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Mass balance of the Antarctic ice sheet. The map shows ice velocity color
coded on a logarithmic scale overlaid on a MODIS mosaic (Scambos et al.,
2007). The circles show the mass loss (red) and gain (blue) in Gt/yr of the
major basins. Black lines denote the drainage basins. This figure is from
Rignot et al. (2008). . . . . . .
Schematic of bed topography configuration for (a) marine ice sheet instability;
(b) stable grounding line postions. Ice sheet profiles labeled I denotes the
initial geometry, profiles labeled A and R represent the geometry after advance
and retreat, respectively. This figure is adapted from van der Veen (2013),
which is a reprint of Thomas (1979). . . . . .. .. .. ...
Flow acceleration after the collapse of Larsen B Ice Shelf by Scambos et al.
(2004). Center panel is MODIS image from Nov 1st, 2003 of the Larsen B
Ice Shelf with April ice shelf extents and the grounding line (black (Rack and
Rott, 2004)) between 1998 and 2002. Red boxes are speed measurement site
along lower glacier centerlines. Surrounding graphes are centerline ice speeds
and downstream site accelerations for six glaciers. Grey bars represent the
Feb-Mar 2002 shelf collapse event. . . . . . . . . .. .. .. ... .. .....
Map of Antarctica showing Locations of Wilkes Land and Totten Glacier. The
ice sheet is colored in grey scale with fast flowing regions shaded dark. The
open ocean is blue and continental shelf is in white hues. Yellow colors denote
the floating ice shelves with estimated Last Glacial Maximum grounding line
in black (Anderson et al., 2002) and blue (Livingstone et al., 2012). This
figure is from Mackintosh et al. (2014). . . . . . ...
A photo of the ice front of Totten Glacier. Credit: Esmee van Wijk/CSIRO.
This photo is from a web news (Australian Broadcasting Corporation, 2015).

Geometry configuration of satellite SAR interferometry (Massom and Lubin,
2006). i and j are positions from where the SAR image pairs of surface location
P are acquired. B;; is the spatial baseline with the angle «, consisting a
parallel component B and a perpendicular component 5. ¢ is the incidence
angle, the range of the two SAR observations are denoted as r; and r;, yielding
a differential range Ar. This figure is from Massom and Lubin (2006) and
adapted from McLeod et al. (1998) and Joughin et al. (1996). . . . . . . ..
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Interferogram of Totten Glacier derived from InSAR data from TanDEM-X
mission. Each fringe color coded from blue to yellow, purple and blue again
is a full cycle in interferometric phase or 360 degrees. . . . . . . . ... ...
Unwrapped interferogram of Totten Glacier derived from InSAR data from
TanDEM-X mission. . . . . .. . . ... o
Surface elevation maps of Totten Glacier from (a) BEDMAP2 (Fretwell et al.,
2013); and (b) TanDEM-X data. Black polygon denotes the boundaries of
TDX DEM mapping versus BEDMAP2. . . . ... ... ... ... ... ...
Histogram of elevation difference between OIB laser altimetry data (Blanken-
ship et al., 2012, updated 2013) and TanDEM-X DEM. For OIB laser data,
only measurements over grounded ice are used. . . . ... ... ... L.
A sample radar sounding echgram for Petermann Glacier in Greenland ( Gogi-
neni, 2012). L L Lo
(a) Distribution of ice thickness data in the BEDMAP-1 database (Lythe
et al., 2001). (b) BEDMAP-1 Antarctic bed elevation with the location of
prior datasets in black lines (Roberts et al., 2011). . . . . . . ... .. ...
(a) Flight lines of the ICECAP project (blue) in the Aurora Subglacial Basin
sector during December and January of 2008/9 and 2009/10, overlaid on a
map of surface topography. Historical data in grey. The red box denotes the
map outline for (b). (b) Bed topography derived from ICECAP radar-echo
sounding data shown in (a) using a natural neighbor interpolation method.
Both figures are from Young et al. (2011). . . . . .. ..o
Ice thickness derived from mass conservation (MC) method (Li et al., 2015a)
(a) and BEDMAP2 (b) (Fretwell et al., 2013). (c) shows the footprints of
the ICECAP ice thickness tracks (Blankenship et al., 2011, updated 2013) (in
red) overlaid on the MOA map. Regions outside the MC domain are masked
in half-transparent grey. (d) shows the error of the MC thickness map. The
error ranges from a few meters (along the OIB tracks) to up to 500 m, where
the distance between tracks grows to tens of kilometers. The error is about
65 m on average for the entire domain. Near the grounding line, the error
decreases to ~40 m due to the dense OIB ice thickness measurements. See
Morlighem et al. (2011) for details of the MC mapping. This figure is from Li
et al. (2015a). . . ...
Ice draft topography of Totten Glacier. Black polygons denote the boundaries
of TDX DEM mapping versus BEDMAP2 (Fretwell et al., 2013). Orange
polygons delineate the boundaries of the mass conservation (MC) domain.
The redbox is zoomed in the inset on a different color scale. This figure is
from Li et al. (2015a). The yellow lines are ICECAP flight tracks whose profile
is plotted on the right panels. On the profile plots (a) (b) and (c), surface
elevation is in blue, bed elevation is in green, and hydrostatic equilibrium ice
bottom is in orange. Blue shade is floating ice based on the 2013 grounding
line (Li et al., 2015a), Ice floatation in 1996 is delineated by a red line. P and
Q mark the intersections of AA” and BB’ with CC’, respectively. Grey boxes
in (a) and (b) delineate the portion over which we calculate surface and bed
slopes. . .
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Hydrostatic potential of Totten Glacier. Black polygons denote the boundaries
of TDX DEM mapping versus BEDMAP2 (Fretwell et al., 2013). Orange
polygons delineate the boundaries of the mass conservation (MC) domain
versus BEDMAP2. 1996 Grounding line line in red. The redbox is zoomed in
the inset on a different color scale. This figure is from Li et al. (2015a).

ICECAP surface (blue), ice draft (green) and hydrostatic equilibrium ice bot-
tom (orange) of Totten Glacier, East Antarctica, along tracks (a) AA’, (b)
BB’ and (c) CC’ in the map on the right. Blue shade is floating ice based on
the 2013 grounding line. Ice floatation in 1996 is delineated by a red line. P
and QQ mark the intersections of AA’ and BB’ with CC’, respectively. Grey
boxes in (a) and (b) delineate the portion over which we calculate surface and
bed slopes. This figure is adapted from Li et al. (2015a). . . . . . .. . . ..
dh/dt map on Totten Glacier from (a) Pritchard et al. (2012) and (b) Fla-
ment and Rémy (2012). Grey lines in (a) show locations of ICESat dh/dt
measurements. Yellow-edged black labels in insets of (a) are modelled firn
dh/dt signal in cm/yr for 2003-2008. Elevation contours in (b) are spaced at
200 M. .o
(a) Surface DEM of Totten Glacier derived from two TanDEM-X tracks, over-
laid on a MOA image. AA’ and BB’ are along-track profiles plotted in (c) and
(d), respectively. (b) is the dh/dt values calculated by differencing TanDEM-
X DEM from 2011 and 2013. (c) and (d) plot dh/dt and velocity profiles

along AA’ and BB’. This figure is partly published in Mouginot et al. (2014a).

Antarctic velocity map (a) for International Polar Year 2007-2009 from Rignot
et al. (2011a) and a zoom of Totten Glacier (b). . . . . .. ... . ... ...
COSMO-Skymed SAR amplitude image on Totten Glacier acquired 1 day
apart in summer 2013. . . . ..o Lo oL
Velocity measurements from manual feature tracking on 1989 Landsat-4 and
2000-2002 Landsat-7 data. This figure is from Li et al. (2015b). . . . . . . .
Annual velocity maps of Totten Glacier, East Antarctica. This figure excludes
velocities from year 1989 and 2001, when velocity is measured by manual
feature tracking using Landsat image pairs (see Figure 3.3). See also Table
3.1 for the complete list of velocity measurements. This figure is from Li et al.
(2015D). .« . L
(a) Ice velocity magnitude and (b) direction of Totten Glacier, East Antarc-
tica, color coded on a logarithmic scale and overlaid on a Moderate Resolu-
tion Imaging Spectroradiometer Mosaic of Antarctica (MOA) (Scambos et al.,
2007). The speed is mapped combining ALOS PALSAR data from 2007-2010.
A few data gaps are filled with 2006 ALOS PALSAR, 2011 TDX/TSX, 2013
TDX/TSX, CSK and Landsat-8 data. The grounding line (GL) (Li et al.,
2015a) is solid white. The flux gates are solid yellow (GL) and orange (along
Operation IceBridge (OIB) ground tracks). Green boxes A and B delineate
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Times series of ice velocity (a), sub-surface ocean potential temperature (b),
and dh/dt of Totten Glacier. (a) shows velocity change at the grounding line
(box A on Figure 3.5) on top, and at the east sub-tributary (box B on Figure
3.5) at the bottom grey region. The error bars for the bottom time series
are the same as the top panel. Potential temperature in (c) is from ECCO2
solution (Menemenlis et al., 2008) and averaged over a box bounded by 115°
E to 118° E and 65.5° S to 67° S. The blue line is the moving average with a
12-month window. The red lines are fitted using a piecewise linear regression
with fixed breakpoints inline with 2000 and 2007 velocity measurements. The
values in (c¢) are from previous studies on satellite radar/laser altimetry, see
Table 2.1 for details. The blue bar is from personal communication with B.
Legresy (LEGOS). This figure is adapted from Li et al. (2015b). . . . . ..
Change in flow speed from year (a) 2000 to 2007; (b) 2007 to 2013; and (c)
2009 to 2010 on Totten Glacier. Grounding line is plotted in black. This
figure is from Li et al. (2015b). . . . . . ..o

Schematic of the grounding zone. F is the inland limitation of the tidal flexure,
G is the grounding line, I, is the point of slope break, H and H’ are points
at hydrostatic balance (HB). Inland of H, ice is beyond HB; Between H and
H’, ice is below HB; Seaward of H’, the free ice shelf is at HB. The vertical
scale in this diagram is exaggerated for display. The grounding zone between
F and H’ is usually several kilometers long. This figure is from Fricker et al.
(2002), as an adaption of Vaughan (1994). . . . . . . .. ... ... ... ..
Grounding zone of Peretermann Glacier, Greenland. Ice flows from left to
right. F is the landward limit of tidal flexure, G is the grounding line, J is
most landward hydrostatic point, I is the surface slope break point, H is the
seaward limit of the flexure zone. Surface elevation (thin blank line) is from
laser altimetry, bed elevation (thick black line) is from radio echo sounding,
hydrostatic ice bottom elevation (dashed black line) is calculated from the
surface profile. Tidal flexure (thick red line) is derived from ERS-1 DInSAR,
with the corresponding differential interferogram on top. This figure is from
Rignot et al. (2011b). . . . . . . L
Totten Glacier, East Antarctica surface topography from (a) TanDEM-X
DEM (20 m spacing) and (d) BEDMAP2 (1 km spacing) (Fretwell et al.,
2013), and differential SAR interferograms (DSIs) of (b, ) 1996 ERS-1/2 data
using (a, d) and (c, f) 2013 COSMO-Skymed (CSK) data using (a, d) for to-
pography correction. The white solid lines are the grounding line mapped
from DSI. The comparison shows that the topography correction is critical
to clean up the DSI and to map the grounding line precisely. With a 1 km
resolution, BEDMAP2 is not of sufficient quality to remove the topographic
signal, especially for the X-band CSK DSI with a long baseline. . . . . . ..
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Differential SAR interferograms (DSIs) of Totten Glacier from (a) 1996 ERS-
1/2 and (b) 2013 COSMO-Skymed (CSK) data overlaid on a MODIS mosaic
of Antarctica (Scambos et al., 2007). The fringe pattern is caused by vertical
tidal motion between data acquisitions. Grounding line in 1996 is red, and
2013 is white. Each fringe color coded from blue to yellow, purple and blue
again is a full cycle in interferometric phase or 360 degrees. . . . . . . . ..

Surface mass balance of Totten Glacier from RACMO2. (a) is the smoothed
annual values using a 12-month running filter on the original monthly data
(b). The latest solution RACMO2.3 (van Wessem et al., 2014) is plotted in
black and the most widely used version RACMO2.1 (Lenaerts et al., 2012) is
plotted in grey. . . . . . ...
Air temperature in degree Cesius at Casey Station, Law Dome, East Antarc-
tica. The monthly data (in black) is smoothed (in red) using a 12-month
running filter. Data is from Turner et al. (2004). . . . . .. ... ... ...
Time series of (a) surface mass balance (SMB) and ice discharge (D), and (b)
cumulative mass anomaly on Totten Glacier. The SMB in (a) is the moving
average of monthly data over a 12-month window (Figure 5.1a). The red
dashed line in (b) is a quadratic fitting. The quadratic model is selected
based on the AIC, criterion. . . . . . . . . . . .. ... ... ... ...
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ABSTRACT OF THE DISSERTATION

Dynamic Change of Totten Glacier, East Antarctica
By
Xin Li
Doctor of Philosophy in Earth System Science
University of California, Irvine, 2016

Prof. Eric Rignot, Chair

Totten Glacier, East Antarctica, a glacier that holds a 3.9 m sea level change equivalent,
has thinned and lost mass for decades. Change in surface elevation calculated from high-
resolution DEM differencing shows significant surface lowering rates concentrated in areas
of fast flow, hence is probably of dynamic origin. A 26-year long ice velocity time series
(1989-2015) consisting of 13 maps is developed from Landsat and interferometric synthetic
aperture radar (InSAR) data. We find significant speed-up in ice velocity, especially in
2002-2007, followed by a period of slow decrease in 2010-2014. Comparing the ice discharge
with surface mass balance suggests that the glacier mass balance was already negative in
1996 and became more negative into the 2000s. Grounding line mapping using differential
InSAR, combined with high resolution topographies of the ice surface and ice draft, reveals
a 1,500-2,300 m deep grounding zone. The grounding line extends 15 km inland along two
prominent side lobes. Immediately upstream of the grounding line, there is an ice plain which
is slightly grounded, only 15-50 m above hydrostatic equilibrium. At the glacier center, we
detect a retreat of the grounding line up to 2.640.1 km by comparing differential InNSAR data
acquired 17 years apart. The retreat is asymmetrical along the two lobes, but consistently
indicates a total thinning of 11.9£1.5 m from 1996 to 2013. On the ice plain, the glacier is
prone to rapid retreat around a region about 7 km long, but inland the bed elevation rises.

Sustained thinning will cause further retreat and speed up, but will not be conducive to a
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marine ice sheet instability. The ultimate cause of the changes is not known, but probably
of oceanic origin. Comparison of the velocity time series and reanalysis sub-surface ocean

temperatures indicates that Totten Glacier may be very sensitive to oceanic perturbations.
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Chapter 1

Introduction

Proxy records show abrupt global sea level rise 19,000 years ago (Clark et al., 2004). The
rapid sea level rise was associated with meltwater pulse, indicating significant contribution
from ice sheets (Clark et al., 2004). Observations suggest a sea level rise rate of 3.240.4
mm/yr over the period 1993-2010, with an Antarctic contribution of 0.2740.09 mm/yr
(Church et al., 2013). There is a large uncertainty in projections of Antarctic contribu-
tion to future sea level rise, because of the poor understanding of ice sheet mass balance and

a lack of observations.

Totten Glacier has the largest ice discharge (71+£3 Gt/yr) of any glacier in East Antarctica
(Rignot et al., 2013). If all the ice in its drainage basin were to melt into the ocean, the
global sea level would rise by 3.9 m (Li et al., 2015a). In recent decades, significant thinning
(Pritchard et al., 2009) and mass loss (Velicogna et al., 2014) has been observed on this
glacier. However, the cause of thinning and related dynamic processes are unclear. In
order to better understand the dynamics and mass balance of Totten Glacier, we need a
comprehensive observational record of the evolution of the glacier to understand its dynamics

and mass budget.



This dissertation presents a comprehensive collection of observational records on Totten
Glacier over the past 26 years. Chapter 1 gives an overview of the background information
of this study. Chapter 2, 3, and 4 discuss the observed dynamical change, and the total mass

balance is presented in Chapter 5.

Chapter 2 reviews the ice-sheet topography and changes in surface elevation of Totten
Glacier. Results from section 2.1.2, 2.2.2, 2.3 and 2.4.1 are original work from this study.
Contents of section 2.1.2, 2.2.2 and 2.3 are published in Li et al. (2015a). The elevation

change analysis from section 2.4 is published in a conference paper (Mouginot et al., 2014a).

13 years of ice velocity spanning 26 years are derived from satellite optical and synthetic
aperture radar (SAR) data. Four different processing approaches have been used to map
the ice velocity from different data types. Chapter 3 discusses the velocity change on Totten
Glacier. The 2007-2009 velocity record is from Rignot et al. (2011a), with the rest from this
study. The results in this chapter is summarized in a manuscript submitted to Geophysical

Research Letters (Li et al., 2015b).

The grounding line of Totten Glacier is mapped in 1996 and 2013 using interferometric SAR
(InSAR) data. The analysis of the grounding line is described in Chapter 4, with related

results published in Li et al. (2015a).

All the results mentioned are synthesized to assess the mass balance of the glacier. The mass

balance estimates are presented in Chapter 5, with results summarized in Li et al. (2015b).

The evolution of Totten Glacier over the 26 years is summarized in Chapter 6. In this
chapter, the technical limitation and scientific implications of this study are discussed as

well.



