the change in grounding line position couldvikabeen misinterpreted as a 2K3n retreat
acrossthe main trunk (T4, 4.8 times larger than the mean vability (0.5km) based on the
complete dataset. Moreover, at Petermann Glacier the degree of grounding line motion
associated with ocean tides and changes in ice thickness is relatively small wheared

to other locations (Padman et al., 2002; McMillan et al., 2014), and so the impact of short
term variations could be even larger elsewhere. To overcome this problem, grounding line
positions should be monitored on several occasions when attemptinguintify rates of

migration over time.
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Chapter 4

Differential Range Direction Offset Tracking (DRDOT): A Technique
For Measuring the Ice Sheet Grounding Line in Incoherent Synthetic

Aperture Radar Data

4.1 Abstract

Grounding lines are an important glaciological parameter, because they mark the lateral
extent of ice sheets and because their migration is a key indicator of dynamic instability.
However, a paucity of suitable data has limited the spatial and temporahextith which

they have been measuredVe present a technique for mapping ice sheet grounding lines
using differential range direction offset tracking (DRDOT) in incoherent synthetic aperture
radar data. We apply the technique to determine the grounding position on Petermann
Glacierusing a sequence of 11 TerraSABAR images acquired betweerf 28ne and 2%
October, 2009We find that the DRDOT technique is successful when predicted differential
ocean tide amplitudes are greater than 0.5 m, allogvus to detect the grounding line on 4
separate occasions with a lateral precisionO8 km Petermann Glacier also exhibited a
seasonal increase in the rate of ice flow of up to 20.5% over the survey period, which was
accounted for when tracking differential range offsefg1 intercomparison of the DRDOT
and quadruple difference interferometry ([NSAR) techniques shows good agreement with
the location and relative shape of the grounding line reproduced across the ice stream. The
mean position of the DRDOT grounding line varied by 0.8 km which was 44 % greater than
the mean variability observed b®DINSAR. HE DRDOT technique can be applied to
historical and future incoherent synthetic aperture radar data to complement
measurements determined from QDINSAR which, though more accurate, are spatially and

temporally sparse.
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4.2 Introduction

The gounding line marksthe boundary between bedrock, the floating ice shelf and the
grounded ice sheetHigure4-1). The position can fluctuate on short, sdhily timescales

due to the effects of ocean tides and localised ice thickness ch&iggpfer 3, and over

long, annual to decadal timescales when sustained ice thickness change occurs (Rignot et
al., 1998b; Park et al., 2013Jhe grounding line is of agal importance as it constrains the
lateral extent of the ice sheet margin and is used for determining the optimal location of
flux gate boundaries used in mass budget calculations. It is a sensitive indicator of ice sheet
stability and when change in groding line position is observed it provides important
information on the location and extent of dynamic imbalance (Rignot et al., 1998b; Park et
al., 2013; Rignot et al., 2014) and can indicate the existence of ocean forcing mechanisms
(Dutriux et al., 204). Measuring the present day change in grounding line allows us to
better understand the contemporary ice sheet contribution to sea level rise, and to evaluate
the skill with which ice sheet models are able to simulate dynamical imbalance (Favier et al.,
2014).

The grounding line is located at the base of the ice sheet therefore it cannot be directly
measured by satellite Earth observation techniques. However, the ice sheet hinge line
defined as the inland limit of tidal flexure at the ice surfacan be observed from above
(Figure4-1). Although there may be small lateral variations in the location of the hinge line
andgrounding line their migation rates are similar, and it is assumed that measuring either

parameter is an accurate measuregrbunding linemotion or stasis (Rignot et al., 1998b).
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Figure 4-1. lllustration showing the location of the ice shagbunding line (GL), hinge line (H
break in surface slope (Ib) (adapted from Bindschadler et al., 2011).

Three independent Earth observation techniques have been used to measure the ice sheet
grounding line positionshadow in optical satellite imagefBindschadler et al., 20113nd
vertical displacement in both repeat track laser altimetry (Fricker and Padman, 2006) and
guadruple difference interferometric synthetic aperture radar (QDINnS&R)dstein et al.,

1993) An abrupt change in ice surfaceptraphy occurs at the boundary between the
steeply sloping grounded ice sheet and the flat ice sletfure4-1), and this is visible as a
band of tgographic shadow in radiometrically calibrated optical satellite data (Bindschadler
et al., 2011). The shadow boundary is used as a proxy for the grounding line, because in
regions of high basal drag the basal and driving stress balance, which in turolsdhe
location of the break in ice surface slope (Payne et al., 2004; Schoof et al., 2007). However,
in regions of low basal drag, such as ice plains (Brunt et al., 2011), a break in surface slope is

not always present, limiting the extent to which thechnique can be applied.

As an alternative approach, the hinge line can be detected as the limit of floating ice
displacement by ocean tides. Using altimetry, this technique has only been successfully
applied to data acquired by the Ice, Cloud, and |&belvation Satellite (ICESat) which was
limited by its short (6/ear) mission lifetime between 2003 and 2009 (Fricker and Padman,
2006). QDInSAR, which measures tidal displacement of the floating ice shelf with

centimetre-scale vertical accuracy and metseale spatial resolution (Rignot, 1998a), is to
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date the only technique which has been successfully used to monitor change in grounding
line position over time (Park et al., 2013; Rignot et al., 2014). However, the spatial coverage
and temporal density ofynthetic aperture radar (SAR) image triplets with a sufficiently
short temporal baseline (days) to maintain phase coherence on fast flowing ice streams is
sparse. This paucity of coherent SAR data has limited the extent to which changes in
grounding lineposition have been measured by QDINSAR, and even in the most frequently
observed areas such as Pine Island Glacier in West Antarctica, grounding lines have only
been measured 5 times over the last 25 years (Park et al.,, 2013; Rignot et al., 2014).
Consequatly, new techniques are required to fully exploit the satellite data archives to

improve the temporal and spatial coverage of grounding line measurements.

4.3 Study Area

Located on the North West coast of Greenland (81°N, 62°W), Petermann Glacieraé one
only 7 marine terminating ice streams on the Greenland ice sheet (Moon et al., 2012). It has
a large, 70 km long and 20 km wide ice tongue which is freely floating in hydrostatic
equilibrium with the oceanGhapter 3 (Figure4-2). Over the past 25 years, surface lowering
(Pritchard et al., 2009, Helm et al., 2014) and ice speedup (Moon et al., 2012) have been
observed on many fast flowing ice streamm South East and West Greenland. However, the
Petermann Glacier has remained relatively stable, with no significantteongice speedup

or thinning, despite the occurrence of large, episodic iceberg calving events in 1992, 2010
and 2012 (Nick et al2012; Munchow et al., 2014) or a progressive ice front advance
between 1992 and 2009-{gure4-2). Although large, the Petermann Glacier calving esent
are therefore symptomatic of its natural cycle (Falkner et al., 2011). A numerical model
simulation (Nick et al., 2013) has shown that the glaciers low sensitivity to change in
terminus position is partly because its relatively thin floating ice tongusubject to very

