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Abstract

Accelerated mass loss from the Greenland Ice Sheet in recent decades has been
concentrated around the coastal margins, where glacier ice fronts and the undersides
of floating ice are in contact with warm ocean waters. The interaction of the ice sheet
with a warming ocean leads to thinning of tidewater glaciers, which has been linked to
increased glacier velocity, calving, retreat and subsequent mass loss. Our understanding
of these ice-ocean interactions is limited, particularly regarding submarine melting
of tidewater glacier ice fronts, which has been proposed as an initial trigger for
glacier retreat and acceleration. Understanding the mechanisms promoting changes to
tidewater glacier dynamics is critical, as they are currently absent from ice sheet models
and present a large source of uncertainty in 21st century sea level rise predictions. This
thesis develops two novel remote sensing techniques, to investigate both submarine
melt rates under tidewater glacier floating ice tongues and iceberg freshwater fluxes
from submarine melting, providing improved datasets and process understanding that

can be used to constrain changes to the Greenland Ice Sheet in a warming world.

The first result of this thesis is the development of a methodology to estimate submarine
melting under floating ice tongues using satellite imagery. Submarine melt rates were
derived by differencing along-flow ice tongue surface elevation, in combination with ice
tongue velocity and changes in surface mass balance. Kangiata Nunaata Sermia (KNS),
a large tidewater glacier in southwest Greenland, was used as a proof-of-concept study
site. Mean submarine melt rates under the seasonal ice tongue at KNS in spring
2013 reach over 0.8 & 0.3 m d~!, decreasing with distance down-fjord from the glacier

grounding line and varying across-fjord. These variations in melt rate likely result from



changes in ice tongue draft and fjord water temperature with depth, but may also reflect

the strength of subglacial discharge plumes exiting beneath the glacier grounding line.

Expanding upon these initial melt rate results, the thesis next explores the spatial and
temporal variations in submarine melting at KNS from 2012 to 2014. Using the same
methodology, derived melt rates vary significantly near the glacier grounding line, both
spatially and temporally, with mean melt rates of 1.3 &+ 0.6, 0.8 + 0.3, and 1.0 £+ 0.4
m d~! across the ice tongue in 2012, 2013 and 2014, respectively. Areas of higher
submarine melting correspond spatially with locations of subglacial discharge plumes
and ice front calving activity observed during the melt season using time-lapse camera
imagery, as well as to locations of modelled subglacial flow paths with large upstream
catchment areas. These results suggest a dynamic subglacial hydrology system capable
of rapidly re-routing subglacial discharge to different terminus outlets both within and
between melt seasons. Furthermore, they provide an empirically-derived link between
the presence of subglacial discharge plumes and areas of high spring submarine melting

and calving along glacier termini.

Moving to east Greenland, the final results chapter turns to Sermilik Fjord, where
a new methodology for estimating freshwater fluxes from icebergs is developed. The
amount, timing and location of meltwater produced via submarine melting of icebergs
can significantly impact local fjord water circulation and heat budget, which has
implications for glacier calving, retreat and acceleration in addition to nutrient fluxes
and primary productivity. Previous methods for estimating iceberg meltwater fluxes
have either been complex models, themselves reliant on limited field data and poorly
constrained model parameters, or user-intensive, expensive remote sensing techniques.
This thesis presents a simplified approach for deriving summer and autumn iceberg
freshwater fluxes in 2017, using freely available Sentinel-2 satellite imagery to estimate
iceberg velocity and seasonal changes in iceberg volume with distance down-fjord.
Integrated 2-month full-fjord freshwater fluxes reach ~1270 + 650, 1200 4+ 610, 3410
+ 1740, and 1150 £+ 590 m? s~! for June-July, July-August, August-September and
September-October, respectively. The estimated iceberg freshwater fluxes are highest

across August and September, likely due to a combination of warming fjord water
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temperatures at depth as autumn approaches and increased calving into the fjord
system in the months prior, and decrease with distance from the head of the fjord.
The proportion of solid ice exiting the fjord averages 14% of the total ice volume calved
into the fjord from Helheim Glacier, the largest tidewater glacier feeding into Sermilik
Fjord, confirming that a significant volume of freshwater is released at depth along the
length of the fjord. The volume of freshwater generated from iceberg melt is comparable
to or greater than subglacial discharge volume throughout the year, and has important

implications for fjord-scale circulation, submarine melt rates and primary productivity.