1.1 Background

In the 20th century, the global sea level has been rising persistently at a rate of 1.7 mm/yr
(IPCC, 2013). This rate almost doubled in the past 20 years, and is very likely to keep
increasing in the coming century (/PCC, 2013). Thermal expansion of seawater due to
climate warming, and mass loss from glaciers and ice sheets have been thus far the dominant
contributors to global sea level rise for the past century. The most recent report from the
Intergovernmental Panel of Climate Change (IPCC) estimated 0.27+9 mm/yr sea level rise
contribution from Antarctica, the world’s largest ice sheet (IPCC, 2013). As summarized
in Section 1.2, the mass loss from Antarctica is mostly dynamic, through increased ice flow

from the peripheral outlet glaciers.

Scientific evidence reveals a strong increase in ice discharge in West Antarctica and the
Antarctic Peninsula over the past decade (Rignot, 2008; Thomas et al., 2004; Mouginot
et al., 2014b). In comparison, East Antarctica remains in near balance. However, the mass
balance of East Antarctica is far from being spatially homogeneous. Totten Glacier, the
biggest ice discharger in East Antarctica (Rignot et al., 2013), has been thinning and losing
mass for the past decade (Pritchard et al., 2009; Chen et al., 2009; Rignot, 2002; Rignot et al.,
2008). The drainage basin of Totten Glacier sits deep below sea level, potentially conducive
to a marine ice sheet instability. This dissertation therefore focuses on the evolution of this

glacier over the past 26 years.

Most of the dynamic changes of the Antarctic ice sheet are observed in marine-based sectors,
indicating a potential instability in these regions. Paleoclimate records and process-based
numerical models suggest possible abrupt, irreversible retreat and mass loss of these marine-
based sectors in response to the ongoing climate change, through a dynamic process called

the marine ice sheet instability, as explained in section 1.3.

Antarctica is probably the least-known landscape on this planet. Observations used to



be difficult due to its vastness and remoteness. Spaceborne and airborne remote sensing
techniques have revolutionized the study of polar ice sheets by providing accurate, large-
scale, high density data to help constrain and validate ice sheet models. By simulating
the governing physical processes of the ice sheet system, the models can expand the short
observational records to long term trends and further predict the future response of the
ice sheet to climate change. A summary of the established remote sensing techniques is

presented in section 1.4.

1.2 Mass balance of the Antarctic ice sheet

1.2.1 Large sea level rise potential of the Antarctic ice sheet

Holding more than 2x107 Gt of ice (Marshall, 2012), the Antarctic ice sheet is the largest
reservoir of fresh water on Earth, capable of raising the global sea level by 56 m (Marshall,
2012). The mass loss from Antarctic ice sheet is an imminent threat to future sea level rise
under a warming climate. During the last interglacial period (~125,000 years ago) when
the Earth’s surface temperature was 2°C warmer, global sea level was 5-10 m higher than
present (Kopp et al., 2009; Dutton and Lambeck, 2012). The high sea level in part results
from disintegration of the Antarctic ice sheet. Records and reconstructions of past sea level
provide evidence of rapid sea level rise due to discharge from continental ice sheets in Earth’s

history (Clark et al., 2004; Deschamps et al., 2012).

1.2.2 Methods of estimating ice sheet mass balance

The ice sheets gain mass through snowfall accumulation and lose mass through surface

melting, iceberg calving and basal melting. The ice sheet mass balance is the difference



between mass gain and mass loss. There are three widely-used approaches to determine the
mass balance of ice sheets. Firstly, satellite time-variable gravity survey from the Gravity
Recovery and Climate Experiment (GRACE) mission provides direct measurements on the
mass change of the ice sheets ( Velicogna and Wahr, 2006; Velicogna, 2009; Chen et al., 2009).
The second approach makes use of satellite altimetry data and integrates the elevation change
of the ice sheet to derive its mass balance (Shepherd and Wingham, 2007; McMillan et al.,
2014; Pritchard et al., 2012). Lastly, one can compare the snowfall accumulation with the
mass output to estimate the mass budget of the ice sheet and determine its mass balance
(Rignot, 2002; Rignot et al., 2008). Most of the Antarctic ice sheet will stay below the freezing
point in the recent future despite of the warming climate (Kuipers Munneke et al., 2012),
therefore ice discharge from outlet glaciers is the only source of mass output in Antarctica.
Each method has its own strengths and weaknesses, further details on these methods of

estimating ice sheet mass balance will be provided in Chapter 5.

1.2.3 Contemporary Antarctic ice sheet mass balance

Table 1.1 summarizes the estimated mass balance of Antarctic ice sheet documented in the
literature. Considerable uncertainties still remain in these estimates, especially for East
Antarctica. Most studies reported a negative mass balance for West Antarctica driven by
ice dynamics in the Amundsen Sea sector and the Antarctic Peninsula (Figure 1.1). In com-
parison, East Antarctica remains fairly stable, or perhaps even gaining mass. The dynamic
ice loss over Wilkes and Victoria Land is largely compensetated by increased accumulation
along the coast of Dronning Maud Land. Increasing mass loss is also detected in several

regions where ice dynamics plays the most important role.

The Amundsen Sea Embayment in West Antarctica drains more ice than any other outlet

glacier in Antarctica. It is now the most active sector of Antarctic ice sheet. Changes in ice
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Figure 1.1: Mass balance of the Antarctic ice sheet. The map shows ice velocity color coded
on a logarithmic scale overlaid on a MODIS mosaic (Scambos et al., 2007). The circles show
the mass loss (red) and gain (blue) in Gt/yr of the major basins. Black lines denote the
drainage basins. This figure is from Rignot et al. (2008).



Study Period Method EAIS WAIS AIS

Wingham et al. (1998) 1992-1996  altimetry -1+£53  -594+50  -60+76

Rignot and Thomas (2002) 1995-2000 mass budget 20+21  -44+13  -24434
Davis et al. (2005) 1992-2003  altimetry 45+7

Zwally et al. (2005) 1992-2001 altimetry 16£11 -A7+4 -31£12

Velicogna and Wahr (2006) 2002-2005  GRACE 0+£51 -136+£19 -139+73

Ramillien et al. (2006) 2002-2005 GRACE 67£28 -107£23 -129+£15

1996 -83+£59  -112+91

Rignot et al. (2008) 2000 mass budget -4+61 -106+£60 -138+92

2006 -1324+60 -196+92

Chen et al. (2009) 2002-2009 GRACE -57+52  -132£26 -190477

MecMillan et al. (2014) 2005-2010  altimetry -3+36  -137£27  -159+48

2003-2008 . 136£28  -25£15 82+25

Zually et al. (2015) 10022001 MUY 36050 16420 11261

Table 1.1: Mass balance in Gt /yr of the East Antarctic Ice Sheet (EAILS), West Antarctic Ice
Sheet (WAIS) and Antarctic Ice Sheet (AIS) as estimated by previously published studies
using different methods. 360 Gt of mass loss is equivalent to 1 mm of global sea level rise.

flow dominates the mass loss in this sector (Mouginot et al., 2014b), widespread grounding
line retreat and flow speed-up (Mouginot et al., 2014b; Rignot et al., 2014) leads to an
acceleration of 16.34+5.6 Gt/yr? in mass loss from 2003 to 2009 (Sutterley et al., 2014).
Dynamic loss in Amundsen Sea Embayment is triggered by enhanced basal melting of ice
shelves due to warm water intrusion (Pritchard et al., 2012; Jacobs et al., 2011; Shepherd
et al., 2004). The bed topography in this sector is mostly retrograde, where the bed deepens
from the coast to the interior. The retrograde bedrock elevation provides favorable conditions
for the retreat to proceed (Rignot et al., 2014), through a dynamic mechnism called the

marine ice sheet instability.

1.3 Marine ice sheet instability

The bed topography in large parts of Antarctica becomes deeper from the peripheral towards
the interior of the ice sheet due to the effect of isostatic depression. Weertman (1974) pro-

posed that this retrograde bed configuration makes the ice sheet on top inherently unstable



(Figure 1.2a), such that small perturbations can cause large-scale, irreversible retreat. This
theory, so-called marine ice-sheet instability, has been complemented and refined by many
successive theoretical and modeling studies (e.g. Thomas (1979); Schoof (2007a,b)). The
mechanism of marine ice sheet instability provides theoretical grounds for rapid disintegra-
tion of the Antarctic ice sheets, though no paleo records has been found to date to prove
that the abrupt change of sea level in Earth’s history is directly linked to a marine ice sheet

instability.

The left panel of Figure 1.2 shows the schematic of the marine ice sheet instability mechanism,
where the glacier bed deepens inland. If the glacier experiences a small perturbation and
the grounding line advances to Profile A, the ice thickness at the grounding line will be
smaller than in the initial state I. Theory suggests that the rate of creeping thinning due to
advection is roughly proportionate to the 4th power of the ice thickness ( Weertman, 1957).
The reduced creeping thinning will result in further advance of the glacier. Similarly, if
the grounding line retreats, an increase in ice thickness will speed up the creep thinning
and accelerate the retreat. This process forms a positive feedback, indicating no stable
grounding line positions on retrograde bed. Conversely, if the bed slopes upward towards
inland as shown in the right panel, at an advanced position of the grounding line one will
find a thicker ice column, which leads to a faster creeping thinning and prevents further
advance of the grounding line. In this case the feedback is negative and the grounding line is
stable. The instability is also reflected in the continental ice sheet mass budget: Grounding
line retreat will increase the ice thickness at the grounding line, therefore result in a larger
outflow. At the same time, grounding line retreat will shrink the domain of grounded ice,
leading to a reduction in snowfall accumulation. The overall imbalance will ultimately thin

the ice and the retreat will propagate.

Another aspect of the marine ice sheet instability is the fundamental non-linear relationship

between the ice flux and the grounding line thickness (Schoof, 2007a). When a glacier



(a) unstable grounding line (b) stable grounding line

Figure 1.2: Schematic of bed topography configuration for (a) marine ice sheet instability;
(b) stable grounding line postions. Ice sheet profiles labeled I denotes the initial geometry,
profiles labeled A and R represent the geometry after advance and retreat, respectively. This
figure is adapted from van der Veen (2013), which is a reprint of Thomas (1979).

retreats on a retrograde bed, the ice flux increases about five times faster than the ice
thickness does, which makes it difficult to stabilize. This relation is developed on one-
dimensional ice flow. The instability could be suppressed by possible stabilizing effects such
as ice shelf buttressing, lateral drag from the sidewalls of the ice shelf, sedimentation and bed
roughness (Dupont and Alley, 2005; Gudmundsson et al., 2012; Alley et al., 2007). Numerical
modeling is needed to quantify these effects against the positive feedback in marine ice sheet
instability. No studies to date, however, has provided theoretical basis to dismiss the marine
ice sheet instability. It is likely that targeted modeling analysis is needed for each specific

marine ice sheet configuration to examine its stability.

The recent revolution in satellite remote sensing provides wide coverage of observations on
important parameters of ice dynamics. However, the short observational record does not
provide sufficient evidence on ice sheet evolution to make definite conclusions about marine
ice sheet instability. The collapse of the Larsen B Ice Shelf may provide some insights in this
issue. In 2002, a large part of the Larsen B Ice Shelf disintegrated in two months (Figure
1.3) due to increased melt water ponding after a strong regional warming event (MacAyeal

et al., 2003). Significant thinning and speed-up has been observed on the glaciers feeding the
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Figure 1.3: Flow acceleration after the collapse of Larsen B Ice Shelf by Scambos et al.
(2004). Center panel is MODIS image from Nov 1st, 2003 of the Larsen B Ice Shelf with
April ice shelf extents and the grounding line (black (Rack and Rott, 2004)) between 1998
and 2002. Red boxes are speed measurement site along lower glacier centerlines. Surrounding
graphes are centerline ice speeds and downstream site accelerations for six glaciers. Grey
bars represent the Feb-Mar 2002 shelf collapse event.
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disintegrated part of the ice shelf following the ice shelf failure while little change on other
adjacent glaciers has been detected (Rignot et al., 2004; Scambos et al., 2004; Rott et al.,
2011). The theory of marine ice sheet instability offers a reasonable explanation for the ob-
served dynamic response: The ice shelf failure leads to a loss of buttressing at the grounding
line, which triggers longitudinal stretching, flow acceleration and ice thinning (Cuffey and
Paterson, 2010). The observational evidence confirms the mechanical link between the ice
shelf and grounded ice, but modeling analysis is still needed to explicitly understand the

feedback.

1.4 Remote sensing of polar ice sheets

During the 1950s, study of Antarctic ice sheet was illuminated by in situ measurements.
While precise, these measurements are limited spatially and temporally. The advent of
satellite remote sensing fully expanded observations on the characteristics, behavior and
evolution of the ice sheets. Grounding breaking discoveries have emerged in this rapidly

developing research field since then.

1.4.1 Applications of optical remote sensing

The first generation of the Landsat program, the Earth Resource Technology Satellite, was
launched on July 23, 1972. The Landsat program has now become the world’s longest running
Earth-observing satellite program. The most recent generation, Landsat 8, was launched on
Feburary 11, 2013. Landsat provides a 40-year long record of the evolution of polar ice sheets.
It is widely used in monitoring ice front positions (Bindschadler, 2002) and surface features
of the glaciers such as supraglacial lakes and longitudinal structures (Glasser and Scambos,

2008; Pope et al., 2015). Ice surface velocity can also be obtained by tracking small scale
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surface features such as rifts and crevasses on repeat-pass Landsat imagery (Scambos et al.,
1992). This technique will be explained in detail in Chapter 3. Satellite images from other
optical sensors have similar applications. These satellites include the widely used Moderate-
Resolution Imaging Spectroradiometer (MODIS) and the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER). Some high-resolution optical sensors (e.g.
ASTER, SPOT, WorldView, GeoEye) produce stereo images that can be used to generate
surface elevation maps (Cook et al., 2012). Optical remote sensing relies on solar illumination,
which is available only in summer time over most of the Antarctic ice sheet. In addition,
the coastal regions of Antarctica are often covered by clouds, which blocks most of the
information from the surface. This major weakness limits the application of optical remote

sensing data in ice sheet studies.

1.4.2 Synthetic-aperture radar related techniques

The synthetic-aperture radar (SAR) sensors have great advantages compared to optical sen-
sors because they actively illuminate the ground. SAR sensors emit successive pulses to
illuminate ice surface, these pulses are radio waves that can see through the clouds. There-
fore, SAR platforms have the capability to survey the Earth’s surface day and night in all
weather conditions. Fine spatial resolution from submeter to a few tens of meters can be
achieved by the synthetic aperture technique. SAR images record both amplitude and phase
information of the reflected signal. Most of the applications of optical satellite imagery can
be accomplished using SAR amplitude images. Regarding the measurement of ice motion,
the speckle tracking algorithm (Michel and Rignot, 1999) is much more robust compared to
conventional feature tracking which is limited to coastal regions with surface features. This

technique will be discussed further in Chapter 3.

A completely different technique, SAR interferometry (InSAR), makes use of the phase infor-
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mation in SAR images. InSAR measures the differences in phase between two or more SAR
images acquired from slightly different positions. It has been widely used to measure three
key parameters of ice sheets: surface elevation (Madsen et al., 1993), ice velocity (Goldstein
et al., 1993) and grounding line positions (Rignot, 1996). The precision of InNSAR measure-
ments is unprecedented. The phase differencing is sensitive to millimeter/centimeter scale
displacement and meter scale surface elevation. By detecting vertical motion of ice shelves
associated with tides, differential InSAR technique can accurately locate the grounding line,
which used to be difficult. Repetitive INSAR coverage enables monitoring of ice sheet evo-
lution, leading to significant advances in ice sheet research. In Chapter 2, 3 and 4, these

applications will be reviewed and case studies on Totten Glacier will be presented.

1.4.3 Radar and laser altimetry

Satellite altimeters measure surface elevation of ice sheets and the temporal variability in
elevation. Radar altimeters transmit pulses of electromagnetic radiation down to the ground
and receive the reflected energy, then derive the distance between the satellite and the ground
from the time difference. The first generation of satellite radar altimeters, the Seasat and
Geosat missions, was launched in the 1970s. Despite the fact that these missions were de-
signed to measure parameters of open ocean, they provided useful elevation measurements
over Antarctica. The accuracy, resolution and coverage of the data were then improved
largely in the subsequent European Remote Sensing satellite (ERS) and Environmental
Satellite (Envisat) missions. In 2003, the first spaceborne laser altimeter, the Geoscience
Laser Altimeter System onboard Ice, Cloud and land Elevation Satellite (ICESat GLAS),
was launched. Compared to radar altimeters, the short wave laser instrument has a sub-
stantially smaller nadir footprint and takes measurements at a much higher accuracy and

along-track resolution.

13



The large spatial coverage of satellite altimetry since the ERS mission enables the con-
struction of Digital Elevation Models (DEMs) of the entire Antarctic ice sheet (Bamber and
Bindschadler, 1997; DiMarzio et al., 2007). These continental-scale high-resolution surface
elevation maps have revealed numerous surface characteristics and spatial patterns (Legresy
and Remy, 1997). Time series analysis comparing altimetry data from repeat tracks reveals
extensive dynamic thinning along the coast of Antarctic ice sheet (Pritchard et al., 2009; Fla-
ment and Rémy, 2012; McMillan et al., 2014), indicating significant mass loss. In Chapter

2, observed change in surface elevation on Totten Glacier will be reviewed.