low lateral drag, and therefore does not provide substantial resistive force. Instead, the
dominant mechanism for its ice loss is basal melting by warm ocean water concentrated at
the grounding line (Rignot and Steffen, 2008), indicatheg any future dynamical change

will likely be triggered by changes in ocean conditions. However, an assessment of the
Petermann Glacier grounding line position between 1992 and 2011 using QDINSAR shows
that it has remained stable for the past two decad€hapter 3, confirming the absence of

dynamic instability prior to 2011.
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Figure 4-2. Map of Petermann Glacier in North West Greenland shown by arl Eg&thetic
aperture radar (SAR) backscatter intensity image. sfswn is a time series of ice stream calv
front locations (coloured lines), the tide model extraction point (green dot), a weather station |
triangle), the location of transects (white lines), polygons where ice speed was measured (a (
h (red)), and the 1995 grounding line determined from quadruple difference interferor
(QDINSAR) (thick black lin€h@pter 3. The direction of ice flow, and the TerraSARinge and

azimuth look directions are also annotated.

4.4 Data
4.4.1. Synthetic Aperture Radar Data
We used a time series of 11 TerraSARingldook slantrange complex (SSC) Synthetic

Aperture Radar (SAR) images of Petermann Glacier, acquired betweenthii28 2009
and the 299 October 2009 Table 41). The 30 km wide by 50 km long images were acquired
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in strip map mode HH polarization at a 41 degree incidence angle, on an ascending track
with a relative orbit mmber of 42. Each image was acquired at the TerraSABminal 11

day repeat period, apart from one date (1August 2009) when an image was not acquired.

A total of 9 image pairs were formed from the time series of SAR data. Tera&AR X

band SAR aellite operating at a central frequency of 9.65 GHz, with a 3.1 cm radar
wavelength, just over half that of-&and (5.6 cm) SAR sensors such aslERENVISAT and
Sentinetl. Phase coherence is more rapidly lost at high frequencies suclbasdXwhit

further reduces the number of interferometrically viable image pairs in comparison to C
band SAR. Preserving phase coherence on ice covered terrain is particularly challenging
because change in surface characteristics can occur within days due to nletgcab
effects such as snow melt, snowfall and blowing snow, and rapid surface displacement
caused by the flow of ice. Coherence images produced from the cross correlation coefficient
of each SAR pair confirmed that phase coherence is maintaineébahckover 11 days on
stationary mountainous areavowever, all 9 TerraSAK image pairs are incoherent on the
main trunk of the Petermann Glacier ice stream which flows at speeds greater than 1 km per
year. Because phase coherence is not preserved withinTéreaSAR time series, the
QDInSAR technique for detecting grounding line locations cannot be used on these data.
Instead, we develop a new technique for measuring the grounding line using thealeald

intensity information rather than the phase compamt of the SAR image.
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Table 41. Specification of all TerraSARSAR data used in this study including; grounding line pe
master and slave image acquisition dates and day of the calendar year, tide ampgiktrdeted
from the AOTINMb Arctic Tide model at the master and slave image acquisition time, ant

modelled differential tide amplitude (Padman and Erofeeva, 2004).

_ Master | Slave| Master Slave
Grounding _ _ Modelled
Master Slave Day of | Day | Model Tide| Model Tide
Line Pair _ _ Differential
Date Date the of the | Amplitude | Amplitude _
ID Tide (m)
Year | Year (m) (m)
GL_01 | 20090623| 20090704 174 185 -0.17 -0.56 0.38
GL_02 | 20090704| 20090715, 185 196 -0.56 0.21 -0.76
GL_03 | 20090715| 20090726, 196 207 0.21 0.54 -0.33
GL_04 | 20090726| 20090806, 207 218 0.54 -0.25 0.79
GL_05 | 20090828| 20090908, 240 251 0.26 0.51 -0.25
GL_06 | 20090908| 20090919, 251 262 0.51 -0.31 0.82
GL_07 | 20090919| 20090930, 262 273 -0.31 -0.49 0.18
GL_08 | 20090930| 20091011, 273 284 -0.49 0.34 -0.83
GL_09 | 20091011| 20091022, 284 295 0.34 0.47 -0.12

4 .4.1. Ocean Tide Model

We estimated the ice shelf vertical displacement present in all 9 TerrxXSiRRge pairs
using predictions of tidal amplitude from the AOD-BVArctic tide model (Padman and
Erofeeva, 2004) during the study period. This provides an independent assessnibat of
predicted tidal displacement present in each SAR image pair as it is unlikely that the ice
stream flexure zone will be resolved at very low tide amplitudes. The AGDTiddel
estimates ocean tide phase and amplitude from 8 tide constituents incluttiagsemi
diurnal principal lunar (M2), principal solar (S2), larger lunar elliptic (N2), lunisolar (K2)
constituents, and the diurnal principal lunar (O1), principal solar (P1), lunisolar (K1) and
elliptical lunar (Q1) constituents. The total tide amplieudvas retrieved every hour
throughout the 4 month study periodF{gure4-3) and at the time of each SAR image
acquisition Table 41), from a point located at the inland limit of the tide model domain in
the Petermann Glacier fjord, 71.4 km away from the grounding kigu(e4-2). Although

the tidal range during the 4 month study period was 2.1 m, the TerraSihrages sampled

only half (1.1 m) of the spread, with an mean absolute amgétof 0.37 m. Differential tidal
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amplitudes were calculated as the difference between the tide predictions at the times of
master and slave SAR image acquisitions, respectiValyld 41). At 1.7 m, the range of
differential tides is 35 % greater than the range sampled by the individual SAR images, with
a mean absolute differential tide of 0.50 m. Of the 9 Terra¥ARage pairs, 5 have small

differential tides (<0.5 m) and 4 have large differential tides (>0.5 m).

© o o o
2 O N DM B ® =

1
o

O
» & 7

Il

Tide Amplitude (m)
n BNy O N

1 EI30 260 ZéO 2;10 ZéO 250
Day of Year
Figure4-3. Ocean tide amplitude retrieved every hour from the AOBTAMMctic tide model betwee
the 23 June 2009 and the 220ctober 2009 (blue line) at Peterman Gla¢iégure4-2). The mode!
tide amplitude prediction retrieved at the time of each TerraXAFAR acquisitiored crossjTable
4-1) illustrates that the tidal range sampled by the SAR data is 50 % less than the total tide

estimated for the study perd.