In terms of future developments, this thesis presents two new methodologies focused on
ice-ocean interactions: one to estimate submarine melt rates near tidewater glaciers and
one to derive iceberg freshwater fluxes entering glacial fjords. These innovative methods
have generated important new datasets in a challenging environment from which it
has consistently proven difficult to derive estimates of submarine melt rates. The
additional utility of these methods is their potential application to other fjord systems
for constraining both fjord-scale and ice-sheet wide ice-ocean models, developments that
are critical for understanding the sensitivity of the Greenland Ice Sheet and surrounding

ocean basins to future climate change.
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Lay Summary

Recent increases in mass loss from the Greenland Ice Sheet are due in part to changes
occurring at the margins of the ice sheet, where large glaciers (called tidewater glaciers)
drain into the ocean. These changes can include acceleration of the glaciers combined
with their thinning and retreat. While it is not clear exactly what causes these changes,
the melting of ice beneath the waterline, termed submarine melting, is believed to be
a potential initial trigger of tidewater glacier retreat and acceleration. Understanding
the causes behind these changes in tidewater glacier behaviour is critical in order to

improve predictions of 21st century sea level rise.

There are few observational estimates of submarine melt, as undertaking measurements
near active, iceberg-producing glaciers is both difficult and dangerous. Previous
estimates of ice front submarine melt are principally derived either from measurements
of water properties taken many kilometres from the glacier termini or from ocean
circulation models that use the properties and movement of emerging subglacial
meltwater along the ice front to predict melt rates. Both of these methods rely on
assumed water properties that have only been measured a handful of times at a few
locations in the fjord system (which models use to validate unknown parameters), and
are therefore unlikely to be representative of the wider fjord conditions. Submarine
melt rates and the meltwater fluxes from icebergs floating in glacial fjords have also
been estimated using either satellite imagery (a user-intensive, time-consuming and
potentially expensive methodology) or complex iceberg models that rely on almost non-
existent field data. Given the importance of ice front and iceberg submarine melting

for ice sheet stability, fjord circulation and nutrient cycling and productivity, this thesis
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aims to develop novel, simple methodologies for estimating submarine melt rates and
meltwater fluxes from icebergs and glaciers around the margins of the Greenland Ice

Sheet.

A simple methodology is therefore developed for estimating spatial and temporal
variations in submarine melt rates beneath floating ice at the front of a large tidewater
glacier. This method uses satellite imagery to observe changes in both the elevation and
velocity of the floating ice at the terminus of Kangiata Nunaata Sermia in southwest
Greenland, from which submarine melt rates of up to 7 metres a day are derived. Melt
rates decrease with distance away from the glacier terminus and also vary across the
glacier front, with these variations resulting from changes in the thickness of the floating
ice, and with changes in fjord water temperature and velocity. The areas beneath the
floating ice that show the highest melt rates are found along the ice front where summer
meltwaters are predicted to drain from beneath the glacier, and where large quantities
of icebergs are calved (as observed from time lapse camera imagery). These results are
important to improve our scientific understanding of how tidewater glaciers interact

with the ocean, a key control on ice sheet behaviour.

A second methodology is then developed for estimating the freshwater fluxes released
into glacial fjords from the melting of icebergs, focussing on icebergs in Sermilik Fjord,
southeast Greenland. Freely available satellite imagery is used to estimate both iceberg
velocity and seasonal changes in iceberg volume along the fjord, from which meltwater
fluxes are derived. Iceberg meltwater fluxes are highest in the late summer and autumn,
when fjord water temperatures are warmer than in the spring and early summer, and
when more icebergs have been calved into the fjord. Meltwater fluxes also decrease
with distance from Helheim Glacier, the main tidewater glacier at the head of the
fjord, reflecting the warmer water temperatures at depth where the bottoms of the
larger icebergs are located when floating near the head of the fjord. Throughout the
year, the volume of freshwater generated from the melting of icebergs is comparable to
or greater than the freshwater entering the fjord at the base of the glacier and sourced

from melting at the ice sheet surface. As such, the melting of icebergs provides a



significant volume of freshwater to the fjord system, with important implications for

fjord-scale circulation and heat budget, nutrient cycling and primary productivity.