After 7 years of operation, ICESat retired in 2010. A follow-on mission, ICESat 2, is sched-
uled for launch in 2016. An airborne campaign, Operation IceBridge (OIB), helps bridging
the gap between the two campaigns. In addition to altimetry measurements, the OIB aircraft
also carries a suite of scientific instruments including radar sounder, gravimeter and magne-
tometer. The radar sounder measures the ice thickness and images the internal layers of the
ice sheet. The gravimeter measures the gravitational field underneath the aircraft, which is
used to infer the bathymetry under ice shelves. The magnetometer provides information on
the geological properties of the bedrock. Totten Glacier has been extensively surveyed by

OIB. These airborne data will be analyzed in Chapter 2.

1.4.4 Satellite gravity

The Gravity Recovery and Climate Experiment (GRACE) mission was launched in 2003.
GRACE maps the global gravity field for the first time in the remote sensing history, once
every month. The GRACE system consists of a pair of twin spacecrafts. The twin spacecrafts
fly one behind the other at the same orbit. When passing over a mass at the Earth’s surface
(e.g. mountains), the leading spacecraft will experience a slight acceleration due to the strong

gravity field, and the distance between the twin satellites therefore increases. Similarly, this
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distance will decrease once the leading satellite flies past and the trailing one passes by. The
acceleration of the twin spacecrafts and the distance between them is recorded with high
accuracy. The gravity field of the Earth’s surface is reconstructed from this information.
The detailed geoid model from GRACE helps improve other measurements like satellite
altimetry. Most importantly, direct measurements of the mass change of the ice sheets on
both continental and regional scale largely improve global sea level rise estimates, as well as

interpretations of spatial patterns of ice sheet mass balance.

1.5 Totten Glacier

In 1839, a portion of the Antarctic continent "to the west of the Balleny Island” was first
sighted by the United States Exploring Expedition commanded by Lieutenant Charles Wilkes
(1798-1877). In recognition of this discovery, this part of Antarctica was later named Wilkes
Land. The mysterious land remained unexplored until late 1940s, by the time Totten Glacier
was delineated from aerial photographs taken by USN Operation Highjump. Located at
114°E, 67.5°S along Wilkes Land (Figure 1.4), Totten Glacier is named after a cartographer
George M. Totten, who served as a midshipman on the flag ship USS Vincennes of the United
States Exploring Expedition. Mr. George M. Totten also assisted Lt. Charles Wilkes to

correct the survey data from the expedition.

Totten Glacier is a major outlet glacier in East Antarctica. It has the largest ice discharge
(7143 Gt/yr) in East Antarctica (Rignot et al., 2013). Tts 537,900 km? large drainage basin,
vastly below sea level, holds an ice volume equivalent to 3.9 m global sea level rise. The bed
topography underneath the ice shelf of Totten Glacier may hold pathways for warm water
intrusion. At 2,300 m below sea level where the glacier is grounded at its grounding line,
the glacier experiences high ice shelf melting rates in comparison with other glaciers in East

Antarctica (Rignot et al., 2013). Comparison between the outflow and snowfall accumulation
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Figure 1.4: Map of Antarctica showing Locations of Wilkes Land and Totten Glacier. The
ice sheet is colored in grey scale with fast flowing regions shaded dark. The open ocean is
blue and continental shelf is in white hues. Yellow colors denote the floating ice shelves with
estimated Last Glacial Maximum grounding line in black (Anderson et al., 2002) and blue
(Livingstone et al., 2012). This figure is from Mackintosh et al. (2014).
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Figure 1.5: A photo of the ice front of Totten Glacier. Credit: Esmee van Wijk/CSIRO.
This photo is from a web news (Australian Broadcasting Corporation, 2015).

in its drainage basin shows a negative mass balance (Rignot, 2002; Rignot et al., 2008),
the mass loss is confirmed by independent estimates based on altimetry and GRACE data
(Shepherd and Wingham, 2007, McMillan et al., 2014; Chen et al., 2009; Velicogna et al.,
2014).

Similar to the glaciers in Amundsen Sea Embayment, Totten Glacier has experienced dy-
namic changes. Mutiple altimetry studies (Shepherd and Wingham, 2007; Zwally et al., 2005;
Pritchard et al., 2009, 2012; Flament and Rémy, 2012; Horwath et al., 2012; McMillan et al.,
2014) have shown thinning patterns correlated with the fast flow, which implies a dynamic
origin. During 2003 to 2012, gravity measurements from GRACE showed an accelerating
mass loss on Totten Glacier and adjacent glaciers. On Wilkes Land including Totten Glacier,
Moscow University Ice Shelf and Frost Glacier, the temporal variability of the mass loss of is
consistent with time series of surface mass balance (SMB) anomalies ( Williams et al., 2014;
Velicogna et al., 2014) from the Regional Atmosphere Climate Model (RACMO2) (Lenaerts

et al., 2012). However, only 40% of the detected acceleration in mass loss could be explained
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by SMB (Velicogna et al., 2014), indicating a significant contribution from ice dynamics.

While most outlet glaciers in West Antarctica have been well documented, the evolution
of Totten Glacier remained poorly characterized because major challenges are encountered
when exploring this glacier using both in situ and remote sensing approaches. The glacier
surface is constantly altered by strong surface weathering processes, and experiences high
shear when flowing at a high speed along the stagnant Law Dome. These effects make it
difficult to correlate radar images acquired at different times, resulting in significant gaps in
the International Polar Year Antarctic ice velocity map (Rignot et al., 2011a). The technical
challenges are described in detail in Chapter 3. Due to these difficulties, no velocity change

or grounding line migration have been reported so far.

A detailed numerical modeling will be necessary to evaluate the sensitivity of Totten Glacier
in response to climate change. Such exercises require a detailed records of ice velocity, ice
thickness, and the grounding line position of the glacier to help constrain and validate the

model. This study aims at compiling a comprehensive dataset of Totten Glacier.

To confirm that the observed mass loss of Totten Glacier is caused by ice dynamics, the
elevation change of the glacier is examined and compared with the flow pattern. The thinning
pattern is well correlated with the ice flow spatially. An ice velocity record derived from
satellite data shows acceleration/deceleration periods, consistent with the observed thinning
rates. InSAR-derived grounding line mappings reveal a grounding line retreat along flow
associated with the flow acceleration and ice thinning. The glacier is discharging more ice
than it gains from snow accumulation in the past 26 years. Hydrostatic analysis of the

grounding zone of Totten Glacier provides insights about the future evolution of the glacier.
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Chapter 2

Topography and elevation change of

Totten Glacier

The mass balance of an ice sheet is the difference between its mass gain and loss. Ice
sheets gain mass through snow fall accumulation and lose mass through ablation, melting,
or calving processes. The main processes controlling ice sheet mass balance is surface mass
balance and ice motion. Change in snowfall accumulation and surface melting, accelera-
tion/deceleration in ice flow and retreat/advance of grounding lines can all cause changes in
ice surface elevation. Therefore, observation and interpretation of elevation changes are of
great importance. The ice sheet topography itself also provides a number of benefits. For
instance, continental-scale surface topography maps of ice sheets could be used to identify
drainage basins (Bamber et al., 2000a,b) based on the fact that ice is flowing under gravity.
Basal topography has significant control on the grounding line stability of ice sheets (Sun

et al., 2014).

In this chapter, I present high resolution surface topography maps of Totten Glacier derived

from satellite synthetic aperture radar interferometry (InSAR) data in 2011 and 2013. The

19



two digital elevation models (DEMs) acquired two years apart are differenced to measure
changes in surface elevation. The surface elevation is combined with a basal topography
derived from a mass conservation approach to calculate the hydrostatic potential of the
glacier. This calculation is repeated on flight tracks of Operation IceBridge (OIB) where

high resolution airborne data are available.

2.1 Surface topography

2.1.1 Mapping ice sheet surface topography with InSAR

Ice Sheet Surface

Geoid Tangent

Figure 2.1: Geometry configuration of satellite SAR interferometry (Massom and Lubin,
2006). i and j are positions from where the SAR image pairs of surface location P are
acquired. B;; is the spatial baseline with the angle «, consisting a parallel component Bj
and a perpendicular component B,. 6 is the incidence angle, the range of the two SAR
observations are denoted as 7; and r;, yielding a differential range Ar. This figure is from
Massom and Lubin (2006) and adapted from McLeod et al. (1998) and Joughin et al. (1996).

Figure 2.1 is a schematic of InNSAR geometry. Two SAR sensors i and j fly on parallel orbits

and illuminate the ice sheet surface from slight different angles. The separation between
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the sensors, B;j, is the interferometric baseline, which breaks down to a parallel component
B and a perpendicular component B, with respect to the look direction. r; and r; are
slant ranges, which are vectors denoting the line-of-sight distances from the sensors to the
ground. The elevation of surface point P can be derived from the slant range difference Ar
and accurate orbit information based on gemetry. A major advantage of InSAR in mapping
the topography is its accuracy. As a coherent system, the SAR sensors record not only the
amplitude, but also the phase of the received signal. With the information from the phase, Ar
can be determined to sub-wavelength precision. In comparison, the precision of conventional
stereo-derived DEMs from optical imagery is usually limited by spatial resolution (Rosen

et al., 2000).

The SAR images pairs are coregistered and combined to form an interferogram. The phase

of the interferogram at each point is given by (Rosen et al., 2010):

Ar B 4 4 4
T = z+ _7-‘-57’9 + _ﬁératm + _WéTion (21)

Ay = —
& A r;sinf A A A

where A is the radar wavelength, 6 is the incidence angle, z is the elevation of the surface, o7,
is the projection of the ice motion in between the observations ¢ and j onto r;. The last two
terms represent the phase delay introduced by the neutral atmosphere and the ionosphere,

respectively.

InSAR systems can be either single-pass or repeat-pass. In single-pass systems, two sensors
simultaneously acquire SAR images of the same area on the surface. In this case, the atmo-
spheric and ionospheric delay can be considered equal for both observations, and Equation

2.1 is simplifed as:

8A¢U - 47 BJ_
0z A rsind (2:2)
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Then, according to the geometry, the incidence angle # can be determined as:

| (r+ A = 12 - B}
sin(a;; — 0) = 5 52 ] (2.3)
(3 1]

where «;; is the angle of B;; to the horizontal. With information on the nadir distance h to

the ellipsoid, the elevation above the same ellipsoid can then be derived by:

z=h—rcosf (2.4)

Figure 2.2: Interferogram of Totten Glacier derived from InSAR data from TanDEM-X
mission. Each fringe color coded from blue to yellow, purple and blue again is a full cycle in
interferometric phase or 360 degrees.

In an single-pass interferogram (e.g. Figure 2.2), the isophase lines termed interferometric
fringes represent contours of surface elevation. Each color cycle in Figure 2.2 represent a

phase shift of 2. The corresponding shift of altitude to this phase shift is called the altitude
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of ambiguity h, (Massonnet and Feigl, 1998):

_ Arsind
2 B,

ha (2.5)

The altitude of ambiguity is a useful measure of the InSAR pair’s sensitivity to topography.

Figure 2.3: Unwrapped interferogram of Totten Glacier derived from InSAR data from
TanDEM-X mission.

As shown in Figure 2.2, interferograms only record the principle phase, modulo 27. In order
to obtain a continuous phase map, the two-dimensional map of principle phase must be
unwrapped. Figure 2.3 shows an example of unwrapped phase. An absolute phase constant

is then determined to derive the true values of Ag.

The situation for repeat-pass systems is more complex. Usually, the phase delay caused
by atmosphere is small in polar regions due to the low humidity. The ionosphere noise
is strong in regions close to magnetic poles, like Totten Glacier. The ionosphere noise is
dispersive, strongly dependent on the frequency of the radar signal. For C-band radars
like ERS-1/2, ionospheric noise is minor. In general, Equation 2.2 to 2.4 hold for repeat
pass interferometers over regular terrains without apparent ground motion. However, when

applied to ice sheets, the ice motion term cannot be neglected. To separate the topographic
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phase delay from the part caused by ice motion, at least three repeat InSAR observations
are needed. Assuming steady ice motion, the topographic terms can be cancelled out by
subtracting two interferograms, with the remaining phase being ice motion only (Joughin

et al., 1996).

2.1.2 Surface topography of Totten Glacier from TanDEM-X data

In this study, I use alternating bistatic TanDEM/TerraSAR-X data from the German TanDEM-
X mission to derive the surface topography of Totten Glacier. In the alternating bistatic
mode of TanDEM-X mission, a pair of twin SAR platforms, TanDEM-X and TerraSAR-X,
fly in parallel orbits. One of the sensors transmits radar pulses whereas both sensors receive
the reflected radar echoes (Duque et al., 2015). The single-pass acquisition scheme is ideal
for DEM mapping because it minimizes temporal decorrelation and atmospheric noise with-
out contamination from ice motion. As an X-band radar with a wavelength of 3.125 cm,

TanDEM-X can achieve a vertical accuracy of less than 2 m (Moreira et al., 2008).

The TanDEM-X SAR data are processed from raw format to single look complex images,
then TanDEM /TerrSAR-X image pairs are combined to form single-pass interferograms.
This process is done using the GAMMA processor (www.gamma-rs.ch). An absolute phase
constant is then calculated using the Levenberg-Marquardt algorithm (Press et al., 1992).
Airborne laser altimetry surface elevation measurements in 2009-2012 (Blankenship et al.,
2012, updated 2013) are used as ground control points in the calculation. The difference
between the measured surface elevation and the inferred surface elevation is minimized.
Multiple TanDEM-X tracks and orbits are employed to stack the results and reduce errors.
The derived digital elevation model (DEM) with 20-m spacing is presented in Figure 2.4b,

and consists of 2 ascending tracks and 2 descending tracks.

Comparing the results with Operation IceBridge (OIB) laser elevation data, the root mean
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Figure 2.4: Surface elevation maps of Totten Glacier from (a) BEDMAP2 (Fretwell et al.,
2013); and (b) TanDEM-X data. Black polygon denotes the boundaries of TDX DEM
mapping versus BEDMAP2.

square error of the DEM is estimated as 3 m (Figure 2.5). The residual error is caused by: (1)
the uncertainty in OIB laser elevation (10-30 cm in Young et al. (2015)); (2) changes in surface
elevation between 2009 and 2012 (1-2 m); (3) unknown spatial variations in penetration depth

in snow of the radar signals vs laser altimetry; and (4) changes in oceanic tides on the ice

shelf.

The high-resolution TanDEM-X DEM (Figure 2.4b) reveals detailed surface characteristics
which cannot be seen on standard DEM products like BEDMAP2 (Figure 2.4a) (Fretwell
et al., 2013). Totten Glacier is flowing along the eastern flank of Law Dome, generating
strong elevation gradient along the shear margins. On the eastern side of the glacier, the
elevation drop is more gradual. Large scale undulations in the grounded part of the glacier
reflect underlying bedrock structure. Over the ice shelf, longitudinal flow strips appear as

20-30 m deep slots which indicate the flow direction of the glacier. Surface crevasses start to
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Figure 2.5: Histogram of elevation difference between OIB laser altimetry data (Blankenship
et al., 2012, updated 2013) and TanDEM-X DEM. For OIB laser data, only measurements
over grounded ice are used.

appear 40 km upstream of the ice front. Near the grounding line (67.4° S, 114° E), there are
several 50-m bumps in the surface elevation, which may play a role in the complex grounding

line pattern (Li et al., 2015a).
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Figure 2.6: A sample radar sounding echgram for Petermann Glacier in Greenland ( Gogineni,
2012).

2.2 Basal topography

2.2.1 Airborne radar soundings of ice thickness on Totten Glacier

Ice is relatively transparent to radar waves. Radar echoes can penetrate through glacial ice
and image the internal structure of the ice sheets. The reflected radar signals are synthesized
to echograms (Figure 2.6) from which the upper and lower surfaces of the ice mass can be
identified. Since 1960s, the Antarctic ice sheet has been surveyed extensively by airborne
radar soundings. In 2001, all available ice thickness measurements have been integrated
to compile the first complete subglacial topography map of Antarctica, BEDMAP-1 (Lythe

et al., 2001). However, the historical data are sparse in Totten Glacier region (Figure 2.7).

Our knowledge of the basal properties in this sector has been greatly improved by the new
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Figure 2.7: (a) Distribution of ice thickness data in the BEDMAP-1 database (Lythe et al.,
2001). (b) BEDMAP-1 Antarctic bed elevation with the location of prior datasets in black
lines (Roberts et al., 2011).

dataset from the Investigating the Cryospheric Evolution of the Central Antarctic Plate
(ICECAP) program as part of the NASA OIB mission. Totten Glacier was extensively
surveyed by the HICARS 60-MHz ice penetrating radar onboard ICECAP aircraft (Figure
2.8a) (Young et al., 2011). A new bed topography map established from this dataset (Figure
2.8b) unveils previously unknown features of the Aurora Subglacial Basin, through which
Totten Glacier drains. The Vanderford Subglacial Trench around the flanks of Law Dome has
been found to be much deeper than previously thought, with the deepest point 2,426+10 m
below sea level. Further inland, the [CECAP data shows the presence of a deep depression
oriented orthogonal to the present ice sheet margin, the Aurora Subglacial Basin. The
Aurora Subglacial Basin is connected to the drainage basin of Denman Glacier to the west
through a deeply dissected mountain region, while bounded by another dissected ridge to
the east. These deep transverse channels across the ridges reflect distinct geomorphology

which originated from past glacial activities ( Young et al., 2011).
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Figure 2.8: (a) Flight lines of the ICECAP project (blue) in the Aurora Subglacial Basin
sector during December and January of 2008/9 and 2009/10, overlaid on a map of surface
topography. Historical data in grey. The red box denotes the map outline for (b). (b) Bed
topography derived from ICECAP radar-echo sounding data shown in (a) using a natural
neighbor interpolation method. Both figures are from Young et al. (2011).