4.5 Ice Speed Methods and Results

4.5.1. Tracking Ice Motion

Ice surface velocity was measured on Petermann Glacier during the 4 month study period
using standard twalimensional (2D) offset tracking of intensity features (Strazal.,
2002). Temporally sequential repeat pass image pairs were formed from Single Look
Complex (SLC) SAR images in the TerrXS#kRe seriesTable 41). All 10 images were €o
registered to the first image (#3June 2009) of the time series. TerraSARrbital state
vectors were used to compute an initial estimate of the global range and azimuth offset

fields, which was subsequently refined usioffsets calculated from common intensity
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features on stable, nodeforming terrain outside the known area of fast ice flow, which
corresponds to the cyan areas in the 2D surface displacement keddré4-4). The slave
images were resampled to the reference frame of the master image by fitting a bilinear
polynomial function to the global offsets. Dense networks of local 2D range and azimuth
offset fidds were determined from the normalised cressrrelation of realvalued intensity
features in regularly spaced image patches. We used a 512 by 512 pixel patch size with a 36
pixel step interval (Strozzi et al., 2002). Local offsets with a low signalige ratio were
rejected, and the 2D range and azimuth surface displacements were then projected into
horizontal velocitiesusing an auxiliary ASTER Digital Elevation Model (DEM) (ASTER, 2009)
and information on the SAR imaging geometry. On Petermann Gldlee 2D ice speed
measurements are dominated by ice flow in the azimuth directionh very little surface

displacement observed in the range directi@figure4-4).
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Figure4-4. Range, azimuth and combined 2D horizontal surface displacecadmilated from the
normalised cross correlation of image patches in a paireoraSAR Synthetic Aperture Radar (S#
images acquired over Petermann Glacier on theusd 19" September 2009Table 41). Cyan area:s
show areas with little or no surface displacement and pink and yellow areas represent reg

larger surface displacement.
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45.2. Ice Speed Results

4.5.2.1. Spatial Variations in Ice Flow

First, we examined the spatial variability of ice flow at the Petermann Glacier by comparing
velocities retrieved within eight 1.5 km by 1.5 km polygons oriented in a stige

direction across the centre of the grounding zoRg(rre4-2). It is necessary to measure ice

speed variations associated with the seasonal cycle because this signal will be aliased into
the differential displacements which are later used to isolate short term variations
associated with ocean tides. Throughout the 4 month study period, maximum ice velocities

of up to 1.4 km per year (3.7 m per day) were recorded on the floating ice shelf seaward of
thegradzy RAy 3 f Ay S 6 IHgured-5.2cy delociies@etrivad frehiRtfedfloatng

ice shelf within 15 km of the grounding line were almoststant in each SAR image pair,

with a standard deviation of only 11.4 m per year (0.8 % of the maximum speed). Much
larger spatial variability was measured on the grounded ice stream where ice velocities
ranged from a maximum of 1.3 km per year at the gieuny 3 f Ay S o6 L2t &322y
YAYAYdzY 2F nodt 1Y LISNI @SIFN) Hn 1Y Figwe-b)y R 2 F
The spatial variability of icgpeed is an important factor when considering the placement of

flux gates used in mass balance calculations, and these results show that on Petermann
Glacier a 210 m per year (18.0 %) difference in mean ice speed would be obtained if a flux
gate was locaté just 9.5 km inland rather than at the fastest point at the ice stream
grounding line Table 42), which is over 4 times larger than the ice thicknemssability over

the same distance (x 47.6 fQhapter 3 Allen, 2013)Overall the mean ice speed measured

on Petermann Glacier in all 8 polygons throughout the 4 month study period was 1.1 km per

year, consistent with previous estimates (Nick et al130
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Figure 4-5. Average rate of ice flow along a streamise transect crossing the Petermann Glac
grounding zae (igure4-2). Colour coding of the dots Figure4-5 corresponds to the colour codir
2T LJ2f & 3 2iyRgurddL. The @rdundihl ke is shown as a black dashed line, and eact
line represets data retrieved from a different SAR image pair in the TerraSt#Re series from the
239 June 2009 (solid black line) to thé2Qctober 2009 (solid light grey lin@able 41).

Table 42.! @SN} 3S A0S &aLISSR YSI &igaeB AR thrdughoutdhd 4 nabatly
study period in 2009.

Icespeed(km/yr) per polygon

Masterimage

day of theyear 2 ° ¢ d © f J i
174 1.13 1.18 1.17 1.16 1.09 0.94 0.85 -
185 1.25 1.26 1.27 1.22 1.16 1.00 0.91 -
196 1.35 1.35 1.35 1.33 1.27 1.06 0.96 0.79
207 1.24 1.22 1.23 1.23 1.17 0.98 0.90 0.74
240 1.13 1.13 1.13 1.11 1.07 0.92 0.85 0.71
251 1.11 1.10 1.11 1.11 1.06 0.92 0.84 0.70
262 1.11 1.11 1.12 1.10 1.06 0.92 0.85 0.71
273 1.12 1.13 1.13 1.11 1.07 0.92 0.85 0.71
284 1.12 1.12 1.13 1.11 1.07 0.93 0.86 0.71
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4.5.2.1. Temporal Variations in Ice Flow

Although there are large spatial variations in the rate offloev at the Petermann Glacier
(Figure4-5 and Table 42), there are also marked temporal variations, and these will affect
our ability to measure grounding line locations in differential range direction offset tracking,
because the technique utilises tidal displacement relative to an assumed meaccdont

for this, we examined the temporal variations in ice motion in finer detail. At marine
terminating glaciers, seasonal variations in rates of ice flow arise due to meteorological
forcing, through surface melting and runoff, and due to oceanografinicing, through
changes in the rate of basal glacier ice melting or in the degree of ice melange buttressing at
their termini (Howat et al., 2010; Sundal et al., 2011; Sundal et al., 2013; Moon et al., 2014).
An appreciation of this seasonal cycle is artpant when analysing rates of ice discharge,
and when designing numerical models of ice flow. At Petermann Glacier, seasonal ice speed
variations are thought to b@rimarily controlled by changes in surface melting during the
summer period (Nick et al2012) although changes in ocean temperature may also be an
influencing factor Air temperatures measured at an automatic weather station on the
Petermann Glacier floating ice shdtiqure4-2) showed that during the summer of 2005 the
mean temperature rose above 0°C for 71 daygyre4-6). In Grealand the number of
positive degree days varies annually and therefore air temperatures from 2005 may not
adequately represent the conditions in 2009 when the ice speed measurements were made.
However, between 2002 and 2005 when the Petermann Glacierhiel weather station

was in place, the seasonal cycles followed a similar annual pattern with the number of
positive degree days varying by a standard deviation of 4.dHyis suggestthat in the
absence of other temporally coincident weather station ajair temperatures from 2005

may be indicative of the annual temperature cycle at this location in 2088n the

seasonal ice velocity was measured
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Figure 4-6. Air temperature with running mean (grey dots and grey liaspectively), measure
during the 2005 season from a weather station on Petermann Glacier (806D.8,W). Season:
speedup in ice speed flow on Petermann Glacier between June and October 2009, relativ
slower flowing, autummverage, within 8 plggons distributed along a streamwise transect crossin
the grounding zonérigure4-2). Error bars show the standard deviation of the speeds frormtamn

recorded in each polygon.