This work provides two new methodologies for estimating tidewater glacier submarine
melting and iceberg freshwater fluxes released into glacial fjords. These methodologies
are effective, simple and inexpensive, can be applied to a variety of glacial fjord systems,
and are particularly useful for investigating those that are remote and inaccessible. This
work has also confirmed and expanded our knowledge of the key controls impacting the
submarine melting of tidewater glaciers and icebergs; notably fjord water temperature
and velocity and the presence and location of subglacial meltwater outflows beneath
the glacier termini. Furthermore, it has confirmed the importance of meltwater sources
from icebergs to the wider fjord system. It is anticipated that the methodologies
developed here will be used by the scientific community to improve our understanding of
ice-ocean interactions around the margins of the Greenland Ice Sheet, an understanding
that is critical for better predictions of the future state of the ice sheet and thus for

21st century sea level rise.
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Chapter 1

Introduction

The oceans surrounding the Greenland Ice Sheet are resplendent with life, from the
smallest krill and shrimps to the curious ringed seals, the clustered groups of walruses
and the magical narwhal, to the lone polar bear hunting on the sea ice and the
pods of beluga whales clicking beneath the murky surface. Ocean waters flow across
shelves and sills, entering the mouths of glacial fjords once carved by the retreat of
ancient glaciers, swirling around giant floating icebergs and eventually reaching the
tidewater glaciers found at the head of each fjord. Freshly-calved icebergs topple into
the sea while sediment-laden and nutrient-rich subglacial melt waters rise to the fjord
surface, attracting flocks of Arctic tern and other birds. The majority of these glaciers
are retreating back into the ice sheet, playing a role in the complicated relationship
between glacier calving, acceleration and mass loss. The influence of the ocean on
the dynamic behaviour of these tidewater glaciers remains unclear, adding to the
uncertainty surrounding projections of global sea level rise. The research presented
in this thesis seeks to improve our knowledge of the interactions between the ice sheet
and the ocean, focusing on floating ice found in glacial fjord systems to better constrain

predicted changes to the Greenland Ice Sheet over the coming centuries.



CHAPTER 1. INTRODUCTION 2

1.1 The cryosphere in a changing climate

The cryosphere encompasses all the cold regions of the Earth, from sea, lake, and ground
ice, to snow covered areas, glaciers and ice sheets. These regions are important for
natural ecosystems and provide invaluable freshwater sources for human communities
worldwide. The two largest bodies of non-seasonal ice cover are the Antarctic and
Greenland Ice Sheets. Located around the South Pole, Antarctica contains over 25
million km? of ice, of which 22.6 million km? lies above sea level and, if melted
completely, has the potential rise sea level by 58.3 m (IPCC 2013). In the high latitudes
of the Northern Hemisphere, the Greenland Ice Sheet contains 2.6 million km? of ice,
equivalent to 7.36 m of sea level rise (IPCC 2013). Both ice sheets have lost mass
in recent decades, together contributing approximately 11 mm to global sea level rise

between 1993 - 2011 (Figure 1.1; Shepherd et al. 2012).
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Figure 1.1: The contribution of the Greenland and Antarctic Ice Sheets to global sea

level rise from 1993 - 2011; reproduced from Shepherd et al. (2012).