2.2.2 Basal topography mapping of Totten Glacier using a mass

conservation method

The mass conservation (MC) approach

As discussed in the previous section, direct ice thickness measurements from airborne echo-
sounding radars provide valuable information about glacier bed. However, a drawback of
these measurements is that ice thickness is only measured along flight tracks spaced several to
tens of km from each other. To establish a complete ice thickness map, radar data are usually
interpolated /extrapolated using geostatistical methods like kriging (Stein, 1999), with a grid
size much smaller than the track spacing (e.g. 1 km grid size for BEDMAP-2 ( Fretwell et al.,
2013)). Ice thickness maps, together with independent velocity maps from satellite InSAR,
are often used to initialize ice sheet models. When the interpolated ice thickness maps are

combined with InSAR velocities, the artifacts from the interpolation results in large spatial
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deviations in ice flux which leads to unrealistic ice dynamics and limits the performance of

ice sheet models (Seroussi et al., 2011).

Morlighem et al. (2011) proposed a mass conservation (MC) approach to derive spatially
consistent ice thickness maps by combining sparse radar sounding ice thickness measurements
with high-resolution ice velocity maps. The mass conservation equation of ice flow can be

described as:

OH o
o+ V- HY =M, - M, (2.6)

where H is ice thickness, T is the depth-averaged horizontal velocity, M, is the surface mass
balance in m/yr, and M, is the basal melting rate in m/yr. Solving Equation 2.6, while at the
same time minimizing the misfit between airborne radar data and the inferred ice thickness,

an ice thickness map physically consistent with observed ice velocity can be derived.

MC topography of Totten Glacier

A new ice thickness map of Totten Glacier is developed using the MC approach combining the
most complete velocity map (Li et al., 2015b) with airborne radar sounding ice thickness data
from ICECAP (Blankenship et al., 2011, updated 2013). This thickness map is developed by
M. Morlighem (UC Irvine) and published in ?. The calculation includes surface mass balance
from the Regional Atmospheric and Climate model (RACMO2) (Lenaerts et al., 2012) and
ice shelf melt rates from Rignot et al. (2013). The MC ice thickness map has a 600-m spacing
and a vertical precision of 60 m (Figure 2.9). This map is a major improvement compared
to earlier maps derived from the krigging of OIB ice thickness data at 5 km spacing (e.g.
BEDMAP2 (Fretwell et al., 2013)).
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Figure 2.9: Ice thickness derived from mass conservation (MC) method (Li et al., 2015a)
(a) and BEDMAP2 (b) (Fretwell et al., 2013). (c) shows the footprints of the ICECAP ice
thickness tracks (Blankenship et al., 2011, updated 2013) (in red) overlaid on the MOA map.
Regions outside the MC domain are masked in half-transparent grey. (d) shows the error of
the MC thickness map. The error ranges from a few meters (along the OIB tracks) to up to
500 m, where the distance between tracks grows to tens of kilometers. The error is about 65
m on average for the entire domain. Near the grounding line, the error decreases to ~40 m
due to the dense OIB ice thickness measurements. See Morlighem et al. (2011) for details of
the MC mapping. This figure is from Li et al. (2015a).
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Figure 2.10: Ice draft topography of Totten Glacier. Black polygons denote the boundaries
of TDX DEM mapping versus BEDMAP2 (Fretwell et al., 2013). Orange polygons delineate
the boundaries of the mass conservation (MC) domain. The redbox is zoomed in the inset
on a different color scale. This figure is from Li et al. (2015a). The yellow lines are ICECAP
flight tracks whose profile is plotted on the right panels. On the profile plots (a) (b) and (c),
surface elevation is in blue, bed elevation is in green, and hydrostatic equilibrium ice bottom
is in orange. Blue shade is floating ice based on the 2013 grounding line (Li et al., 2015a),
Ice floatation in 1996 is delineated by a red line. P and Q mark the intersections of AA” and
BB’ with CC’, respectively. Grey boxes in (a) and (b) delineate the portion over which we
calculate surface and bed slopes.
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The MC-derived ice thickness is subtracted from the TanDEM-X DEM (Figure 2.4) converted
into solid ice equivalent using a firn depth correction from RACMO?2 (Ligtenberg et al., 2011)
to obtain the ice draft elevation in ice equivalent. The reconstructed MC ice draft reveals a
fjord-like landscape with a deep trough spanning the entire 25 km width of the fast portion
of TG (Figure 2.10). The trough is 2,000-2,300 m deep and bounded by 2,000 m high walls
on both sides. Immediately upstream from the distinct two-lobe pattern of the grounding
line, the bed topography is different: the southern lobe is 500 m deeper than the northern
lobe. Upstream of the southern lobe, the bed remains nearly level at the center for another
7 km, then rises slowly with a 4% slope. In contrast, the northern lobe sits on a prograde
bed, i.e. the bed rises upstream of the grounding line with a 7.5% slope for 3 km, and then

flattens out.

2.3 Hydrostatic potential

The TanDEM-X DEM (Figure 2.4) and MC bed (Figure 2.10) are combined to calculate
the hydrostatic potential (HP) of ice expressed in meters of elevation above hydrostatic

equilibrium (Figure 2.11) following Shreve (1972) and Fricker and Scambos (2009):

O = piceg(zsurface - Zbed) + PswdZbed (27)

where p;.. and ps,, are density of ice and sea water, respectively; g is the gravity acceleration;
Zsurface aNd 2peq are elevation of glacier surface and bed. Surface elevations are referenced
to mean sea level using the EIGEN-6C geoid (Forste et al., 2012). A density of 917 kg/m?
is assumed for p,. and 1028 kg/m? for ps, since the ice shelf thickness calculated using
these values assuming hydrostatic equilibrium best fits the ICECAP ice thickness data. The
nominal error in HP is estimated to be 8 m from the 3 m nominal error in the DEM and 60

m error for the ice draft.
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Figure 2.11: Hydrostatic potential of Totten Glacier. Black polygons denote the boundaries
of TDX DEM mapping versus BEDMAP2 (Fretwell et al., 2013). Orange polygons delineate
the boundaries of the mass conservation (MC) domain versus BEDMAP2. 1996 Grounding
line line in red. The redbox is zoomed in the inset on a different color scale. This figure is
from Li et al. (2015a).
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The bed topography is strongly reflected in the HP map. In the proximity of the grounding
line, the hydrostatic potential is mostly in the range of 0-20 m. Upstream of the southern
lobe, we detect a 7-km long by 8-km wide "ice plain”, similar to the one reported for
Pine Island Glacier (Corr et al., 2001), i.e. an area with relatively flat surface topography,
grounded only a few tens of meters above hydrostatic equilibrium. Beyond the northern lobe,
the HP contours are more closely spaced due to the presence of a bump in bed topography.
The ice island separating the two lobes is less than 60 m above hydrostatic equilibrium,
hence apparent to an ice rumple, i.e. an area where ice overrides a bump in the seafloor but

does not decrease its speed to zero.
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Figure 2.12: ICECAP surface (blue), ice draft (green) and hydrostatic equilibrium ice bottom
(orange) of Totten Glacier, East Antarctica, along tracks (a) AA’, (b) BB’ and (c¢) CC’ in the
map on the right. Blue shade is floating ice based on the 2013 grounding line. Ice floatation
in 1996 is delineated by a red line. P and Q mark the intersections of AA” and BB’ with
CC’, respectively. Grey boxes in (a) and (b) delineate the portion over which we calculate
surface and bed slopes. This figure is adapted from Li et al. (2015a).

Three ICECAP profiles AA’, BB’ and CC’ with high resolution, direct observational surface
and bed elevation data are examined to provide a closer look at the hydrostatic balance of the
grounding line region. Figure 2.12 shows the surface elevation and ice draft elevation, as well
as the departure of the ice draft from hydrostatic equilibrium. Along AA’ on the southern
lobe, the ice draft shows no significant deviation from hydrostatic equilibrium (< 120 m)

until 7 km upstream of the grounding line, which marks the virtual limit of the ice plain.
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publication time span  dh/dt (m/yr) location

Zwally et al. (2005)* 1992-2001 -0.448+0.048 grounded ice (fast)
Shepherd and Wingham (2007)* | 1992-2003  -0.25+0.05  grounded ice (fast)
Pritchard et al. (2009)T 2003-2007 -1.9 grounded ice (fast)
Flament and Rémy (2012)} 2002-2010 -1.240.6 grounded ice (fast)
Horwath et al. (2012)8 2002-2009 -0.2 grounded ice (fast)

-0.41+2.81 ice shelf (inner)
+0.04£0.5 ice shelf (outer)

Pritchard et al. (2012)T 2003-2008 0.00 erounded ice (slow)
-1.6 grounded ice (fast)

McMillan et al. (2014)F 2010-2013  -0.52+0.012  grounded ice (fast)

Paolo et al. (2015)*8 1994-2012  +0.2£0.75 ice shelf

Table 2.1: Summary of previously published altimetry results on Totten Glacier. dh/dt is
the rate of change in ice thickness, positive value means the ice is thickening, negative value
means the ice is thinning. Superscripts in the left column denote the data source: ERS-1/2*,
ICESat GLAS', Envisat® and CryoSat-2*.

Along BB’, the ice draft rises and diverges from the hydrostatic equilibrium immediately
upstream of the grounding line: the hydrostatic ice bottom drops by 500 m in 2 km while
moving inland. At the location of the ice island separating the two lobes, no bedrock ridge is
present. Instead, there is a 50-m bump in surface elevation. CC’ is a transverse flight track
located 2 km upstream of the 2013 grounding line. CC’ intersects AA’ and BB’ at locations
P and Q, respectively, which are upstream of the southern and northern lobes. At P, the
ice is close to hydrostatic equilibrium and grounded 2,400 m below sea level. At Q, the ice

draft is only 1,400 m deep and the ice is well above hydrostatic equilibrium.

2.4 Elevation change

Satellite altimetry records since 1992 have shown significant surface lowering over the grounded
part of Totten Glacier (Table 2.1). Most of the observed thinning is concentrated in regions of
low elevation with fast flow (Figure 2.13), with the maximum values found near the ground-

ing line. The reported thinning rates increased from about 0.5 m/yr in the 1990s (Shepherd

37



and Wingham, 2007; Zwally et al., 2005) to about 1.5 m/yr in 2003-2009 (Pritchard et al.,
2009; Horwath et al., 2012; Flament and Rémy, 2012), and may have decreased in recent
years (McMillan et al., 2014). The geographic pattern of the thinning is indicative of a
dynamic origin. However, on the floating ice shelf, examination of the long-term record of
surface elevation is challenging, in part due to the complexity of the surface mass balance
regime in this region. Available data on the ice shelf are not conclusive of a significant

thinning or thickening trends but rather indicative of fluctuations (Paolo et al., 2015).
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Figure 2.13: dh/dt map on Totten Glacier from (a) Pritchard et al. (2012) and (b) Flament
and Rémy (2012). Grey lines in (a) show locations of ICESat dh/dt measurements. Yellow-
edged black labels in insets of (a) are modelled firn dh/dt signal in cm/yr for 2003-2008.
Elevation contours in (b) are spaced at 250 m.

2.4.1 Mapping surface elevation change on Totten Glacier using

TanDEM-X data

Repeat acquisitions of TanDEM-X data allows for elevation change mapping on Totten

Glacier (Mouginot et al., 2014a). Part of the glacier was surveyed on repeat orbits twice
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in 2011 and 2013 along two ascending tracks (Figure 2.14a). The DEMs at the two epochs
are differenced to derive a map of dh/dt (Figure 2.14b). The map shows a well correlated
geographic pattern between dh/dt and velocity. Along profile AA” across the grounding line,
dh/dt stays near zero in regions with stagnant flow slower than 200 m/yr. At the center
of the ice stream with fastest flow, a clear thinning signal up to 5 m/yr is observed. When
it comes to the shear margins with strong velocity gradient, the noise in dh/dt becomes
larger due to the high strain rates. Similar correlation between velocity and dh/dt is found
along BB’ across the ice shelf and the eastern sub tributary. The eastern sub tributary has
a much smaller velocity of ~400 m/yr compared to the main trunk, but a clear thinning
signal is present. On the ice shelf, dh/dt profile shows large wiggles due to the motion of
the surface crevasses. This problem can be possibly solved by using a Lagrangian analysis
(Moholdt et al., 2014). A small ramp in the track seaward produces slight bias on the dh/dt
profile up to 3.5 m/yr near end B, most likely due to the residue errors in the absolute phase
constant. These results should only be interpreted qualitatively at this stage, corrections in
firn densification and tidal effects are necessary to draw any quantatively conclusions out of

this dataset.
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Figure 2.14: (a) Surface DEM of Totten Glacier derived from two TanDEM-X tracks, overlaid
on a MOA image. AA’ and BB’ are along-track profiles plotted in (c) and (d), respectively.
(b) is the dh/dt values calculated by differencing TanDEM-X DEM from 2011 and 2013. (c)
and (d) plot dh/dt and velocity profiles along AA’ and BB’. This figure is partly published
in Mouginot et al. (2014a).

2.5 Summary

High-resolution DEMs derived from TanDEM-X InSAR data reveals abundant surface char-
acteristics such as flow structures, crevasses and undulations which reflect basal topography.
At the grounding zone, Totten Glacier has a bumpy surface topoggraphy with no significant

break-in-slope between the grounded and floating portion.
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A high-resolution ice thickness map is derived using a mass conservation method, combining
InSAR-derived surface velocity and ice thickness measurements from airborne radar echo
sounding. This map is subtracted from the TanDEM-X DEM to obtain a basal topography
map of Totten Glacier. The reconstructed basal topography shows a deep trough along the
ice stream with completely different bed conditions underneath the two-lobe shape grounding
line: one lobe sits deeper with flat bed slopes upstream while the other is shallow and rises
towards inland. A hydrostatic analysis of the grounding line shows that the deeper lobes is
prone to further retreat, with a 7 km long by 8 km wide region right beyond the grounding
line grounded only 0-50 m above hydrostatic equilibrium, or an ”ice plain”. In contrast, the

steep bed at the shallow lobe will protect the glacier from fast retreat.

The surface topography of Totten Glacier was mapped twice in 2011 and 2013, allowing for
detection of elevation change by DEM differencing. The result shows a significant thinning
signal near the grounding line which is well correlated with fast flow. This pattern suggests

a dynamic origin of the thinning that is consistent with prior altimetry results.
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Chapter 3

Velocity change of Totten Glacier

Understanding the dynamic behavior of Totten Glacier is important because of the large
potential sea level rise it could cause. Ground-based measurements in the 1970s ( Young,
1979) was the first step towards a mass budget estimate of this glacier. Since the 1990s,
satellite synthetic aperture radar interferometry (InSAR) largely completed our view at the
rate of motion of this glacier (Rignot, 2002; Rignot et al., 2008, 2011a). However, significant
data gaps still remain upstream of the grounding line of Totten Glacier (Figure 3.1) (Rignot

et al., 2011a), which largely affects numerical modeling analysis.

Totten Glacier is particularly difficult to access by satellite SAR surveys. Being far from
downlink stations in Antarctica, poor weather limits data quality for optical sensors and
reduces coherence of SAR signal, especially for data acquired many weeks apart. Persistent
katabatic winds and high accumulation of snowfall constantly rework the ice surface. Figure
3.2 shows two SAR amplitude images of Totten Glacier’s grounding line with 1 day separation
acquired by COSMO-Skymed in 2013 summer time. The surface looks very different after
only 1 day. An additional complication of ice velocity mapping in the area is the absence of

reference points of known velocity. While Law Dome is a good reference target, it is also a
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Figure 3.1: Antarctic velocity map (a) for International Polar Year 2007-2009 from Rignot
et al. (2011a) and a zoom of Totten Glacier (b).

region of high snow accumulation (Goodwin, 1990), which limits the signal to noise ratio of
SAR data and phase coherence. Few points with zero velocity are present along the coast
(Rignot et al., 2011a), which in particular requires the data to be extended to the ice divides,
200 km away from the grounding line, in order to get good control. Finally, there is strong
ionospheric noise in the radar data in this sector near the south magnetic pole (Mouginot
et al., 2012). All these factors inhibit complete mapping of this glacier and detection of small

changes in ice velocity.

This study presents a continuous record of ice velocity of Totten Glacier since 1989, going
back to the Landsat-4 era, and extending to present using a suite of international SAR
sensors and Landsat-8 in more recent years. The velocity mapping in 2007-2009 is from
Rignot et al. (2011a), the rest is from this study. The 2013 Landsat-8 was processed by
J. Mouginot (UC Irvine). The assembled ice velocity shows a good temporal correlation
with the observed thinning rates and reanalysis ocean temperature data, indicating that

the glacier is very sensitive to changes in oceanic conditions. This ice velocity record is the
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Figure 3.2: COSMO-Skymed SAR amplitude image on Totten Glacier acquired 1 day apart
in summer 2013.

longest record developed to date.