We examined seasonal ice speed variations on Petermann Glacier during 2009 by comparing
the mean ice speedecorded in each image pair to th&ower flowing, autumnaverage
(Figure4-6). Along the glacier as a whole, the average summertime speedup peaked at 17.0
+ 4.0% between 18 and 28" of July in 2009Figure4-6). At this time, a maximum speed up

of 20.5 % occurred at a location 14.5 km seaward of the groundingHigaré4-7), and a
speedup of 11.3 % was recorded 20 km inlaadthe limit of the TerraSAR image Our

result is commensurate with ice speed observations from other Greenland ice streams
where the sasonal cycle was observed up to 3@ kland of the grounding line (Howat et

al., 2010; Joughin et al., 2044 Although sampled in different years, the period of
summertime ice speed up in 2009 coincides with the period of summer melting in 2005
(Figure4-6), with the peak speed up occurring at approximately the same date (days 196 to
207) as the midpoint of summer melting (day 192). This suggestsithdetermann Glacier

seasonal ice speed cycle is driven by surface melbiogever, the magnitude of the ice
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speed up is smaller thathe summer cycle observeoh ice streams in the South West of
Greenland (>50 %) (Joughin et al., 2008). In 2009, spedwhd started by the 2%30f June,

and following a ~2 month autumn slowdown ice velocities reached a minimum speed of 1.3
+ 0.7 % less than the annual meametween the & and 19" of September. Recent
observations of seasonal ice speed on JakobsHabree showed a much larger peak
summer speed up of over 90 % in 2012 relative to the previous winter minimum (Joughin et
al.,, 2014). Although the seasonal flow variability observed on Petermann Glacier is
significantly smaller than on Jakobshavn Isbthe,Jakobshavn Isbrae 2012 peak wa$/30

to 50 % greater than previous seasonal maxima demonstrating that there can be significant
interannual variability in the seasonal cycle (Joughin et al.,, 2014) which should be

characterised and monitored.

22r

\S

S

S 18) i
o i
[} 1
(] 1
%) !
o 16F i
S i
® i
< i
S 141 :
o i
(] 1
n i
12y / i
~— i

10 ! ! ! ! : ! ! !

-20 -156 -10 -5 0 5 10 15

Distance From Grounding Line (km)

Figure 4-7. Peak seasonal ice speed variation observed along a stwasen transect of the
Petermann GlaciefFigure4-2) between 11.3 % and 20.5 % faster relative to stever flowing,
autumn average speed. Colour coding of the dot&igure4-7 corresponds to the colour coding
LJ2 £ & 3 2 y &n Flgured-2 dan@theftéutding line is shown ashédack dashed line.
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4.6 Grounding Line Methods and Results
4.,6.1. Grounding Line Methods

4.6.1.1. Differential Range Direction Offset Tracking

Vertical displacement of a floating ice shelf causes a change in slant range path length which
is visible in theground range direction offsets, provided the range resolution of the SAR
sensor is sufficiently fine. SAR range resolution can be calculated from the bandwidth (
and speed of lightdd (Equationd) (Jackson and Apel, 2004). Strip map mode TerrdSAR
data has a ~1 m range resolutidn & 150 MHz; Eineder etl., 2008) which is smaller than
the amplitude of the displacement caused by a differential ocean tidIlé 41), enabling
this signal to be detected.

Yiv: RO éaééc—?)géé 4
Previous studies have discussed the suitability of Terr@SARBr measuring tidal
displacement from incoherent offset tracking, and have appliediéanique to a single set
of image pairs (Joughin et al., 2010; Hogg et al., 2013; Marsh et al., 2013). We developed a
method for detecting ice sheet grounding lines using differential range direction offset
tracking (DRDOT) to measure ice shelf verticgldcement caused by ocean tides, and we
comprehensively assess the results through an intercomparison with QDINSAR. On
Petermann Glacieof the 1.1 km/yr total mean 2D ice speedpproximately 92 %ccurs in
the azimuth directionand 8 % occurs in the mge direction(Figure 4-4). At high tide
amplitudes, vertical displacement of the floating ice shelf will comprise a significant and
measurable compond& of the range direction surface displacement (Joughin et al., 2010)
For example, & m vertical displacemerquatesto 42 %of the range(0.24m/day) and4 %
of the azimuth (2.77 nmiday) mean daily surface displacement respectivélje calculated
the mean range direction offsets using all 9 range direction offset tracking images in the
TerraSAKX time series. The mean range direction surface displacement map has a small
residual differential tide amplitude 00.01 m on the floatingce shelf Table 41). A time
series of 9 differential range direction offset tracking (DRDOT) miigsiré 4-8) were
produced from the difference between each individual range direction offset map and the
mean, and the differential motion was projected into vertical displacement using the

satellite imaging geometry. Image pairs with high differential tides (GL_02, GL_04, GL_06,
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GL_08) show a significant change in surface displacement on the floating and grounded ice

stream either side of the 1995 QDINSAR grounding kigri(e4-8).

Figure 4-8. Maps of differential range direction offsets tracked in all 9 Terra®ARage pairs
acquired over Petermann Glac{@iable 41). The location of the QINSAR grounding line (white lin
Aa akKz2gy Fft2y3 gAGK GKS RAFFSNBYGAlIt YHRIS

model at Petermann Glacidfigure4-2).
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When calculating the differential range direction offseBsg(ire4-8), the diffeences are
computed relative to the average of the full sequence. However, the seasonal ice speed
variations Figure4-6) will also be aliased into éhdifferential offsets, because they are not
compensated for when computing the sequence average motion. To account for these
effects, we quantified correction factors equal to the magnitude of the seasonal ice speed
variations in the range offsets at eaelpoch. We calculated these correction factors from

the displacement anomaly measured along the inland grounded portion of the Petermann
Glacier, where tidal motion does not occufigure4-2). The correction factor has a 2.1
metre range and inversely mirrors the seasonal ice speed cycle, peaking at 0.7 m for GL_05
at the time of theslower flowing, minimum speed, and reaching aimmum of-1.4 m for

GL_03 at the time of the peak summer speedup. After applying the correction factor to
account for the impact of seasonal velocity changes, the tidal displacement of Petermann
Df I OASNRQ Fft21 GAy3a &S Oilntiad sangd directof Sfsetsligire JA & A 0
4-9). All 9 TerraSAR images pairs show low levels of displacement inland of the QDINSAR
grounding line compareavith larger vertial displacements of up to 1.5 on the floating

ice shelf. Vertical displacement of this magnitude is in line with predictions of differential
tide at Petermann GlaciefF{gure4-3). An assessment of the differential tide amplitudes
retrieved from the AOTIM tide model at Petermann Glacier suggests that for the DRDOT
technique to be successful, an estimated differential tide greatdess than 0.5 m needs to

be present in order for vertical displacement of the ice shelf to be resolved by the DRDOT

technique.
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Figure 4-9. Differential vertical displacement, corrected for seasonal ice speed variations, al
streamwise transect of the Petermann Glac{Eigure4-2) asdetermined from 9 TerraSARimage
pairs (Table 41). The vertical displacement retrieved from image pairs GL_02 (blue line),