Mass loss from ice sheets can be attributed to changes in surface mass balance (i.e., the
accumulation of ice minus surface melting of ice) as well as to the ‘dynamic thinning’ of

tidewater glaciers and ice shelves (Figure 1.2), which lose mass as a result of thinning,



CHAPTER 1. INTRODUCTION 3

accelerated flow and retreat (Pritchard et al. 2009). Since the mid-1990s, the dynamic
thinning of tidewater glaciers has led to increased ice discharge from the Greenland
Ice Sheet (Figure 1.3), resulting in 477 4+ 51 Gt a~! of ice loss, approximately 0.47 +

! sea level equivalent (Van den Broeke et al. 2016). Despite its importance,

0.23 mm a~
the precise mechanisms controlling the dynamic thinning of tidewater glaciers remain
unclear, reflecting their complexity (Moon et al. 2012). Recent research has proposed
that changes at tidewater glacier fronts are triggered by atmospheric and oceanic
warming, resulting in augmented mass loss through glacier acceleration and increased

calving (e.g., Nick et al. 2009, Holland et al. 2008, Howat et al. 2007, Cowton et al.
2018) and ice front submarine melting (Truffer & Motyka 2016).

500 1,000 km

Figure 1.2: Rate of surface elevation change over the Greenland and Antarctic Ice
Sheets from 2003-2007, highlighting areas of pronounced thinning in red; reproduced from
Pritchard et al. (2009).

The submarine melting of ice fronts is believed to be controlled in part by the
temperature and velocity of subglacial discharge plumes (Jenkins 2011, Slater et al.
2015). Subglacial discharge plumes in Greenland are composed primarily of meltwater
originating from surface melt on the glaciers upstream, which then flows through the
glacier from the surface to the ice-bed interface before exiting beneath the glacier
grounding line (i.e., the boundary between grounded and floating glacier ice). Due to

their lower density relative to ambient fjord water, subglacial plumes rise buoyantly
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Figure 1.3: Annual discharge (D), surface (SMB) and ice sheet (MB) mass balance and
sea level rise equivalent over the Greenland lce Sheet from 1958-2015, with trends from

1991-2015 shown as dashed lines; reproduced from Van den Broeke et al. (2016).

along the ice front and entrain warm fjord water, melting the ice front as they
rise (e.g., Motyka et al. 2003, Jenkins 2011). To date, submarine melt rates are
poorly constrained, in part because collecting in-situ measurements near actively-
calving glacier termini is both difficult and dangerous. Numerous studies have used
hydrographic profiles from glacial fjords (e.g., Motyka et al. 2003, Sutherland & Straneo
2012, Motyka et al. 2013, Inall et al. 2014), general circulation models or plume theory
(e.g., Jenkins 2011, Christoffersen et al. 2012, Sciascia et al. 2013, Xu et al. 2013),
or remote sensing techniques (e.g., Rignot & Jacobs 2002, Enderlin & Howat 2013,
Enderlin et al. 2014) to estimate submarine melt rates. Given the potential importance
of tidewater glacier submarine melting to the future response of the ice sheet, as
well as to fjord water circulation, nutrient availability and primary productivity, this
thesis focusses on developing and refining empirical methods for estimating melt rates,
utilising methods that are not dependent on expensive field seasons or uncertain model

parameters.

1.2 Outline of thesis

The overall aim of this thesis is to improve our understanding of ice-ocean interactions at

tidewater glaciers along the margins of the Greenland Ice Sheet, particularly submarine
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melting, believed to be a key control on glacier dynamics, fjord and ocean circulation
and primary productivity via the circulation of nutrients. This thesis uses both satellite
and terrestrial remote sensing techniques to investigate the role of submarine melting
beneath floating ice tongues adjacent to tidewater glaciers and the amount of freshwater
released from the melting of icebergs in glacial fjords. Specifically, the thesis seeks
to both improve and simplify the methodologies currently used within the scientific
research community for estimating variations in submarine melt rates. The thesis is

organized into two complementary research themes:

1. Quantifying the magnitude of and variability in submarine melting

beneath floating ice tongues.

This part of the thesis develops a methodology for estimating submarine melt
rates beneath floating ice tongues adjacent to tidewater glaciers, using a combi-
nation of observations of ice surface elevation and ice motion. Spatial and tem-
poral variations in submarine melt rate beneath ice tongues are examined and
potential factors controlling these variations are explored, including fjord water
temperature stratification and the presence and characteristics of subglacial dis-
charge plumes. A hydropotential analysis is performed to model subglacial flow
paths, which are spatially connected with iceberg calving events and subglacial

plume surface expressions observed via time-lapse photography.