3.1 Measurement of ice surface velocity

Advances in satellite remote sensing have greatly improved ice motion measurement and
monitoring since 1970s. Three major techniques have been widely used to map large-scale

ice motion:

1. Feature tracking using sequential optical images
2. Speckle tracking using SAR amplitude images

3. Satellite synthetic aperture radar interferometry

Each technique has its own strengthes and weeknesses, as well as associated errors. This

section provides a brief review of these techniques.
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3.1.1 Feature tracking

On fast flowing ice where stress is high, visible features such as crevasses and rifts form
at the ice surface and move with the ice. These features can be tracked on sequential
high-resolution optical images like Landsat, ASTER and SPOT. Sequential images should
first be coregistered using satellite ephemeris information and fixed points like the coastline
and bare rocks. Surface features are then located visually and their displacements can be
measured manually. This approach requires accurate coregistration of the images and small,
sharp surface features. The precision of the velocity measurements is limited by the spatial

resolution and temporal separation of the images.

Algorithms for automated extraction of the displacements have been developed as well.
The image-to-image cross-correlation algorithm allows for high-density velocity mapping by
automatically searching for matching rectangular sub-image chips between the image pairs
(Scambos et al., 1992). This algorithm is more robust compared to conventional visual
tracking due to the subpixel accuracy. Moreover, the cross-correlation algorithm is able to
detect displacements of diffuse, extended features without losing any accuracy. The Landsat
program launched in 1972 enables the large scale ice sheet velocity mapping using the cross-
correlation algorithm, which significantly extends our observational record back in time.
However, the feature tracking algorithm requires that identifiable features must be present
at the surface, which is not the case for most of the interior regions of the Antarctic ice sheet.
Moreover, the orbit information from early generations of Landsat satellites were not accurate
enough for pixel-level co-registration. In areas with wide-spread fast flow like Totten Glacier,
a lack of tie points could result in difficuties in velocity calibration. The most recent Landsat-
8 Operational Land Imager (OLI) overcomes several of these limitations. The new sensor
provides a 12-bit radiometric resolution which translate into 4096 grey levels, compared with
256 in the previous 8-bit sensor onboard Landsat-7. The high signal-to-noise ratio enables

the new sensor to detect subtle surface features like un-crevassed sastrugi (Klinger et al.,
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2014; Fahnestock et al., 2014). Unlike crevasses and rifts which are confined in fast-flowing
regions, these features are widely present at the ice sheet surface, from the coast to the
interior. Therefore, velocity mapping using Landsat-8 data can be extended far into the
interior of the ice sheet. Furthermore, the orbital information of Landsat-8 is accurate to

less than a pixel, which benifits the calibration of derived velocities.

The feature tracking technique can be applied to SAR amplitude images as well. SAR images
have several advantages against optical images when used for feature tracking. Firstly, the
vision of SAR images are not hampered by cloud cover or darkness. Secondly, feature
tracking is more efficient with SAR images due to the penetration of radar signals into the
firn layer. Finally, the synthetic aperture technique provides meter level spatial resolution
for SAR sensors compared to 15-60 m for Landsat sensors. Despite all these advantages,
feature tracking on SAR images is rarely used for velocity mapping, because speckle tracing

is a much more robust algorithm for velocity mapping using SAR images.

3.1.2 Speckle tracking

In ice sheet velocity mapping, conventional feature-tracking technique relies on the presence
of surface features like rifts and crevasses. These features often appear in fast flowing coastal
regions. However, in the vast interior of the Antarctic ice sheet, such features rarely exist.
This problem is solved with SAR speckle. Speckle is an inherent "noise” in SAR images due
to the wave interference in coherent radar echoes. The pattern of the speckle is determined by
the scatterer at the surface. Speckle tracking applies cross-correlation to the coherent phase
of small sub-image chips, searches for the peak correlation with high signal-to-noise ratio
between SAR image pairs and finally obtains an offset map with sub-pixel precision. This
method has been described in detail in Schaum and McHugh (1991)and Michel and Rignot

(1999). The nominal precision of the speckle tracking technique is 1/30 of the sub-image
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(Rignot, 2002).

The speckle tracking technique is robust and has been widely used in glaciology studies (e.g.
Rignot et al. (2011a)). Compared to conventional feature tracking, speckle tracking on SAR
images does not depend on solar illumination and clear sky conditions, nor identifable surface
features. This technique provides velocity measurements in both range (across-track) and
azimuth (along-track) directions, which is a big advantage compared to SAR interferometry
(see section 3.1.3). The typical error range for ice velocity mapping from speckle tracking
on satellite SAR data is 4-20 m/yr (Rignot et al., 2011a). Although much larger than that

of InSAR, it is acceptable for fast-moving glaciers.

3.1.3 Synthetic aperture radar interferometry

As discussed in section 2.1.1, the interferometric phase is sensitive to surface displacement.

Expanding the ice motion term of Equation 2.1 (Joughin et al., 1998):

4 47
—57“9 = 7

Adi=1

(Agpsind — Ay, cosb) (3.1)

where Ay, is the displacement component tangential to the reference ellipsoid in the across-
track direction, A, , is the vertical displacement, A is the wavelength of the radar, and 6 is
the incidence angle. If we assume the ice flow is steady between the acquisitions, which is

true for most Antarctic glaciers, we can convert the displacements to velocity:

4
Apg = TﬂéT(vx sinf — v, cos 0) (3.2)

where v, and v, are corresponding velocity for the displacements A, and Ay, and 67 is

the time separation between the SAR pairs. Solve for the horizontal across-track velocity
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— A
47dT sin 0

Vg

+ v, cot § (3.3)

Note that in all above equations, ¢4 is the calibrated motion-only unwrapped phase so that
zero phase means no surface displacement, this calibration could be done by calculating an
absolute phase constant as introduced in section 2.1.1. By assuming the ice is flowing parallel

to the ice surface, one can relate v, with v, using prior surface elevation information z(z,y):

Combining Equation 3.3 and 3.4, the horizontal across-track velocity component can be

derived.

In principle, InSAR can achieve millimeter precision in measuring surface displacements.
But external error sources such as weather conditions and ionospheric perturbations can
also play a role. Michel and Rignot (1999) estimated a statistical error of 1.4 cm/d for ice
velocity measurement for an interferogram with 0.4 average phase coherence. This precision
makes InSAR a powerful tool in glaciology studies. However, apparent drawbacks do exist.
The interferometric phase is only sensitive to surface displacement in the range direction.
To obtain 2-dimensional flow vectors, Joughin et al. (1998) combines InSAR-derived velocity
components from ascending and descending orbits. This method provides accurate velocity
measurements. However, it is not always the case that data from both orbits are available.

On Totten Glacier, only one orbit direction is available in most cases.

An alternative method named multiple aperture InSAR, or MAI can be used to infer the
azimuth ground motion (Bechor and Zebker, 2006). The aperture is split and the signal

is integrated over a sub-apertures to form a forward-looking and a backward-looking inter-
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ferograms. The phase difference between the two interferograms is sensitive to the surface
motion in the along-track direction. Deciding on the size of the sub-apreture is tricky: The
sensitivity of the phase to ground motion increases with the separation between two sub-
apertures. Therefore, selecting two small sub-apertures at the both ends of the full aperture
would achieve best phase sensitivity. However, the signal-to-noise (SNR) ratio decreases
when reducing sub-aperture size. Statistical analysis shows that dividing the full aperture
in half is optimum to balance the trade-off effects (Bechor and Zebker, 2006). The MAI
approach outperforms the speckle tracking technique for InSAR pairs with short temporal

separation in terms of precision.

3.2 Velocity mapping of Totten Glacier

3.2.1 Data and methods

In this study, both optical and synthetic aperture radar (SAR) data from a set of satellite
platforms are used to derive ice surface velocities. The data includes the US Landsat Mul-
tiSpectral Scanner (Landsat-4), Enhanced Thematic Mapper Plus (Landsat-7), and Opera-
tional Land Imager (Landsat-8), the European Earth Remote Sensing imaging radar satellite
(ERS-1/2), the Canadian RADARSAT-1 and RADARSAT-2 radar, the Japanese Advanced
Land Observation System (ALOS) Phased-array L-band Synthetic Aperture Radar (PAL-
SAR), the German TanDEM/TerraSAR-X (TDX/TSX), and the Italian COSMO-Skymed

(CSK) constellation satellites. The data span 1989 to 2015 as shown in Table 3.1.

Ice surface velocities in 1989 and 2001 are derived from Landsat-4 band 3 and Landsat-7 band
8 (panchromatic) data to achieve the best contrast and spatial resolution. Sequential images
are georeferenced to a Landsat-8 image from the same path/row with ground control points

(GCPs) corresponding to near zero velocity in the Antarctic-wide map (Rignot et al., 2011a).
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year — sensor A (cm) At (d) time n processing
1989 Landsat-4 7x107° 224 03/28/89-11/08/89 1 feature tracking
1996 ERS-1/2 5.6 1 02/13/96-05/29/96 8 InSAR+MAI
2000 RADARSAT-1 5.6 24 09/07/00-11/13/00 9  speckle tracking
2001 Landsat-7 7x107° 1056  01/06/00-11/27/02 1 feature tracking
2005 ERS-1/2 5.6 35 09/07/05-10/12/05 1  speckle tracking
2006 ALOS PALSAR 236 46 05/20/06-08/13/06 9  speckle tracking
2007 ALOS PALSAR  23.6 46 09/08/07-01/14/08 20 speckle tracking
2008 ALOS PALSAR  23.6 46 09/10/08-01/24/09 23 speckle tracking
2009 ALOS PALSAR 236 46 09/13/09-01/19/10 6 speckle tracking
2010 ALOS PALSAR  23.6 46 09/28/10-01/30/11 8 speckle tracking
2011 TDX/TSX 3.1 11/22 06/10/11-08/12/11 3 speckle tracking
TDX 3.1 11/33 06/13/13-07/28/13 3 speckle tracking
9013 TSX 3.1 11 10/02/13-11/13/13 5  speckle tracking
CSK 3.1 3 12/07/13-12/20/13 2 speckle tracking
Landsat-8 6x107° 48 11/18/13-01/20/14 3 feature tracking
2015 RADARSAT-2 5.5 24 02/22/15-03/18/15 1  speckle tracking

Table 3.1: InSAR satellite data used to map the ice velocity of Totten Glacier, East Antarc-
tica: year, sensor name, radar wavelength )\ in centimeters, repeat cycle At in days, time of
acquisition, number of tracks n, and processing technique.

The registration accuracy is better than 1 pixel (30 m for Landsat-4, 15 m for Landsat-
7). Small scale (< 5 pixels) ice surface features like crevasses and rifts are identified and
tracked on pairs of registered images. The displacements are then measured and converted
into velocity vectors (Figure 3.3). An accuracy of 2 pixels is estimated in the measured
displacements, which translates into an error of £98 m/yr (1o) for Landsat-4 data in 1989

and +10 m/yr for Landsat-7 data in 2001.

ERS-1/2 data from 1996 are processed interferometrically and the line-of-sight (across-track)
velocity component is derived (Goldstein et al., 1993). The phase coherence is high due to
the 1 day repeat cycle. Tidal signals on the ice shelf are removed using tide products from
CATS2008a-opt tide model (Padman et al., 2008) and the TPX06.2 load model (Egbert and
FErofeeva, 2002) following Scheuchl et al. (2012). No ascending passes exist in this area, so
it is not possible derive a two-dimensional flow vector (Joughin et al., 1998) using InSAR.

Instead, the multiple aperture interferometry (MAI) technique (Bechor and Zebker, 2006)
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Figure 3.3: Velocity measurements from manual feature tracking on 1989 Landsat-4 and
2000-2002 Landsat-7 data. This figure is from Li et al. (2015b).

is applied to derive the along-track velocity component. The error in velocity mapping is

mainly from the ionosphere perturbation along track, and estimated to be 49 m/yr.

The remaining SAR data are processed using a speckle tracking algorithm (Michel and
Rignot, 1999), with 2007-2009 velocities from Rignot et al. (2011a), and the remainder from
this study. This study uses RADARSAT-1 24-day repeat data for year 2000, ERS-1 35-day
repeat data for 2005, ALOS PALSAR 46-day repeat data for five consecutive years during
2006-2010, TDX/TSX 11-day repeat data for 2011, and RADARSAT-2 24-day repeat data
for 2015. Multiple datasets in 2013 are employed: 11-day repeat TDX/TSX data, 3-day
repeat CSK data, and 48-day repeat Landsat-8 data. For Landsat-8 data, instead of tracking
SAR speckles, the cross-correlation algorithm tracks subtle surface features like sastrugi. As
these features may move with the wind, analysis of the corresponding displacement vectors
must be done with caution. Here, the processing chain of Mouginot et al. (2012) is used.
Long tracks of SAR images spanning the entire drainage basin are employed whenever they

are available to ensure good calibration (Mouginot et al., 2012). The estimated errors range
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from 10 m/yr to 17 m/yr depending on data repeat cycle and the operating frequency of the

Sensor.

3.2.2 Velocity patterns of Totten Glacier

The velocity maps are presented in Figure 3.4. The most complete maps are from ALOS
PALSAR L-band data in 2007-2008. The L-band sensor has a longer wavelength compared to
the C-band ERS-1/2 and RADARSAT-1/2 and X-band TDX/TSX and CSK sensors which
penetrates deeper down into the firn layer. The ALOS PALSAR data has good temporal
coherence since it avoids most of the noise due to surface weathering. Although it suffers
from stronger ionospheric perturbations due to the longer wavelength, ALOS PALSAR has
a good sensitivity to ice motion due to its long 46-day repeat cycle. Rignot et al. (2011a)
estimated a 17 m/yr precision in velocity measurements from ALOS PALSAR data, which is
acceptable for fast moving regions. In 2006, 2009 and 2010, the velocity mapping is limited
to Vanderford Glacier in the west due to data availability, but still covers most of the fast

flowing portion of Totten Glacier.

In 1996, only ERS-1/2 descending tracks are available. The velocity component in the
azimuth direction is derived from MAI. During a short repeat cycle of 1 day, the surface
displacement is small compared to noise from ionospheric perturbation. This noise apprears
as strong azimuth streaks in the azimuth direction and the statistical error in the velocity
mapping is 50 m/yr. In 2000 and 2005, sparse velocity measurements are obtained from C-
band data with long repeat cycles due to temporal decorrelation. In 2011, only three short
TDX/TSX tracks are available for velocity mapping, the speckle tracking fails on the ice shelf
where the fast flow causes large deformations. In 2013, SAR data are only available near
the grounding line with widespread fast flow, these data are cross-calibrated with Landsat-8

data, which has a good spatial coverage but lower precision. The most recent measurement
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Figure 3.4: Annual velocity maps of Totten Glacier, East Antarctica. This figure excludes
velocities from year 1989 and 2001, when velocity is measured by manual feature tracking

using Landsat image pairs (see Flgure 3.3).
measurements. This figure is from Li et al

also Table 3.1 for the complete list of velocity
15b).



grounding fine (GL). ___ %)
flux gate (GL) CC’ !

flux gate’(OIB) DD’

drainagé basin 77005 !

773505 /| Vanderford

Glacier \

Qo
|

v/,

L

11T
L]
|| 4

Glacier = \
0 30 60|p-SEhias

m/yr

1 10 100 1000

Figure 3.5: (a) Ice velocity magnitude and (b) direction of Totten Glacier, East Antarctica,
color coded on a logarithmic scale and overlaid on a Moderate Resolution Imaging Spec-
troradiometer Mosaic of Antarctica (MOA) (Scambos et al., 2007). The speed is mapped
combining ALOS PALSAR data from 2007-2010. A few data gaps are filled with 2006 ALOS
PALSAR, 2011 TDX/TSX, 2013 TDX/TSX, CSK and Landsat-8 data. The grounding line
(GL) (Lt et al., 2015a) is solid white. The flux gates are solid yellow (GL) and orange (along
Operation IceBridge (OIB) ground tracks). Green boxes A and B delineate the portion
where we develop ice velocity time series (Figure 3a). The brown box is the map outline for

(b).
from RADARSAT-2 has good coherence but limited coverage.

From year 2007 to 2010, ice velocity of Totten Glacier is rather stable with a temporal
fluctuation less than 4%. The velocity maps from these years are stacked to generate a
complete velocity map with best spatial coverage (Figure 3.5), the remaining data gaps are
filled with data from the other years. Figure 3.5 shows the surface velocity magnitude and
direction of Totten Glacier. This map has no gaps near the grounding line and is more

complete than Rignot et al. (2011a) (Figure 3.1). The pattern of fast flow (above > 50
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m/yr) initiates in the deep Aurora Subglacial Basin, about 350 km from the coast. The
ice flow is then diverted into two tributaries along the flanks of Law Dome, one towards
Vanderford Glacier to the west and the other to Totten Glacier on the east. Totten carries
most of the ice, and flows down a confined, 25 km wide ice shelf at a speed of about ~800
m/yr. This is a typical value in East Antarctica (Rignot et al., 2011a), but a low value
compared to ice shelves in the Amundsen Sea sector of West Antarctica (Mouginot et al.,
2014b). On the broad eastern side of the grounding line, an independent tributary that
initiates 190 km inland merges into the main ice stream at about 430 m/yr. At the ice front,
the ice shelf flows at about 1,800 m/yr and calves off with an iceberg production of about
28+2 Gt/yr (Rignot et al., 2013). Comparison of the grounding line flux with the ice front
calving with correction for SMB in between indicated an area-average melt rate of the ice

shelf of 10.5+0.7 m/yr (Rignot et al., 2013).