(green line), GIO6 (yellow line) and GL_08 (red line) is sufficiently large to identify the g
grounding line as the limit of tidal flexusnd to pick a grounding lineThe location of thel995

grounding line derived from QDInSi&RIso showifblack dashed line)

4.6.1.2. Delineating the Grounding Line

We map the grounding line position as the inland limit of tidal flexure in the differential
range direction offset tracking maps, following the same approach employed when using
maps of relative tidal displacement deed from QDINSAR (Park et al., 2013; Rignot et al.,
2014). Differential ocean tides were sufficiently large (> 0.5 m) in 4 out of the 9 image pairs
to affect a significant vertical displacement of the floating ice shelf relative to the stable
grounded ie stream, allowing the zone of flexure to be identified (d=@gure4-10). To
increase the contrast between floating and grounded ice, the sign ofdibplacement
anomaly was determined and then the range direction offsets were colour coded between 0
and 0.5 m to ensure the flexure zone was consiie viewed. Grounding lines were
manually delineated as the inland limit of flexure determined to be ltheation where no
vertical displacement was first recorded. The Petermann Glacier grounding line was
measured in image pairs GL02, GL_04, GL_06 and Glal8 41), and in all 4 differential

range direction images it was not possible to identify the inland limit of tidal flexure at the
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Western margin at up to ~ 4.5 km from the shear zone, due to a poor signal to noise ratio.
The error on the DRDOMeasurement was estimated by converting noise in the vertical
displacementprofiles to a lateral error in the grounding line position. A running mean was
computed from profiles of verticalispblacementretrieved along Transect IFigure4-2),

from the 4 differential range direction tracking images that were successfully used to
measure the grounding line. We computed the residuals as the differenceaadf point

from the mean, and then extracted the standard deviation of the residuals at the grounding
line. This was converted into lateral error in grounding line position by measuring the
distance seaward of the grounding line over which the mean vertisglacement was
within the range of error. The mean absolute variability of the DRDOT residuals is 4.9 + 2.0
cm with a total range of 57.1m. This is 89 % greater than the noise measured in vertical
displacement retrieved from QDINSAR at the same gedgecalocation. The mean lateral
accuracy of the DRDOT grounding line position is 0.8 i1 Witk a total range of up to 2.1

km, which is 163.2 % of the mean grounding line separation (0.5 km). This indicates that
significant portion of the grounding lineariability observed using the DRDOT technique
may be attributable to measurement error rather than real change in grounding line
position. This confirms that although the grounding line position can be measured using
DRDOT, phase sensitive techniqueshswas QDINSAR are able to measure vertical

displacementwvith much greater vertical precision.
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Figure 4-10. Petermann Glacier tidal flexure (colour scale) and grounding line (green line) Ic
using differential rangelirection offset tracking (DRDOT) of TerraXAdRita acquired on the"gand
19" of September 2009. Grounded ice inland of the grounding line shows low levels of

displacement, whereas the floating ice shelf exhibits more than 0.5 m of relaplacdiment.

4.6.2. Grounding Line Results

4.6.2.1. Intercomparison of DRDOT and QDINnSAR Grounding Line Positions

The Petermann Glacier grounding line has previously been mapped on numerous occasions
between 1992 and 2011 using the established techniqufe goadruple difference
interferometry (QDINSAR) (Rignot et al., 1998dwapter 3. We used a grounding line
determined from ER$ and ER8 QDINSAR data acquired betweer"Z8ctober 1995 and

1%' March 1996 to evaluate the performance of the differentiange direction offset
tracking (DRDOT) technique presented in this paper. All four DRDOT grounding lines
reproduce the approximate location and relative shape of the QDINSAR grounding line,
including distinctive features such as the inland pointing notdin@Eastice stream margin
(Figure4-11). The absence of any significant change in grounding line position between the
1995/6 and 2009 confirms that no significant grounding line retreat has occurred on

Petermann Glacier, in lineith previous studiesGhapter 3. We assessed the variability of
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the 4 DRDOT grounding lines by calculating gbparation with respect to the QDINSAR
grounding line along 5 transects across the ice stream grounding Eogear€4-2). Along
these 5 transects, the mean separation of the differential range direction offset tracking
grounding lines was 1.3 £ 1.2 km, with a minimum and maximum separatidnsodnd 5.3

km respectively, where positive values correspond to inland migrafiablé 43). Previous
studies have observed unusually large graugdine variabilg on the inland notch on the
Eagern ice stream margin which is not characteristic of the rest of the grounding line
(Chapter 3. Our results also show greater variability in the DRDOT grounding line in this
region, with a 69 % larger raa separation observed on Transect 7 in comparison to
Transect 6, the next most variable transdeigure4-11). The sensitivity of grounding lines in
this region may indicate the presence of locally shallow bedrock slope. Excluding this region
from the analysis, the mean separation of the DRDOT abth®AR grounding lines is
reduced by 39 % t6.8 £ 0.9 km Table 43) with a corresponding 63 % reduction in the

range.

Figure4-11. Grounding line positions (GL_02 (blue line), GL04 (green line), GL_06 (yellow line’
(red line)) picked from differential range direction offset tracking (DRDOT) imkajae @1), shown
relative to the 1995 grounding line measured using quadruple difference interferometry (QD
(black and whitedashed line)Chapter 3. Theline colour coding used in this plmorresponds to the

vertical displacement profile§igure4-9).
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Table 43. Separation of the grounding linedetermined from differential range direction offs
tracking (DRDOT) of TerraSRRlata acquired in 2009 and from ERS QDINnSAR data acquired
1995/6 Chapter 3.

Transect Mean + SD (kth| Min (km) | Max (km) | Range (km)
1 0.7£0.9 -0.8 1.0 1.8
2 0.5+0.8 -1.5 0.4 1.9
4 0.9+1.3 -0.6 1.9 2.5
6 1.0+0.8 -1.5 0.2 1.6
7 3.2+22 0.3 5.3 5.0
Combined: All 13+12 -1.5 5.3 6.8
Combined Transecs 1 to 6 08+0.9 -1.5 1.9 25

4.6.2.2. Wider Implications for the DRDOT Technique

Our resultsdemonstrate that incoherent TerraSARSAR data can be used to detect ice
shelf tidal displacement=jgure4-10), and to delineate the grounding lines @ahe landward

limit of ice shelf tidal flexureHigure4-11). Along one transect (TransectRigure4-2), the

mean absolute variation in groundjnine position recorded in 4 DRDOT images was 0.8 +
0.9 km, similar to that observed in a sequence of 17 QDINSAR images (MB3km;
Chapter 3. Although the QDINnSAR technique provides significantly improved definition of
the grounding zone, it has ba shown Chapter 3 that shortterm variations in grounding

line position of around 0.5 km arise due to a range of factors, including changes in tidal
displacement, ice thickness, and ice speed. More extensive studies are required to improve
our understamling of the magnitude of short and long term grounding line variability, and
how this varies on different ice streams. The DRDOT technique is a useful additional tool
which can be used to increase the number of grounding line measurements by utilising the
extensive archive of TerraSARSAR data. In the future, it should be possible to improve the
accuracy of the DRDOT technique by using SAR data with a finer range resolution such as
TerraSAK spotlight mode (~0.5 h, = 300 MHz). SAR missions such asiigd-1 have a

much larger swath width (250 km in interferometric wide mode) than high resolution
sensors such as TerraSKRvhich enables data to be acquired over a much wider area. The
12-day repeat period is too long to maintain phase coherence onffasing ice streams

however, if Sentinel SAR data was acquired in strip map mode then the range resolution
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¢ = 87.6 MHz; AulariMacler et al., 2011) may prove capable of resolving large differential
tide displacements using the DRDOT technique.