2. Quantifying variations in fjord iceberg distribution and freshwater flux.

This theme examines the spatial and temporal variations in fjord iceberg volume
and the freshwater flux delivered by iceberg melt through the development of a
new methodology. Freely available satellite imagery is used to estimate iceberg
velocities and changes in iceberg volume, from which freshwater fluxes are derived.
These fluxes have previously been estimated using expensive, user-intensive
remote sensing techniques and field work, or complex models. The potential
controls on variations in freshwater flux along the fjord are explored, including
water velocity and temperature stratification and iceberg size and velocity. The

percentage of ice exiting the fjord as solid flux is estimated and seasonal variations
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in meltwater flux are considered in the context of the wider freshwater budgets

delivered to fjord systems.

The thesis then brings together these two themes, exploring the role of tidewater glacier
and iceberg submarine melting on glacier dynamics, fjord and wider ocean circulation,
nutrient availability and primary productivity. Potential applications and limitations

of the developed methodologies are also discussed.

Following on from the Introduction, Chapter 2 provides the motivation and background
for this thesis, including information on the Greenland Ice Sheet and a detailed review
of tidewater glacier dynamics, with a specific focus on the research and methodology
previously developed to estimate submarine melting. Expanded descriptions of the
two fjord systems and glaciers studied in this thesis are also provided here. Chapter
3 provides a brief description of the methodologies developed as part of this thesis,
with more details found later in the individual results chapters and their supporting
information. Chapters 4-6 present the main results of the thesis on the two themes
identified above, with Chapters 4 and 5 focussing on submarine melt rates beneath a
floating glacier tongue, and Chapter 6 focussing on the estimation of freshwater fluxes
from the melting of icebergs in glacial fjords. The thesis closes with a synthesis of
the results, reviewing key conclusions and exploring ideas for future research, found in

Chapter 7.

1.3 Structure of thesis

Chapters 4, 5, and 6 have been written as stand-alone papers for ease of access to
the research community. Chapter 4 has been published (Moyer et al. (2017), Frontiers
in FEarth Science) and both Chapters 5 (submitted to Journal of Glaciology, October
2018) and 6 (submitted to Geophysical Research Letters, January 2019) are currently
in review. Author contribution statements are included at the start of these chapters,
as several co-authors have contributed to each paper. The published format of Chapter

4 has been included as an appendix.



Chapter 2

Background

The Greenland Ice Sheet is highly sensitive to small changes in atmospheric and oceanic
properties and can thus be used as an indicator of regional and global climate change
(e.g., Hanna et al. 2014). Furthermore, the volume of ice stored in the ice sheet and
the potential release of this meltwater store have significant implications both for sea
level rise and ocean circulation and productivity (Straneo & Heimbach 2013). Recent
increases in both atmospheric and oceanic temperatures have influenced mass loss from
the ice sheet, including loss driven by tidewater glacier acceleration and retreat (e.g.,
Straneo & Heimbach 2013). This background chapter provides a broad overview of
recent trends in air temperature and general oceanic properties surrounding Greenland
before turning its focus on fjord-scale water properties. Ice-sheet wide dynamic changes
in tidewater glaciers are then discussed along with controlling factors, followed by a
detailed review of the two glacial fjord systems studied in this thesis: Kangersuneq
and Sermilik Fjords. The chapter then focusses on ice-ocean interactions, reviewing
our current understanding of submarine melting and the associated freshwater flux

released into the fjord system.
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2.1 The Greenland Ice Sheet