3.3 Velocity change of Totten Glacier

Two velocity time series have been extracted at boxes A and B on Figure 3.5, representing
the velocity temporal variability at the grounding line in the main trunk and in the eastern
tributary, respectively. Figure 3.6a shows the velocity time series. At the grounding line of
Totten (box A in Figure 3.5), the ice speed decreased by 86 m/yr, or 12% during the time
period 1989-2000. The glacier speed then increased by 120 m/yr, or 18%, to peak around
2007. Since 2007, the glacier has remained rather stable, with a slight decrease in speed of
30 m/yr, or 4% in 7 years. These changes in ice speed are also reflected on the ice shelf, with
larger absolute magnitude change but similar or smaller percentage change (Figure 3.7). In
a region about 15 km from the ice front, we detect strong fluctuations in speed between year
2009 and 2010 (Figure 3.7c), however, no associated calving events have been observed in

the time period. From 2000 to 2007, the acceleration in ice flow has extended about 33 km
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Figure 3.6: Times series of ice velocity (a), sub-surface ocean potential temperature (b),
and dh/dt of Totten Glacier. (a) shows velocity change at the grounding line (box A on
Figure 3.5) on top, and at the east sub-tributary (box B on Figure 3.5) at the bottom grey
region. The error bars for the bottom time series are the same as the top panel. Potential
temperature in (c) is from ECCO2 solution (Menemenlis et al., 2008) and averaged over a
box bounded by 115° E to 118° E and 65.5° S to 67° S. The blue line is the moving average
with a 12-month window. The red lines are fitted using a piecewise linear regression with
fixed breakpoints inline with 2000 and 2007 velocity measurements. The values in (c) are
from previous studies on satellite radar/laser altimetry, see Table 2.1 for details. The blue
bar is from personal communication with B. Legresy (LEGOS). This figure is adapted from

Li et al. (2015b).
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upstream the grounding line. In the deceleration period from 2007 to 2013, the inland limit
of the speed change was only about 8 km upstream of the grounding line. Most changes in
speed are localized in the immediate vicinity of the grounding line, both on grounded ice and
on the ice shelf. The inland portion of the drainage system has for the most part remained
relatively stable. At the eastern tributary (box B in Figure 3.5), a similar pattern of velocity
change is detected, but at a much smaller magnitude (Figure 3a). At this location, the
variability in flow speed is within 50 m, close to the measurement error. Overall, there is no
clear trend of velocity change along the eastern tributary, most of the detected changes are

concentrated on the main trunk of the glacier (Figure 3.7a, b).

Figure 3.6b presents a time series of continental shelf ocean temperature in front of Totten
Glacier. In order to compare with the velocity time series, a piecewise linear regression is
applied with breakpoints fixed at 2000 and 2007 to extract trends for the observed acceler-
ation/deceleration periods. The fitting yields a statistically significant trend. Before 2000,
when the ice flow slows down, the sub-surface ocean water on continental shelf experiences
a strong cooling. Between 2000 and 2007, the glacier experiences an acceleration while the
ocean warms up. Since 2007, the seawater cools down with a decrease in speed of the ice flow.
It is worth noting that the fitted trends are possibly underestimated due to the piecewise

linear fitting with fixed breakpoints, these results should only be interpreted qualitatively.

The pattern of ice speed change is consistent with the altimetry observations in terms of
both spatial and temporal patterns. Most of the observed thinning takes place in areas of
fast flow. The temporal fluctuations in ice velocity are well correlated with the previously
reported thinning rates (Figure 3.6¢, Table 2.1). In the 1990s during the ERS-1 Radar
Altimeter mission, a surface lowering rate less than 0.5 m/yr is detected over Totten Glacier
(Shepherd and Wingham, 2007; Zwally et al., 2005). This time period corresponds to the
period of slow flow (before 2003) in the velocity records. The Ice, Cloud and Land Elevation

Satellite (ICESat) laser altimeter detects a much larger thinning rates of more than 1 m/yr
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(Flament and Rémy, 2012; Pritchard et al., 2009; Horwath et al., 2012) in 2003-2009 when
Totten is flowing at a high speed. After 2010, the velocity decreases, and the new Cryosat-2

data shows a reduction in thinning rate to 0.52 m/yr (McMillan et al., 2014).

A recent study suggested the presence of a channel beneath the eastern tributary which could
provide a pathway for warm modified Circumpolar Deep Water (mCDW) into the ice-shelf
cavity and induce high melt rates (Greenbaum et al., 2015). This part of the glacier flows
over a shallow part of the ice shelf cavity (Greenbaum et al., 2015). Prior observations of
grounding lines (Rignot, 2002) are not consistent with the existence of this channel, and the
observations of ice velocity change in this study, together with altimetry data, do not suggest
that this sector corresponds to the area of most significant dynamic change. We posit that
mCDW most likely accesses the cavity directly over the main sill in front of the ice shelf,
floods the deepest part of the cavity, and induces ice shelf melting. This part of the cavity
coincides with the main trunk of Totten with the highest melting rates in the cavity (Rignot
et al., 2013). Ice shelf melt rates are higher in this deep region partly due to the pressure

dependence of the melting point of ice.

3.4 Summary

13 years of ice velocity in the past 26 years are assembled using optical and InSAR data
from a suite of satellites. The velocity map of Totten Glacier is completed on the basis of
Rignot et al. (2011a), with no gaps in the fast flowing trunk of the glacier. Minor gaps still
remain on the stagnant Law Dome and on the coast to the east, which are not part of the
drainage system. The complete velocity map shows the entire drainage system of Totten
Glacier and Vanderford Glacier sharing the same origin and separated by Law Dome near
the coast. Totten Glacier flows down a confined ice shelf bounded by Law Dome to the west,

with an independent sub-tributary merging into the main stream to the east. The grounding
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Figure 3.7: Change in flow speed from year (a) 2000 to 2007; (b) 2007 to 2013; and (c¢) 2009
to 2010 on Totten Glacier. Grounding line is plotted in black. This figure is from Li et al.
(2015b).
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line speed of 800 m/yr is typical for an East Antarctic glacier, but much slower than glaciers

in the rapid changing Amundsen Sea Sector in West Antarctica.

The time series analysis of the annual velocity maps show strong fluctuations of up to 18%
in flow speed at the grounding line, consisting of two deceleration periods 1989-2000 and
2007-2015, and an acceleration period from 2000 to 2007. This temporal variation is in
phase with changes in dh/dt rates reported by satellite altimeters, confirming the conclusion
of dynamic change. Moreover, the velocity change is well correlated with sub-surface ocean
temperatures from reanalysis data, indicating that Totten Glacier is very sensitive to oceanic

perturbations.

Most of the observed speed change occurs in the fast flowing portion of the glacier, on the
ice shelf and near the grounding line, consistent with areas of strong ice thinning according
to altimetry observations. The speed change does not spread far inland, and most of the
drainage system stayed unaffected. The speed change pattern is different from that of glaciers
in West Antarctica such as Pine Island Glacier and Thwaites Glacier. This is possibly due

to the prograde bed topography, which protects the glaicer from marine ice sheet instability.
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Chapter 4

Grounding line retreat of Totten

Glacier

The transition boundary between the grounded part of the ice sheet and its floating extension
is termed the grounding line. As the ice flows across the grounding line and enters the
ocean, basal friction disappears and the oceanic heat transport induces bottom melting.
Basal melt rate reaches its maximum near the grounding line with high sensitivity to local
ocean temperatures (Rignot and Jacobs, 2002), especially for deep grounding lines like the
one of Totten Glacier. Changes in bottom melting modify the ice thickness and migrate the
grounding line, eventually resulting in changes in ice velocity and mass balance. Grounding
line dynamics governs the evolution of marine-terminated glaciers, monitoring the position

of the grounding line is therefore crucial.

While in situ measurements from GPS and tiltmeters have proved successful in detecting
the grounding zone (Smith, 1991; Vaughan, 1995), they are costy and impractical for large-
scale mapping. To map the grounding line using remote sensing techniques, a detailed

understanding of the grounding line characteristics is necessary. Figure 4.1 is a schematic
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Figure 4.1: Schematic of the grounding zone. F is the inland limitation of the tidal flexure,
G is the grounding line, I, is the point of slope break, H and H’ are points at hydrostatic
balance (HB). Inland of H, ice is beyond HB; Between H and H’, ice is below HB; Seaward
of H’, the free ice shelf is at HB. The vertical scale in this diagram is exaggerated for display.
The grounding zone between F and H’ is usually several kilometers long. This figure is from
Fricker et al. (2002), as an adaption of Vaughan (1994).

diagram of the grounding zone structure (Fricker et al., 2002). The ice shelf experiences
cyclic flexure due to the vertical tidal motion, the flexure extends upstream of the grounding
line G by a small distance at point F. Upstream of the grounding line G, the ice is grounded
above hydrostatic balance. Once the ice passes the G and enters the ocean, it dives below
hydrostatic equilibrium at H and comes back to become free ice shelf at H’. The flexure
zone usually has a local elevation minimum between H and H’, which corresponds to sharp

changes in surface slope at point I.

Early studies took advantage of the slope break in ice sheet surface to infer the grounding
line position (Bamber and Bentley, 1994; Bohlander and Scambos, 2007). This method works
well in areas with stagnant flow. On fast flowing ice streams, however, the change in surface
slope is gradual, leading to mislocation of the grounding line (Fricker et al., 2009; Rignot
et al., 2011b). Rose (1979) and Fricker et al. (2002) used ice surface and thickness profiles
from radar sounding to locate the grounding line based on buoyancy calculations. While

providing a good initial determination, the hydrostatic point does not coincide with the
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grounding line perfectly. The length of the grounding zone (F to H’) is typically around 9
kilometers (Rignot, 2001), varying with ice thickness, local density of ice and sea water, and
ice rheology (Vaughan, 1995). Precise knowledge of the grounding line location is important
as it is often used as the flux gate in the mass budget calculation. Since the ice shelf
experiences largest melt rates near the grounding line, ice fluxes calculated using a flux gate
seaward of the actual grounding line will result in significant biases in ice discharge, possibly

leading to misguided conclusions on the glacier mass balance (Fricker et al., 2009).

By sensing tidal flexure, satellite repeat pass InSAR is able to map the grounding line at a
precision of 20-50 m (Rignot, 1996, 1998), about 2 orders of magnitude better than other
techniques. InSAR is now widely used to derive snapshot maps of the grounding line location,
and to monitor its migration (Gray et al., 2002; Rignot et al., 2011b; Park et al., 2013; Rignot
et al., 2014). In this chapter, I present the grounding line migration of Totten Glacier from

year 1996 to 2013, derived by satellite repeat pass InSAR.

4.1 Principles of grounding line detection by InSAR

The ice moves up and down with oceanic tides on the floating ice shelf. This vertical motion
complicates the motion signal observed by repeat-pass InSAR. A revised form of Equation

3.2 considering the tidal displacements is presented below:
47 i 47
Apg = 75T(Ux sinf — v, cos ) + 7(,21 — 29) cos (4.1)

where z; and 2, are tidal heights of the two acquisitions. Note that Equation 4.1 corresponds
to flattened and topography-removed interferograms where the only signal in the interfero-

metric phase is the ice motion. Consider two interferograms 71 and 2 from the same orbit:
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4 4
Ay = —W(ST“(% sinf — v, cos ) + —W(zil,l — Z12) cosf

in in (12
A¢iy = Téﬂg(ﬂx sinf — v, cos ) + T(Zig,l — Zina) cosl

The tidal motion can be isolated by assuming v, and v, do not change during the two time
periods 0T, and 0T}, i.e., the ice flow is steady. This assumption is true for most Antarctic
glaciers where basal hydrology does not play a major role in the ice dynamics. Combining
the two equations in 4.2 by differencing the two interferograms:

47

Api10Tie — ApipdTy = 3

[5E2(Zi1,1 - 22‘1,2) - 5Tz‘1(2’¢2,1 - 2i2,2)] cos 0 (4~3)

The differential interferometric phase is now solely dependent on the tidal motion. Figure
4.2 is a sample differential interferogram showing the grounding zone of Petermann Glacier
in Greenland (Rignot et al., 2011b). Each fringe, represented by a cycle of colors from blue
to yellow, red and back to blue, denotes a phase shift of 2r. Therefore, the differential
interferogram can be interpreted as a contour map of tidal displacements, with the dense
fringe pattern at the flexure zone. Ideally, there would be no fringe on grounded ice given that
the ice motion is perfectly canceled out and the topography is fully removed. However, the
steady motion assumption would break down if the glacier speed is changing and the temporal
separation between the interferograms is too large. In addition, the surface elevation map of
the Antarctic ice sheet is not perfect everywhere, and many coastal areas are experiencing
elevation change. All these factors will contribute to residual phase shift on grouded ice in
practice, which complicates grounding line mapping. Another potential issue is interferogram
scaling. As described in Equation 4.3, the two interferograms need to be scaled if 67}, and
0T}y are different. The unwrapped nature of the interferograms requires the scaling factor to
be integers, meaning the number of fringes will increase by n-fold for a scaling factor of n.

The scaling could result in very narrow or even unresolvable fringe patterns. One common
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Figure 4.2: Grounding zone of Peretermann Glacier, Greenland. Ice flows from left to right.
F is the landward limit of tidal flexure, G is the grounding line, J is most landward hydrostatic
point, I is the surface slope break point, H is the seaward limit of the flexure zone. Surface
elevation (thin blank line) is from laser altimetry, bed elevation (thick black line) is from
radio echo sounding, hydrostatic ice bottom elevation (dashed black line) is calculated from
the surface profile. Tidal flexure (thick red line) is derived from ERS-1 DInSAR, with the
corresponding differential interferogram on top. This figure is from Rignot et al. (2011b).

way to avoid such high fringe rates is to unwrap one of the interferograms before the scaling.
Unwrapped phases are continuous so that fractional scaling factors can be applied. However,

phase unwrapping is not always easy to perform, especially across regions with high strain

rates and low coherence such as shear margins.

According to Equation 4.3, the tidal displacements can be calculated to millimeter to cen-
timeter precision. These measurements help constrain and validate the global tide models

near the ice sheets where in situ observations are sparse.
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sensor A (cm) orbit date B, (m) hyge (cm)

24868 Apr 17 1996 oy 10.8
5195  Apr 18 1996 ' 2.2
ERS-1/2 5.6 24367 Mar 13 1996 185 8 -41.0
L 4694  Mar 14 1996 ' -36.2
27683 Dec 07 2013 3346 -43.2
OSK 9,195 16737 Dec 10 2013 0.753
32660 Dec 22 2013 . -37.2
16974 Dec 26 2013 ' -13.5

21 Jun 02 2013 94.4
112 Jun 30 2013 69.4
163a  Jun 22 2013  235.1
163b  Aug 052013  195.2

DEM TDX 3.1

Table 4.1: InSAR satellite data used to map the grounding line of Totten Glacier: sensor
name, radar wavelength A in centimeters, satellite orbit number, time of acquisition, perpen-
dicular baseline B , and ocean tidal amplitude hy;q4. from the FES 2012 tidal model (Carrére
et al., 2012).

4.2 Grounding line mapping of Totten Glacier

4.2.1 Data and methods

To detect the grounding line of Totten Glacier, differential interferograms are constructed
using ERS-1/2 data in 1996 and the Agenzia Spaziale Italiana (ASI) COSMO-SkyMed (CSK)
constellation in 2013 following the approach in Rignot et al. (2011a). Surface topography is
removed from the interferograms using the 20-m spacing TanDEM-X surface elevation map
(see section 2.1.2). The two CSK interferograms are separated by 3 and 4 days, respectively.
The 4-day interferogram is unwrapped and scaled to 3 days to be combined with the 3-day
second interferogram. Good signal coherence is challenging to obtain on Totten Glacier due
to katabatic winds and large snow accumulation (Goodwin, 1990). CSK radar signals at
X-band (3.1 cm wavelength) are affected by this surface weathering. In addition, the shear
margins of Totten Glacier along Law Dome experience high strain rates, which generates

phase aliasing and makes it difficult to unwrap the interferometric phase across the margins.
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The perpendicular baseline of the CSK differential interferogram is 333 m, which corresponds
to an altitude of ambiguity (or change in elevation causing a full phase cycle, Equation 2.5)
of 26 m. In order to retrieve the ice vertical motion associated with tides, it is therefore
critical to remove the surface topography signal from a high-quality, high-resolution digital
elevation map (DEM). The BEDMAP-2 topography (Fretwell et al., 2013) is not of sufficient
quality for this exercise (Figure S6), while the TanDEM-X DEM yields only small residual

motion signals (Figure 4.3).

Due to limited CSK data acquisitions in this sector, the mapping of grounding line is limited
to 20% of the entire grounding zone of Totten (Figure 2b). This portion of the grounding
line however carries 70% of the total ice discharge into the ocean and coincides with the area
of most rapid thinning reported by altimeters (Figure 2.13). This area is therefore key to

monitor glacier changes.