Prevous studies have discussed the suitability of Terra®ARr measuring tidal
displacement from incoherent offset tracking, and have applied the technique to a single set
of image pairs (Joughin et al., 2010; Hogg et al., 2013; Marsh et al., 2013). Eenat/ined

and applied the method, provided a comprehensive evaluation of the results, and quantified
the error in the technique through an intercomparison with QDINSAR. We also developed an
approach to account for the effects of seasonal variations in floa, which are
commonplace in Greenland. An assessment of the differential tide amplitudes predicted by
the AOTIMS tide model at Petermann Glacier suggests that for the DRDOT technique to be
successful, a differential tide greater than 0.5 m in ampktueeds to be present to allow

vertical displacement of the ice shelf to be resolved by the DRDOT technique.

Grounding lines are of critical importance because they delimit the lateral extent of the ice
sheet, and when retreat is observed it indicates the presence of dynamic instability which
forms a significant component of the present day ice sheet contributiorea level rise.
However, poor spatial and temporal coverage of SAR Hatalimited the extent to which
changes in grounding line position have been measured. A notable exceptidme is t
Amundsen Sea Sector in West Antarctica where retreat in exce§$9 &dm has been
observed over the last 19 years (Park et al., 2013; Rignot et al., 2014). However, to date
even in the most frequently monitored area of known retreat, the grounding line position
has only been observed at 5 epochs during the satellite @ta.results have showed that
using differential range direction offset tracking it was possible to successfully measure the
grounding line 4 times within a short 4 month study period, only 1 less than 19 years of
multi-mission SAR datasets have yielde@wlsere.In the future differential range direction
offset tracking can be applied to historical and future incoherent SAR data to compliment
the accurate, yet spatially and temporally sparse record of QDINSAR grounding line
positions, allowing short termomntrols on grounding line position to be studied, and new

areas of grounding line migration to be identified and monitored.
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4.7 Conclusions

We present and evaluate a new technique for mapping ice sheet grounding lines using
differential range direction offsets calculated from the normalised cross correlation of image
patches in reaValued, incoherent, Synthetic Aperture Radar (SAR) intedaity. We have
applied the technique to map thgrounding line position of the Petermann Glacier in
Northwest Greenlandn the summer of 200using a sequence of 11 TerraSARSAR
images.The glacier exhibited a marked seasonal ice speed cycle during mey sueriod,

with peak summer speeds up to 20.5 % greater thaautumn seaward of the grounding

line, and it was necessary to account for the effects of these variatibresm mapping tidal
flexure. Ar temperature record acquired between 2002 and 200%ggestthat the seasonal

ice speed cycle recorded 2009 is temporally coincidemtith the typical period of summer
melting. Thisprovides supporting evidenc® numerical model simulatianwhich suggest

that runoff may drive theseasonal variations inecflow at Petermann Glacier (Nick et al.,
2012). In the future, more frequent temporal sampling of ice speed on key outlet glaciers is
required over multiple years to enable the seasonal and annual ice speed variations to be
resolved and monitored, which iliv help improve our understanding of the underlying

environmental forcing mechanisms controlling seasonal variability.

An assessment of modelled ocean tides indicates that the DRDOT technique is successful
when the differential tide is greater than 0.5imamplitude.Given the spread of differential
ocean tideswe have been able to map the Petermann Glacier grounding line position on 4
out of 9 possible occasions during the 4 month study period. This is a substantial increase in
frequency when comparetb the alternative technique of QDINSAR, which has been used to
measure the grounding line on a maximum of 5 occasions in the last 23 years (Park et al.,
2013; Rignot et al., 2014). Our differential range direction offset tracking results provide
independeat confirmation that, prior to 2009, the Petermann Glacier was a stable tidewater
glacier which did not experience grounding line retreat during the study peGbdyter 3.

The DRDOT technique can be applied to historical and future incoherent SARodata t
compliment the accurate, yet spatially and temporally sparse record of QDINSAR grounding

line positions, which will allow areas of change to be identified and monitored.
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Chapter 5

Locating the Antarctic Ice Sheet Break In Surface Slope Using CryoSat
2

5.1 Abstract

The boundary between grounded and floating ice is an important glaciological parameter,
because it delineates the lateral extent of an ice sheet and it marks the optimal location for
computing ice discharge. Wresent a method for detecting the grounding line as the break
in ice sheet surface slope, computed from CryeSatevation measurements using a plane
fitting solution. We apply this technique to map the break in surface slope in four
topographically digrse sectors of Antarcticathe FilchnerRonne ice shelf, the Ekstrom ice
shelf, the Amundsen Sea Sector, and the LafSaoe shelf using CryoSa2 observations
acquired between July 2010 and May 2014. An hemmparison of the CryoS&t break in
surface slope with independent measurements of the hinge line position determined from
guadrupledifference synthetic aperture radar interferometry (QDINSAR) shows good overall
agreement, with a mean separation of 4.5 km. In the Amundsen Sea Sector, whéaeds p
over 35 km of hinge line retreat has occurred since 1992, the Crp8etak in surface
slope coincides with the most recent hinge line position, recorded in 2011. The technique
we have developed is automatic, computationaf§icient, and can be epeated given
further data, and offers a complimentary tool for monitoring changes in the lateral extent of

grounded ice.

5.2 Introduction

Grounding lines mark the boundary between floating and grounded sections of a marine
terminating ice sheet on the sdbor (Thomas et al., 1979)hey are a sensitive indicator of

ice sheet stability and, when migration occurs, can indicate the influence of changes in the
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local environmental forcingJbughin et al., 2010; Joughin et al., 2012; Dutrieux et al., 2014;
Jouwhin et al., 2018). Monitoring changes in grounding line positions allows regions of
instability to be identified, and such measurements are a valuable reference for assessing
the fidelity of ice dynamical models (Favier et al., 2014). The location gjrthending line

can fluctuate on short (sublaily) timescales, due to the effects of ocean tides and localised
variations in ice thickneshapter 3, and over longer (annual to decadal) timescales, if
sustained changes in ice thickness occur (Rignot8i9Park et al., 2013; Rignot et al.,
2014). The grounding line lies at the landward edge of a zone where ice shelf flexure occurs
as a consequence of tidal displacement. This flexure zone can be ovewil& in the flow

line direction Chapter 3 dependng on factors such as bed topography, ice thickness and
tide amplitude (Rignot, 1998b). Although grounding lines cannot be directly observed
because they lie at the base of the ice sheet, their surface expregstm hinge line- can

be detected using aange of in situ and remotsensing techniques (Rignot, 1998b, Fricker
and Padman, 2006). Although there may be small departures between the lateral positions
of hinge and groundingines Figure5-1), in areas of high basal sheer their migration rates
are similar, and so tracking hinge line movement is an accurate measure of grounding line

migration or stasis (Rignot, 1998b).