A second differential interferogram is formed using ERS-1/2 1996 data (Rignot, 2002) re-
processed using a longer track with the following improvements: (1) the precision baseline is
calculated using OIB laser altimetry data (Blankenship et al., 2012, updated 2013) instead
of BEDMAP-1 (Bamber and Bindschadler, 1997); (2) surface topography is removed using
the TanDEM-X DEM, and (3) we apply a small correction (0.5% of the line-of-sight ice
velocity) to remove phase residuals caused by subtle changes in ice motion during the 35-day
period between consecutive ERS-1/2 pairs. Accurate baseline information and ice motion
correction improve the quality of the differential interferogram, i.e. data noise is reduced,
and the transition boundary between floating and grounded ice is more easily detected. To
map the grounding line, we multiply the phase signal by a factor of 4 to enhance the tran-
sition boundary, follow iso-contours of tidal-induced displacements, and quantify the error
in grounding line position across the glacier width. On average, the mapping precision is
1-2 pixels in the CSK differential interferogram and 2-3 pixels in the ERS-1/2 differential

interferogram, which translates into a grounding line mapping error of less than 120 m.
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100 400 700 1000
ice surface elevation (m) interferometric phase

Figure 4.3: Totten Glacier, East Antarctica surface topography from (a) TanDEM-X DEM
(20 m spacing) and (d) BEDMAP2 (1 km spacing) (Fretwell et al., 2013), and differential
SAR interferograms (DSIs) of (b, ) 1996 ERS-1/2 data using (a, d) and (c, f) 2013 COSMO-
Skymed (CSK) data using (a, d) for topography correction. The white solid lines are the
grounding line mapped from DSI. The comparison shows that the topography correction is
critical to clean up the DSI and to map the grounding line precisely. With a 1 km resolution,
BEDMAP?2 is not of sufficient quality to remove the topographic signal, especially for the
X-band CSK DSI with a long baseline.
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To compare the grounding line position with tidal forcing, we use the FES 2012 global tidal
model (Carrére et al., 2012) to simulate the geocentric tidal heights at the time of acquisition
of each SAR scene (Table 1). The model simulation is carried out at 66.5°S, 117°E. The
calculated tidal amplitudes vary from -64 cm to 82 cm. We adopt a hydrostatic balance
relationship from Park et al. (2013) and Tsai and Gudmundsson (2015) to quantify the

grounding line migration associated with both oceanic tides and ice thinning:

{a—ﬁ(l—pswﬂjﬁ, if i <0

Pi

h— (p;:”) i = (4.4)
KL>&—5]¢, if &> 0

L Psw — Pi

where Z is the change in tidal amplitude, @ is the grounding line migration rate, h is the

(

change in ice thickness, a and [ are the slopes of the ice surface and glacier bed, measured
positive when elevation decreases down glacier. During the time interval of the ERS-1/2 and
CSK data, we calculate a maximum grounding line migration of 200 m along the southern
lobe and 50 m along the northern lobe, which is 4 to 12 times less than the grounding line

migration measured between 1996 and 2013. Ice thinning over one tidal cycle is negligible.

4.2.2 The grounding line pattern of Totten Glacier

The grounding line of TG exhibits a complex and unusual pattern with two lobes extending
more than 15 km inland across the 25 km glacier width of the fast-flowing core of TG
(Figure 4.4). The tidal flexure zone along these two lobes is extraordinarily long with only a
few fringes reaching far upstream. This unique pattern suggests that the tidal flexing does
not reach full amplitude on these two lobes so that this region is grounded at low tides.
Therefore, the bedrock must be of flat slopes with ocean water intrusion beneath the lobes

at high tides. The mapping from this study is limited by the coverage of TanDEM-X DEM.
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Figure 4.4: Differential SAR interferograms (DSIs) of Totten Glacier from (a) 1996 ERS-
1/2 and (b) 2013 COSMO-Skymed (CSK) data overlaid on a MODIS mosaic of Antarctica
(Scambos et al., 2007). The fringe pattern is caused by vertical tidal motion between data
acquisitions. Grounding line in 1996 is red, and 2013 is white. Each fringe color coded from
blue to yellow, purple and blue again is a full cycle in interferometric phase or 360 degrees.

Rignot (2002) presented a more complete mapping of the grounding line extending all the
way to the ice front. According to his mapping, there is an ice rumple fully grounded in
the middle of the ice shelf, 40 km downstream the grounding line. Airborne altimetry data
(Blankenship et al., 2012, updated 2013) show the ice rumple is grounded more than 100 m
above buoyancy. Unlike an ice rise, no apparent speed decrease has been observed on the

ice rumple.
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4.3 Grounding line retreat of Totten Glacier

The comparison between 1996 and 2013 grounding line positions (Figure 4.4) reveals a
widespread retreat of the grounding line of up to 3 km. The retreat is not uniform. The
southern lobe retreated 1.1-2.6+0.1 km, while the northern lobe retreated 0.4-1.3+0.1 km.
These values are significantly larger than those expected from changes in oceanic tides men-
tioned earlier. The shape of the grounding line also changed. The two lobes are wider and
more closely spaced in 2013 than in 1996. The grounded region or ice island between the two
lobes decreased in area between 1996 and 2013. This indicates thinning and ungrounding of

the island.

The tidal displacement measured from the DSIs is +0.46 m for ERS-1/2 1996 differential
interferogram and -0.40 m for CSK in 2013. FES 2012 tidal model correctly predicts the sign
of the tidal motion but underestimates its amplitude by a factor of two (see Table 4.1). This
may be due to uncertainties in the shape of the sub-ice-shelf cavity in the tidal model. If we
assume that both the phase and magnitude of the FES 2012 are correct, we can calculate
using Equation 4.4 that the grounding line retreat is underestimated by 30 m due to higher
tidal uplift in the 1996 interferogram compared to the one in 2013. The maximum grounding
line migration due to tides is 60 m if we multiply the FES 2012 tidal magnitudes by a factor

of two to match the observations.

Applying Equation 4.4 to TanDEM-X DEM (see section 2.1.2) and MC bed topography (see
section 2.2.2), we calculate the thinning rate along each lobe that would explain the observed
grounding line retreat in 1996-2013. We find that the ice thinning must average 0.7 m/yr in
order to match the observed retreat. 1% error in the slope calculation using OIB data and
~10% error in the grounding line retreat together contribute to up to 12.5% error, or 0.09
m/yr, in the thinning result. This 0.7+0.09 m thinning magnitude is consistent with the

values reported in Table 2.1 for the same time period.
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Equation 4.4 is also applied to estimate future grounding line retreat of Totten Glacier. With
knowledge of local surface and bed slopes (« and /), one can associate the rate of retreat
() to the rate of ice thickness change (k) for any grounded point. Here the surface and

bed slopes are calculated from the TanDEM-X DEM (Figure 2.4) and the MC topography

(Figure 2.10) to calculate the surface and bed slopes, respectively.

The grounding line is firstly smoothed to a 190 km long curve with a 90 m along-track
resolution. We assume the grounding line retreats along the smallest gradient of hydrostatic
potential and use the hydrostatic potential map (Figure 2.11) to determine the direction of
the retreat at each point. The local surface and bed slopes (« and f)are then calculated in
these directions over a 2.6 km scale. The 2.6 km scale is chosen because it approximately
equals to one ice thickness so that the impact of high frequency noise in the data is reduced.
We then calculate i/ h at each point using Equation 4.4. Then we derive the new grounding
line position after 1 m ice thinning by Az = -1 m X &/ h. This process is iterated 10 times

to get the projected grounding line position of 10 m thinning (the dark curve in Figure )

In between the two lobes, there is an narrow ice island. At the junction between floating ice
and grounded ice, we only use points on grounded ice to calculate surface slopes and bed
slopes. Closest to the grounding line, our slopes are calculated with a 1.6 km scale instead

of 2.6 km scale.

Equation 4.4 only applies to cases in which hydrostatic potential increases inland, i.e. o >
B - (pi — psw)/pi- In that case, we increase our length scale until compatible with Equation

4.4.

The retreat rate is largest (480-720 m per 1 m ice thinning) along the southern lobe due to
its low hydrostatic potential gradient, and decreases to 20-70 m per 1 m thinning along the
northern lobe due to its steeper topography. The retreat rate decreases to less than 1 m per

1 m ice thinning towards the sides. As the grounding line retreats, the southern lobe starts
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to float first. The grounded region in between the two lobes shrinks dramatically to become

an isolated pinning point.

For verification, we repeat the same calculation along OIB profiles AA’ and BB’ (grey boxes
in Figure 3) where high resolution, direct observational data are available. The retreat rates
along AA’” and BB’ are 680 m and 27 m per 1 m ice thinning, respectively, which falls in the
range of those calculated using the MC and TDX topographies. We note that this retreat
rate is larger than that observed between 1996 and 2013, i.e. the region upstream of the 2013
grounding line is more prone to un-grounding than the region that ungrounded in 1996-2013.
If thinning persists, we therefore project a faster retreat of the grounding line in years to

come.

4.4 Summary

An InSAR-derived grounding line map of Totten Glacier shows an unusual pattern with two
prominent lobes occupying the entire 25 km wide trough of the main ice stream, extending
more than 15 km from the free ice shelf. Differential interferograms show that tidal motion
on the lobes is less than that on the free ice shelf, which means that they are grounded at

low tides.

Comparing the grounding line positions mapped in 1996 and 2013 suggests Totten Glacier
had retreated 1-3+0.2 km during the 17 intervening years. The retreat is assymetric along
the two lobes but both suggesting an average thinning of 0.7 m/yr. This is consistent with
altimetry results. The shape of the grounding line also changed during this time period.
The two lobes become wide and tends to connect to each other in 2013 compared to 1996.
Hydrostatic analysis shows that if the thinning persists, the retreat will propagate fast beyond

the southern lobe and unground the ice plain with a flat basal topography, while the northern
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lobe will slowly climb up a steep bed, yielding a more stable grounding line.
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Chapter 5

Mass balance of Totten Glacier

In this chapter, the three major methods to estimate glacier mass balance are reviewed.
All the observational records for Totten Glacier are then synthesized to estimate the mass

budget of the glacier and to examine its evolution over time.

5.1 Methods of estimating ice sheet mass balance

5.1.1 Mass budget method

The mass budget method (Rignot and Thomas, 2002), also referred to as the flux component
method (Allison et al., 2009) or the flux-gate method ( Cuffey and Paterson, 2010), estimates
the ice sheet mass balance by comparing the sum of mass inputs and the sum of output fluxes.

This method can be applied to either individual drainage basins or the entire ice sheet.

The major mass input for the Antarctic ice sheet is snowfall accumulation at the surface.
While direct measurements of accumulation can be obtained from in situ observations, avail-

able data are sparse and only provide short temporal records. Past meteorological informa-
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tion for longer time scales can be retrieved from ice core stratigraphy, but the spatial coverage
is limited. Recently, numerical models of regional atmospheric circulation have provided sim-
ulated surface mass balance (SMB) of ice sheets including solid precipitation, sublimation,
snowmelt, firn densification and runoff (van de Berg et al., 2006; Ligtenberg et al., 2011;
Lenaerts et al., 2012). These simulations are driven by atmospheric dynamics and ice sheet
surface processes and forced by weather forcasting reanalysis data (van de Berg et al., 2006).
The model outputs are found in good agreement with observations and considered a reliable
estimate for input flux in mass budget calculations of Antarctica, especially in coastal regions

(van Wessem et al., 2014).

In most areas of coastal Antarctica, surface temperature stays below freezing point all year
round. Therefore, the dominant flux of mass output for the grounded part of the ice sheet
is ice discharge. Grounding line is often used as the flux gate to calculate the discharge for
three reasons. First, all the ice flowing across the grounding line ends up in the ocean. The
grounding line mass flux can be directly used to estimate sea level contribution. Second, all
the ice shelf processes are excluded from the grounding line flux, which significantly simplifies
the calculation. Lastly, the ice is close to hydrostatic equilibrium at the grounding line (see
Figure 4.1), which allows for ice thickness estimation from the surface elevation. In practice,
the inferred ice thickness is easier to use in mass flux calculation compared to measured ice
thickness because no firn correction is needed. Ice discharge is the path integral of the ice
flux normal to the grounding line. Caution should be taken when calculating the grounding
line flux, inaccurate grounding line positions could lead to large error in the flux calculation

(Fricker et al., 2009).

The difference between the input and output mass flux is the mass balance of the ice sheet.
Since the imbalance is usually just a small fraction of the input and output fluxes, it is difficult
to achieve accurate mass balance estimate for a big ice sheet using the mass budget method.

However, the mass budget methods estimate SMB and ice discharge independently. The
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partitioning between SMB and ice discharge shows whether the change in mass is caused by
SMB or ice dynamics. This information is therefore of particular importance to understand

the evolution of glacier mass balance.

5.1.2 Altimetric method

Satellite altimetry monitors the elevation change of the ice sheets over time. The volume
variations of the ice sheets can be inferred from the elevation change if the effects of firn
compaction and post-glacial rebound are small enough. This method cannot distinguish
between different processes driving the mass change, but is capable of providing continuous
time series of the mass balance. Over decadal time scales, problems arise when applying
the altimetric method. Firstly, the penetration depth of radar altimeters is a function of
density of the firn layer, which is also a major source of surface elevation change in short time
scales. An independent assessment of snowfall accumulation and firn densification is therefore
necessary to convert the altimetry signals into mass change. Secondly, the accumulated
vertical motion due to post-glacial rebound over decades complicates the elevation change
measurements. This glacial isostatic adjustment can be estimated by numerical models based
on ice and lithosphere dynamics (Peltier, 2004), or extracted from altimetry and satellite
gravity (Riva et al., 2009). However, the glacial isostatic adjustment is large in Antarctica

and still remains poorly constrained.

5.1.3 Gravitational method

As introduced in section 1.3.4, the GRACE mission is capable of measuring mass change
of the ice sheets by detecting changes in the Earth’s gravity field. GRACE provides the
mass change time series of polar ice sheets on a monthly basis since 2002. It is a useful

tool to calibrate and verify other estimates. Similar to the altimetric method, GRACE
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measurements need to be corrected for glacial isostatic adjustments. One major limitation
of the gravitational method is its low spatial resolution. The global gravity field delivered by
GRACE is expressed as the sum of a spherical harmonic expansion, or Stokes coefficients,
with high noise in the spatial domain. Strong smoothing with more than 600 km spatial
wavelength is required to filter out the noise (Chen, 2005). Jacob et al. (2012) proposed a
mascon approach to achieve a higher spatial resolution for GRACE data. The spatial domain
is first divided into small mascons, for each mascon, the Stokes coefficients are calculated
and temporal trends are extracted. The mascon approach allows for regional analysis of
the mass change since the mascons can be distributed with prior ground cover knowledge.

However, the spatial resolution is still very poor compared to the other two methods.

5.2 Mass balance of Totten Glacier

5.2.1 Surface mass balance

In this study, surface mass balance (SMB) of Totten Glacier is estimated using the most
recent compilation of RACMO2.3 (van Wessem et al., 2014) (Figure 5.1). The SMB values
are integrated over the drainage basin (Rignot et al., 2013) to compare with ice discharge.
The uncertainty in SMB in East Antarctica has been estimated to be 4-10% depending
on elevation (van Wessem et al., 2014). We calculate an elevation-weighted average error
of 5.3% over the entire drainage basin of Totten Glacier. Surface mass balance on Totten
Glacier shows large temporal variations up to 100% from year to year with an average of
65 Gt/yr between 1979-2015 (Figure 5.1). We calculate a reference SMB which is the long-
term average SMB for the time period 1979-2014. The reference SMB is used to represent
the balance flow because ice core records from Law Dome show no trends in the snowfall

accumulation in this region during the past 2000 years (van Ommen and Morgan, 2010;
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Figure 5.1: Surface mass balance of Totten Glacier from RACMO2. (a) is the smoothed
annual values using a 12-month running filter on the original monthly data (b). The latest
solution RACMO2.3 (van Wessem et al., 2014) is plotted in black and the most widely used
version RACMO2.1 (Lenaerts et al., 2012) is plotted in grey.

Roberts et al., 2015). The surface temperature is also stable during the observational period
at Casey Station near Totten Glacier (Figure 5.2) (Turner et al., 2004). We compare the
calculated ice discharge (section 5.2.2) with the reference SMB to obtain the mass balance

of the glacier.

5.2.2 Ice discharge

Ice velocities (Figure 3.4) are combined with ice thickness from BEDMAP-2 (Fretwell et al.,

2013), with strong constraints from Operation IceBridge (OIB) data collected in 2009-2012
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Figure 5.2: Air temperature in degree Cesius at Casey Station, Law Dome, East Antarctica.
The monthly data (in black) is smoothed (in red) using a 12-month running filter. Data is
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from Turner et al. (2004).

2000

2005

2010

2015

year time span Deccor Fpp ASMB Dpp

1989 03/28/1989-11/08/1989 69.3+5.6* 64.3+5.0 6.7 71.0£5.0*
1996 02/13/1996-05/29/1996 70.5+5.0 64.0£7.4 6.7 70.7+7.4
2000 09/07/2000-11/13/2000 64.6+3.6 58.3+2.4 6.7 65.04+2.4
2001 01/06/2000-11/27/2002 66.4+5.5* 61.6+4.9* 6.7 68.31+4.9*
2005 09/07/2005-10/12/2005 70.6+£5.5* 63.4£5.0° 6.7 70.14+5.0*
2006 05/20/2006-08/13/2006 73.3+3.2 67.3£3.8 6.7 74.0£3.8
2007 09/08/2007-01/14/2008 74.5+3.1 65.7£3.8 6.7 72.443.8
2008 09/10/2008-01/24/2009 72.5+3.0 66.7£3.8 6.7 73.443.8
2009 09/13/2009-01/19/2010 70.5+3.0 65.4+3.8 6.7 72.143.8
2010 09/28/2010-01/30/2011 72.54£3.1 65.9£3.9 6.7 72.6+£3.9
2011 06/10/2011-08/12/2011 69.2+£2.7 65.1£2.0 6.7 71.842.0
2013 06/13/2013-01/20/2014 71.9+£3.0 65.3+2.3 6.7 72.04+2.3
2015 02/22/2015-03/18/2015 72.0+£5.5* 65.6+£5.0° 6.7 72.3£5.0*

Table 5.1: Ice discharge in Gt/yr at the flux gate CC’ (Dger) and DD’ (Dpp/) of Totten
Glacier, East Antarctica, from 1989 to 2015. See Figure 1 for locations of CC’ and DD’. CC’
is the grouding line (Figure 3.5, yellow line), DD’ is OIB ground tracks (Blankenship et al.,
2011, updated 2013) (Figure 3.5, orange line). Dpps is corrected for suface mass balance
(SMB) in between CC’ and DD’ as Dpp = Fpp+ASMB, where Fpp is the ice flux across
DD’ and ASMB is the area integral of SMB between CC’ and DD’. SMB values are from
RACMO2.3 (van Wessem et al., 2014). Flux value with a star superscript indicates that
this value is estimated by scaling the flux refereced to year 2007.
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(Blankenship et al., 2011, updated 2013), to calculate the ice flux following Mouginot et al.
(2014b). The ice flux is estimated along the OIB ice thickness profiles (Figure 3.5, orange
line) and also along the interferometrically-derived grounding line (Figure 3.5 , yellow line).
We convert the fluxes across the OIB flux gate to equivalent grounding line fluxes by adding
the average SMB between the two gates, 6.3 Gt/yr. When velocity measurements are patchy,
e.g. in 1989, 2001, 2005 and 2015, we calculate a scaling factor by comparing the grounding
line ice velocity to the most complete year (2007), then use it to estimate the ice flux. We
quantify the errors in ice discharge using multiple flux gates following Mouginot et al. (2014b).
Temporal changes in ice thickness are not included in the calculation because they are very
small (1 m/yr) compared to the glacier thickness (2 km) and also not well quantified (Table
2.1, Figure 3.6). SMB and ice discharge are integrated over time to calculate the cumulative
fluxes. The cumulative fluxes are then subtracted from one another to derive the cumulative
mass anomaly. The mean mass balance and change in mass balance are computed using
a weighted least squares regression on the cumulative mass anomaly following Sutterley
et al. (2014), we then use the Akaike Information Criterion for finite sample sizes (AIC,)
(Burnham and Anderson, 2002) to select the regression model that best fits the cumulative

mass anomaly.

5.2.3 Mass balance

The ice discharge time series (Figure 5.3) is consistent with the velocity change at the
grounding line at the main trunk (Figure 3.6). The discharge is higher than the reference
SMB for most of the time during 1989 to 2015, indicating that the glacier has been flowing
above equilibrium conditions for the past 26 years. The only exception is year 2000, when
the glacier was flowing at the minimum speed in our time series. The interannual mass
balance of the glacier is significantly modulated by large variations of SMB. On average,

we estimate a mass loss of 6.842.2 Gt/yr (1lo). The cumulative mass anomaly shows a
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Figure 5.3: Time series of (a) surface mass balance (SMB) and ice discharge (D), and
(b) cumulative mass anomaly on Totten Glacier. The SMB in (a) is the moving average
of monthly data over a 12-month window (Figure 5.1a). The red dashed line in (b) is a
quadratic fitting. The quadratic model is selected based on the AIC, criterion.

82



quadratic decreasing trend (Figure 3d) with an acceleraion of -0.5540.27 Gt/yr?. 80% of
the acceleration signal comes from the decrease of SMB in the recent years, therefore may

not be indicative of a long term trend.

When comparing with the reference SMB, we find the glacier was already flowing beyond
equilibrium conditions in 1989. Although annual mass balance is strongly affected by the
large fluctuations in SMB, the overall glacier mass balance is negative with high confidence.
This conclusion is supported by multiple lines of evidence from GRACE (Velicogna and
Wahr, 2013; Velicogna et al., 2014), mass budget estimates (Rignot et al., 2008) and many
satellite altimetry studies mentioned earlier. The estimated mass loss of 6.842.2 Gt/yr, or
10% of the total ice discharge, is broadly consistent with previous studies (e.g. 4.64+0.5 Gt/yr
(Shepherd and Wingham, 2007), 10+3 Gt/yr (McMillan et al., 2014)). This imbalance is
small compared to glaciers in the Amundsen Sea sector in West Antarctica where the mass
loss ranges from 30% to 40% (Sutterley et al., 2014; Mouginot et al., 2014b). But future
monitoring of the dynamic changes on Totten Glacier is necessary and critical considering

its large sea level rise equivalent and potential vulnerability.

The dynamic change most likely has an oceanic origin, similar to other fast changing sec-
tors in Antarctica like Amundsen Sea Embayment. Field oceanographic data revealed the
presence of modified Circumpolar Deep Water (mCDW) on the continental shelf near TG
(Bindoff et al., 2000; Williams et al., 2011). However, due to persistent sea ice cover, there is
no observational records of the temporal variations of mCDW intrusion. The reanalysis tem-
perature record from ECCO2 solution (Figure 3.6¢) shows three periods of warming/cooling
of the sub-surface water (150-450 m depth) on the continental shelf, corresponding to the
acceleration/deceleration periods in our velocity record. However, it is not clear how well the
ECCO2 solution replicates the ocean state in this remote sector with few observational data.
Observational data about sea floor bathymetry, ocean thermal forcing and ocean circulation

in front of Totten Glacier could help improve ocean modeling to confirm the sensitivity of
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Totten Glacier to ocean thermal forcing.

To the east of the ice front of TG, grounded icebergs and offshore winds induce persistent
coastal polynya formation (Massom et al., 1998; Tamura et al., 2008). Previous ocean mod-
eling studies have proposed that advection of cold, saline polynya water into the ice-shelf
cavity could lower the melting rates (Khazendar et al., 2013; Guwyther et al., 2014), possibly
slow down the ice flow in a further step. The simulated melt rates from Guwyther et al.
(2014) show a strong increase in 2004-2007, which could possibly explain the major speed
up. During other periods, we do not find any relationship between anomalous melt rates and
velocity change. It is not clear if all the observed change is induced by the polynya mech-
anism. The uncertainty in the model results due to the unknown shape of the sub-ice-shelf
cavity also remains a concern when interpreting the results. Many questions still remain
on the change in ocean circulation in this region. Further numerical modeling studies are

needed to investigate the role of mCDW in the dynamic change of Totten Glacier.

5.3 Summary

Ice discharge of Totten Glacier is calculated using the velocities measured in each year, then
compared with a reference surface mass balance (SMB) to assess the mass balance. The
result shows that Totten Glacier was already flowing beyond equilibrium conditions in 1989,
then slowed down to reach equilibrium in 2000, when ice speed reached a minimum. Its
mass balance became more negative after 2000 and stayed stable since then. An acceleration
trend has been found in the accumulative mass balance anomaly, with most of the signal
coming from the mass balance fluctuation in recent years. On average, Totten Glacier is
losing 6.84+2.2 Gt of mass every year during our observation time period, which is consistent

with previously reported estimates from altimetry studies.
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Chapter 6

Conclusions

6.1 Summary of major results

Totten Glacier in East Antarctica has enormous potential for sea level rise. It has shown signs
of dynamic change and potential instability over the past decade. Its remoteness, vastness
and harsh surface conditions prohibit systematic monitoring of this glacier using both in situ
and remote sensing techniques. This dissertation focuses on the evolution of Totten Glacier
in the past three decades using a comprehensive observational record derived from a suite
of satellites. This study reports changes of Totten Glacier in four different aspects: surface

elevation, ice velocity, grounding line position and mass balance.

Surface elevation Comparison of high resolution surface elevation maps from 2011 and
2013 reveals significant surface lowering on Totten Glacier, consistent with altimetry results
from previous studies. The spatial pattern of the surface lowering rates is well correlated
with ice flow speed. Surface lowering is only observed in regions of fast flow. The higher the

flow speed is, the more negative the dh/dt rates are.

85



Ice velocity Thirteen velocity maps spanning through 1989-2015 show a significant tem-
poral variation of surface velocity on Totten Glacier. The glacier has been flowing above
equilibrium in 1989, slowed down by 86 m/yr, or 12% in 2000 to reach balance, and ac-
celerated by 18% in 2007 to remain stable since then. The change in speed is localized in
the main ice stream near the grounding line on both grounded and floating ice, but not
reflected in the inland portion of the glacier system. The observed acceleration/deceleration
periods of ice velocity is consistent with thinning rates reported by satellite altimetry, as
well as sub-surface ocean temperatures off the coast from reanalysis data. This correlation

is illustrative of high sensitivity of Totten Glacier to oceanic perturbations.

Grounding line position The grounding line postion of Totten Glacier has been mapped
using InSAR in 1996 and 2013. The 2013 grounding line has retreated up to 3 km from
1996 position. The retreat is asymetrical along the two-lobe pattern of the grounding line,
indicative of an average thinning rate of 0.7 m/yr. The 0.7 m/yr average thinning rate is

consistent with altimetry observations.

Mass balance Change in ice discharge is dominated by the velocity change at the grounding
line. Comparing to the long term mass balance, Totten Glacier was already flowing above
equilibrium in 1989. The discharge decreased during the deceleration period 1989-2000 until
the glacier reaches balance in 2000, then increased with the speeding up from 2000 to 2007.
While year-to-year mass balance is dominated by large variations in surface mass balance,
the mass balance of Totten Glacier is negative with high confidence due to the excessive
outflow. The average rate of mass loss is 6.842.2 Gt/yr, or 10%, broadly consistent with
previous estimates (4.6+0.5 Gt/yr (Shepherd and Wingham, 2007), 1043 Gt/yr (McMillan
et al., 2014)).

A concrete picture of dynamic changes of Totten Glacier is emerging from multiple consistent
lines of evidence. The reconstructed surface and basal topography provide insights on future

evolution of this glacier. A 7 km long by 8 km wide ice plain has been detected immediately
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upstream of the southern lobe of Totten’s grounding line, where the ice is slightly grounded
with a flat surface. The retreat can easily propagate throughout this region with only a
modest amount of ice thinning. Hydrostatic analysis shows that the ice plain will be fully
ungrounded with the current thinning rate (0.7 m/yr) in 14 years. However, beyond the ice
plain, the bed elevation rises for 40 km until it finds retrograde slope again. We conclude
that sustained thinning will cause further grounding line retreat, but may not be conducive

to a marine ice sheet instability:.

6.2 Technical limitations

Totten Glacier sits close to the South Magnetic Pole, therefore experiences strong ionospheric
perturbations when detected by SAR. Due to the dispersive nature of the ionosphere, this
effect becomes discernible at L band (e.g. ALOS PALSAR) and lower frequencies, as well
as C band (e.g. ERS-1/2, RADARSAT-1/2) when the temporal separation is short and
displacement signal is small. In this study, strong ionospheric noise appears in the 1996
velocity mapping using ERS-1/2 1-day separation data. In principle, the ionospheric phase
delay can be isolated by spliting the radar spectrum and cancelling out the non-dispersive
terms (Rosen et al., 2010). This split-spectrum method has proven successful for L-band
data. However, ERS-1/2 has a narrow bandwidth and the ionospheric signal is much weaker
compared to L band data. It is very difficult to achieve good coherence for the sub-band
interferograms. Unfortunately we were not able to correct for the ionospheric pertubation

in this study.

A recent study (Greenbaum et al., 2015) indicated possible ocean access to TG on the broad
eastern side of its grounding line. It would be of interest to map grounding line retreat in
that sector, as well as the ice rumple in the middle of the ice shelf. In practice, the grounding

line mapping requires at least two interferometric pairs from the same orbit and appreciable
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tidal displacements. Data availability is the biggest limitation. In this study, while the
ERS-1/2 1996 data cover the entire ice shelf with a wide swath, the spatial coverage of the
final grounding line mapping is limited by TanDEM-X DEM. In 2013, we only have a single
frame of COSMO-Skymed data available, covering ~20% of the grounding line. To the best
of our knowledge, there have been no other data acquired so far to complement our mapping.
In the future, the mapping may be extended using ALOS PALSAR-2 14-day repeat data or

European Sentinel 1a’s data on a 12-day repeat cycle.

The statistical error in our TanDEM-X surface elevation mapping is about 3 meters, while
the internal error in the TanDEM-X data is only 0.5 m. The major error source in our
DEM mapping is the absolute phase. We fit a constant absolute phase using a least square
algorithm. However, the absolute phase may vary along the track. This effect is negligible
for single frames, but needs to be taken into account for long tracks. We also used the
initial baseline information from the satellite’s ephemeris data, which may not be accurate
enough. Ideally, the precision baseline parameters and the absolute phase should be fitted
simultaneously using ground control points using a multi-variate linear fitting. In this study,
we did not employ this method because of the lack of ground control points and the bistatic
acquisition mode of the TanDEM-X mission. Our dh/dt mapping shows unrealisticly large
values on the floating ice shelf due to the crevasses moving with the ice low. This problem
maybe solved by using a lagrangian method to trace the ice motion downstream, and measure

the dh/dt on corresponding surface points.

6.3 Future perspectives

The observational record built in this study is far from complete. Significant spatial and
temporal gaps still remain in the velocity time series. The record only spans 26 years, which

is just a blink on the time scale of ice sheets. The grounding line is only mapped in 1996
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and 2013, with no data in between. In 2013, the mapping is limited to only ~20% of the
entire grounding line. Considering the high sensitivity of the glacier to oceanic forcings, it
would be of great interest to keep monitoring changes in flow speed, grounding line position
and elevation of Totten glacier. The observational record can be extended in the future with
many ongoing and projected satellite missions including ALOS2 PALSAR2, RADARSAT-2,
Sentinel-1a, Landsat-8, NISAR and so on.

Although further confirmation is needed, the observed dynamic change of Totten Glacier is
believed to have an oceanic origin. To better understand the link between the glacier and the
ocean, detailed knowledge of sea floor bathymetry is critical, both in front of the glacier and
underneath the ice shelf. Greenbaum et al. (2015) presented a bathymetry map of Totten
Glacier inferred from aerogravity data, which shows a transverse ridge located 40 km seaward
of the ice front. Due to the presence of the sea floor ridge, Greenbaum et al. (2015) argued
that the warm ocean water at depth must access the sub-ice-shelf cavity through a subglacial
trough connecting the eastern tributary of the glacier. This hypothesis is not compatible
with the InSAR grounding line mapping in 1996 (Rignot, 2002), nor with our observations
in this study: Changes in ice velocity and surface elevation are most pronounced near the
grounding line of the main ice stream, not on the eastern tributary. While providing a
general picture of the bathymetry, gravity inversion is not able to resolve small-scale details
of the topograhy. Our understanding of the sea floor bathymetry in this critical region will

be updated and improved by direct observations from research cruises.

The good correlation between ice velocity and sub-surface ocean temperatures provides pre-
liminary insights into the ice-ocean interaction at Totten Glacier. It is still not clear how
well the ECCO2 solution replicates the state of the ocean on the continental shelf, especially
at such a remote location where sea floor bathymetry is poorly known and few observational
data are available. Oceanographic observations are challenging in this region due to dark

winters and persistent sea ice cover. Two independent water column sampling near Totten
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Glacier have shown intrusion of modified Circumpolar Deep Water (mCDW) onto the con-
tinental shelf. There is an urgent need for more complete and comprehensive oceanographic
measurements to examine the access and the volume of mCDW to the cavity of Totten
Glacier. Detailed modeling analysis is also required to understand local ocean circulation
and heat transport. A scientific cruise on the Australian icebreaker Aurora Australis for the
first time reached the ice front of Totten and reported the presence of warm water. This
discovery may provide further evidence on how ocean melting drives the dynamic change of

the glacier. However, no results have been published at the time of writing.

Previous ocean modeling studies (Khazendar et al., 2013; Gwyther et al., 2014) show that the
melting rate of Totten Glacier is modulated by local polynya activities. Persistent katabatic
winds and the grounded icebergs near the ice front of Totten Glacier cause formation of
polynyas with recurring sea ice production. Consistent brine ejection and heat loss due to
the sea ice formation generates cold, saline polynya water, which sinks down and mixes with
the warm mCDW coming onto the continental shelf. As a result, the water ending up in the
sub-ice-shelf cavity is a mixture of the mCDW and the polynya water. In years with active
polynyas, more polynya water is advected into the cavity which lowers the ice shelf melting
rates, and vice versa. We compared our velocity time series with the simulated melt rates
from Guwyther et al. (2014). The melt rates show a strong increase in 2004-2007, which could
possibly explain the major speed up in our time series. However, we do not find any other
relationship between periods of anomalous melt rates and velocity change. Key questions
still remain in the mechanism. Firstly, this polynya hypothesis is based on the assumption
that there is a persistent supply of mCDW into the ice shelf cavity, which still needs to be
confirmed. Secondly, the variability of mCDW is unknown and presumed to be zero in the
modeling studies. The uncertainty in the model results due to the unknown shape of the sub-
ice-shelf cavity also remains a concern when interpreting the results. It is still unclear whether
the observed change is induced by the polynya modulation or the variability of mCDW itself,

or a mixture of both. Observed water column profiles show that the thermocline near Totten
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Glacier is deeper than normal (~ 500 m depth) (Bindoff et al., 2000; Williams et al., 2011),
which is not well replicated in ocean models. Therefore, it is questionable whether or not the
polynya water formed at the surface can influence mCDW 500 m down in the water column.
Comprehensive observational records and targeted modeling efforts are necessary to answer

these questions.

Just as important as observations, process-based numerical modeling of the ice dynamics
are required to assess the sensitivity of Totten Glacier to different types of forcings, and to
predict its future evolution under a changing climate. The observational records developed
in this study can be used to prescribe and test models. In the other way around, a sensitivity

assessment of the glacier can guide future observations.
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