I
0]
-

e

Grounded Ice

Ice Shelf

Figure5-1. lllustration showing the location of the ice sheet grounding line (G), hinge line (HL)

break in surface slope (Ib) (adapted from Bindschadler et al., 2011).
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Three techniques have been used to map ice sheet groundmes lusing satellite
observations; quadruple difference interferometric synthetic aperture radar (QDINSAR)
(Rignot, 1998a), repeat laser altimetry (Fricker and Padman, 2@0@gan and
Anandakrishnan, 2006; Fricker et al., 2009; Brunt et al., @40 shdow in optical satellite
imagery (Bindschadler et al., 2011). Each approach has strengths and weaknesses. Although
QDINnSAR provides a precise measurement of relative tidal displacement with fine spatial
resolution, the spatial and temporal extent of suitaldlata is relatively poor, and there are

few regions where the method has been applied repeatedly. Ice shelf tidal displacement is
also detectable in repeat laser altimetry. The most extensive assessments are based on
measurements acquired by the Ice, @lp and land Elevation Satellite (ICESat), but the
mission lifetime was relatively short (gears), and the ground track coverage is relatively
sparse. Finally, the break in ice sheet surface slope which often occurs in the vicinity of the
grounding linecauses, when correctly illuminated, shadow in optical satellite imagery
(Bindschadler et al., 2011). The Antarctic Surface Accumulation and Ice Discharge (ASAID)
project has produced a continuous grounded ice boundary for Antarctica through manual
delineaion of the shadow edge boundary, which in regions of markedly breaking slope
agrees well with hinge lines detected using QDINSAR (Bindschadler et al;, izdyer,

the technique is laborious and not easily repeatable. While progress has been made using all
three techniques, the spatial and temporal extent of grounding line data sets remains

sparse.

In areas of high basal sheer, the ice surface evolves in respogbanges in grounding line
location (Schoof, 2007; Joughin et al., 2010), and this relationship is the motivation for the
use of the break in surface slope (IBjgure5-1) as a proxy for the grounding line position
(Bindschadler et al., 2011Here, we developa computationally efficient, automated
method for mapping the break in slope using geodetic surface height measurements, to
assess the validitgf this assumption. We map the break in slope using Cry2S$kta in 4
topographically diverse study areas of Antarctica, namely the Amundsen Sea Sector, and the
FilchnerRonne, Larse and Ekstrom Ice Shelves, and we evaluate the extent to which this

coincides withthe hinge line located using QDINSAR (Rignot et al., 2011).
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5.3 CryoSat-2 Data

We use 3 years and 8 months of CryeSantermediate Level 2 ) Synthetic Aperture
Radar Interferometry (SARIn) mode radar altimeter measurements of ice Shekice
elevation, acquired between 16.07.2010 and 04.05.2014, as the basis for our slope
calculation. The acquisition date and time, latitude and longitude at the slope corrected
point of closest approach (POCA), surface height with respect to theoadlj@sd the radar
backscatter coefficient are obtained for each CryeS&ARIn data point in all 4 areas of
interest. Poor quality data is removed using the measurement confidence, measurement
quality, retracker and height status flags, all of which seé to zero if the data quality is
good. The range between the CryoQatsatellite and the ice surface is corrected for
fluctuations in dry and wet tropospheric mass, the effect of the ionosphere, inverse
barometric atmospheric pressure variations, and taid Earth and ocean loading tides
(Table5-1). The elevation measurement is-tided with the long period equilibrium ocean,
geocentric polar and ocean tides provided in the ESA Cr@8ata product, and then the
ocean tide amplitude is simulated and removed from the Cry@Satrface elevation
measurement using the independent CATS2008 ocean tide model (Padman et al., 2002). We
use the CATS2008 ocean tide correction rather than the FES2004 ocean tide correction
provided with CryoSa2 because the spatial extent of the CATS2008 model domain psovide

a better match to the known ocean land boundary in Antarctica, and the phase and
amplitude of the CATS2008 tide model is more accurate than other tide model simulations

in coastal Antarctica (McMillan et al., 2011).

Table5-1 Geophysical corrections applied to the CryaéSdata and their typical range (Cryo&a
Product Handbook, 2012).

Correction Minimum (cm) Maximum (cm)
Dry troposphere 170 250
Wet troposphere 0 37
lonosphere 6 12
Inverse barometric -15 15
SolidEarth tide -30 30
Geocentric polar tide -2 2
Ocean loading tide -2 2
Ocean tide -50 50

The novel imaging mode on CroRaimproves sampling density in the topographically

heterogeneous ice sheet margins making it particularly well suited for mapping slope
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relative to historical altimeter missions. Tharface elevation measured by traditidnaulse
limited altimeters such as ER®, is the height of the closest point within the altimeter
footprint, the size of which is determined by the altimeter instrument characteristics such as
operating frequency, and platform imaging geometiihe SARnterferometric Radar
Altimeter (SIRAL) instrument operates in Synthetic Aperture Radar Interferometry (SARIN)
mode in the ice sheet margins, and Low Rate Mode (LRM) in the Ice sheet interior. The
CryoSa2 SARIn mode is designed to improve data retrienafreas of steeply sloping
terrain where traditional pulse limited altimeters do not perform well (McMillan et al.,
2014). The return radar signal reflected off the ground surface is received by the two SIRAL
antennae mounted 1 m apart on the CryoRasatllite, and any difference in the return
signal time is caused by difference in the path length travelled. Difference in travel time can
only result if the return signal did not originate at the satellite nadir, and the true echo
origin, termed the point bclosest approach (POCA), within the 0.3 km (along track) by 1.5
km (across track) CryoSatfootprint can be determined from the phase (across track
location) and angle of arrival of the return signal (along track location) (Wingham et al.,
2006). Furthemore, CryoSa® is operated in a 368ay drifting orbit with a 3@day sub
cycle. The novel POCA retrieval combined with a drifting orbital cycle dramatically improves
the spatial density of radar altimetry measurements retrieved in the ice sheet margins,
increasing from 10% by ENVISAT to 49% from Crpo@dtMillan et al., 2014). In the
vicinity of the grounding line CryoS2tSARIn mode achieves a typical data density of 302
points per 5 krfi (Figure5-2).
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Figure5-2. a) CryoSaR POCA point density per 5 km by 5 km grid cell before the plane fit solu
applied. The location of the four study areas (klhox), drainage basin boundaries (grey) (Zwall
al., 2012) and CryoSat SARIn/LRM mode mask boundary (white) is also shown. A close up
point density for the FilchndRonne ice shelf (b), Amundsen Sea Sector (c), Karmenshelf (d) an

Ekstdm ice shelf (e) is also shown.

An artefact of the SARIn acquisition mode is that high elevation topographic features, such
as mountain ridges, are preferentially sampled relative to their surrountin@gin. This is
particularly noticeable in théarserC and Ekstrom ice shelf study areBgy(re5-2d and e)
where there is a high density of POCA points acquired along the spine of the Antarctic
Peninsula and the Sorasen Ridge respectively. The disadvantage of this is that the area
surroundng prominent topographic features are rarely or never sampled as the POCA,
leaving dataspase regions not sampled by standard retracking of the Cry@S&ARIn
mode data. In regions with complex mountainous terrain we also find a much higher
incidence ofelevation measurement retrieval error, which in Level 2 Cry@SaARIn mode
data is visible as a point located on traéefault nadir ground track. A CryoSat
measurement is deemed to be in error if the surface elevation differs by more than 50 m

from anauxiliary 1 by 1 km grid resolution Digital Elevation Model (DEM). The Antarctic
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Peninsula is ~70 km wide with mountains reaching over 2.5 km altitude, and consequently
some areas within the Larséd ice shelf study region have more than 50 m of elevation
change within a 1 kfarea. The Antarctic Peninsula experiences the highest incidence of
elevation measurement retrievdhilure, however some of this may be attributable to the
spatial resolution of the DEM against which the Level 2 CrydSatface eleation heights

are evaluated, rather than error in the CryoRasurface elevation measurement. While it is
out of the scope of this study to investigate retracker performance, in the future it may be
possible to increase the data density of POCA pointaaaontainous regions by evaluating
Level 2 CryoS& surface elevation data against a finer spatial resolution or more recently
acquired DEM.

5.4 Study Areas

The CryoSa2 break in surface slope was produced in 4 study areas chosen based on their
scientificpertinence, availability of evaluation datasets or analogues topography relative to
the rest of the Antarctic ice sheethe Amundsen Sea Sector is grounded on bedrock that
lies below current sea level with a topographic gradient that deepens inland tsatie

Byrd Trench. The region is of particular scientific interest because the low elevatien sub
glacial topography allows incursions of warm deep water into the Byrd trench, making the
region inherently unstable and particularly susceptible to uncorgmbligrounding line
retreat (Favier et al., 2014). Over 30 km of hinge line retreat has been observed in the
Amundsen Sea Sector over the last two decades (Rignot, 1998b; Park et al., 2013; Rignot et
al.,, 2014), and these observations provide the most extenshinge line dataset in
Antarctica for evaluating the performance of the break in surface slope as a proxy for
grounding line positionThe Ekstrom ice shelf study area was selected conversely because of
its relative stability, as neignificant ice thining (McMillan et al., 2014) or grounding line
retreat has been observed. The Larg@rice shelf, located on the Antarctic Peninsula, was
selected as a study area because the steep mountainous terrain makes it a challenging
region for obtaining reliable aimetry surface elevation measurements (Shepherd et al.,
2012). Furthermore, in 1995 (Rott et al., 1996) and 2002 (Rack and Rott, 2004) catastrophic
ice shelf collapse was observed on the neighbouring La#sand B ice shelves respectively
demonstrating egular, contemporary observations are required to monitor change in one

of the most rapidly evolving sectors of the Antarctic ice sheet. The Filéhoene ice shelf
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was selected as a big ice shelf study area because there is a larger volume of evdaiation
available relative to the Ross ice shelf, as a smaller proportion of the grounding line is
located in the Polar data gap which exists north of 81 degrees latitude in many right looking

satellite missions.

5.5 Methods

5.5.1. Computing Ice SheetSurface Slope

In the Amundsen Sea Sector, Lar§e@and Ekstrom ice shelf study areas the corrected and
fillered CryoSaR data was accumulated into I6m by 5 km geographical regions on an
overlapping grid, with tile centres 1 km by 1 km apart. The gridspaicing determines the
spatial sampling of the CryoSatslope break product, and the grid cell size governs the data
density per grid cell which affects the success of the plane fit solution. We find that a 5 km
by 5km grid provides the best trada#f solution between coverage and resolution given the
volume and spatial coverage of Cryo8aBARIn mode data acquired over the 3 year 8
month long study period. We also us&by 5 km square tiles in the FilchARonne study

areg however, in order to optmise processing speed for this significantly larger area, we

overlap tile centres within 10 km of the auxiliary QDINnSAR hinge line (Rignot et al., 2011).

We employed glane fit solution (EquatioB) to compute surface slope in each grid cell in
all 4 study areas (McMillan et al., 2014ce surfaceelevation (&) for each grid cells
modelled as a quadratic function cfurface terrain(ay ), time @), the geophysically
correctedlocal meansurface elevation for each POCA pdinf; satellite heading’Q which

is a timeinvariant correcion for anisotropy in theascending and descending passasd

backscatteri() which accounts for time varying properties of the ice sheet sutface
O af O Www OO0 OQ Wi 5)

Datapoints deemed to be outlierarere culled if there was more than 5 m difference from

the modelled surface, and the plane fit solution was iterated for each grid cell until no more
data points were removed. The model solution was retained for each individual grid cell if
the CryoSa® data density is greater than 8 points, and if a time period of 2 years or more is
spanned to minimise the influence of short term change. Surface slope was calculated as the

gradient of the model plane within each grid cell aingersedistance 2d interpdtion is
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used to fill in any remaining gaps in the slope miaigires-3a). Surface elevation and slope
data retrieved from a transect across the Riler-Ronneice shelf illustrates that the
QDInSARingeline corresponds with the point of most rapid change in surface elevation
(Figure5-3b) and suface slope Figure5-3c). At all 4 locations where the QDINSAR hinge line
intersects the 1,090 km long transect, the most rapid change in surface §tapire5-3c)
corresponds with a peak in the derivative of the surface slope, termed the slope break
(Figure5-3d), greater than 0.1 degree. Slope bre&kg(re5-3d and Figure5-4c) is a more
variable measurement than surface slogagure5-3c and Figure5-4b) because the input
altimetry surface slope measurements are unsmoothed, and mountainous terrain far inland
of the grounding line exhibits large change in surface slope relative to flahétees. As the
slope break and point of most rapid change in surface slope correspond, we pick the
position, termed the CryoS& break in surface slope, where surface slope exceeds a
specified value, enabling a range of slope values to be evaluated amdisgd relative to

the QDINSAR hinge line position.
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Figure5-3. (a) Antarctic ice sheet and ice shelf surface slope measured by C2ydSstd showr
are drainage basins (grey) (Zwally et al., 2012), hinge line determined from QDInSAR (red)
et al., 2011) and the four regions considered in detail in this shldgk(box). Ice surface elevatic
(b), slope (c) and slope break (d) along a profile of the Fildhmene Ice Shelf (black dashed line
Figure5-3a), shown relative to the QDINSAR hinge line crossing points (vertical red lines). T

shaded area (b, c, d) indicates the location of Berkner Island on the transect.
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