2.1.1 Recent trends in air temperature

Since the 1990s, there has been a general increase in air temperature recorded at weather
stations around the margins of the Greenland Ice Sheet (Figure 2.1) (Hanna et al. 2012,
Carr et al. 2013). Most of this warming has focused on the western margin of the ice
sheet, where air temperatures have increased by 0.35 °C a~! (Carr et al. 2013), with
winter temperatures increasing locally by more than 10 °C (Hanna et al. 2012). Since
2001, average winter and summer air temperatures have increased by 2.9 °C and 0.8 °C,
respectively, with insignificant changes observed in autumn and spring temperatures
(Hanna et al. 2012). Increases in air temperature allow for increased melting of the ice
sheet surface (i.e., ablation), which reduces the surface mass balance of the ice sheet.
Over the past decade, decreases in surface mass balance have resulted in a substantial
increase in mass loss from the Greenland Ice Sheet via surface melting and runoff, of
over 250 Gt a~!, which accounts for about 60% of total ice sheet mass loss (Enderlin
et al. 2014, Van den Broeke et al. 2016). Notably, air temperatures over the ice sheet in
2012 set new record high mean and extreme temperatures, causing widespread record
amounts of surface melt and runoff, and contributing approximately 1.2 mm to global

sea level that year alone (Tedesco et al. 2013, Hanna et al. 2014).
2.1.2 General oceanic and fjord-scale properties

The ambient water inside glacier fjords reflects in part the water flowing along the
adjacent continental shelves, and connects the ice sheet margin with water from the
North Atlantic subpolar gyre, Baffin Bay, the Arctic Ocean, and the Nordic Seas
(Figure 2.2). The shallow waters on the continental shelves surrounding Greenland are
characterized by cold, fresh Polar Water transported by the East and West Greenland
currents and overlay warmer, salty Atlantic Water transported by the North Atlantic

and Irminger currents (Holland et al. 2008, Inall et al. 2014, Straneo & Cenedese 2015).

Several circulation processes operate in large glacial fjords that can bring these warm

coastal waters to tidewater glacier fronts and thus drive melting and retreat (Figure
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Figure 2.1: Mean annual air temperature trends for weather stations in the Arctic, 1990

- 2010; reproduced from Carr et al. (2013).

2.3). During the melt season (i.e., May to October), buoyancy-driven circulation is
typically dominant (Motyka et al. 2003, Jenkins 2011, Cowton et al. 2015). Meltwater
created on the surface of the glacier drains to the glacier bed through crevasses and
moulins, eventually flowing out from beneath the glacier at the grounding line and
entering the fjord. Due to the lower density of the subglacial discharge compared to
the ambient fjord water, the discharge plume rises buoyantly along the ice front and
either reaches the surface or a density equilibrium with the ambient fjord water at some
depth before flowing out of the fjord and onto the shelf (Motyka et al. 2003, Jenkins
2011). The outflow, forced by the subglacial discharge, sets up a counter-current and
draws in warm coastal water from the shelf, which flows in a layer below the more
buoyant fresher outflow above. This warmer water is thus drawn towards tidewater
glacier termini and subsequently entrained into the subglacial plume exiting at the
glacial grounding line, melting the ice front as it rises (Motyka et al. 2003, Jenkins
2011). When subglacial discharge volume and velocity are high during the peak of the
melt season, debris-laden plumes have been observed at the fjord surface near glacier
termini, providing evidence for buoyancy-driven circulation (e.g., Sole et al. 2011, How

et al. 2017, Schild et al. 2018).
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Figure 2.2: (a) Ocean circulation around the Greenland Ice Sheet, where red to yellow
colours represent warm, salty Altantic Water and blue represents cold, fresh Polar Water;
modified from Straneo & Cenedese (2015); (b) ocean temperatures around Greenland at
250 m depth as simulated by the MITgcm ocean circulation model; reproduced from Fenty

et al. (2016).

Intermediary circulation can also be active in large glacial fjords, occurring above the
depth of any sills present on the fjord floor (Figure 2.3). The exchange of water
driven by intermediary circulation originates from variations in density outside the
fjord, driven either by density anomalies or along-shore winds, which create strong
upwellings or downwellings (Straneo & Cenedese 2015). These up- and downwellings are
strong enough to flush the water above any sills, and can result in the rapid renewal of
warm water in the fjord, particularly during the winter months when buoyancy-driven
circulation is weaker (Jackson et al. 2014). Using winter hydrographic surveys from
September to May in Sermilik and Kangerdlugssuaq Fjords, east Greenland, Jackson
et al. (2014) suggest that the large variability seen in the upper water column thickness
can be attributed to the rapid exchange of waters driven by frequent, strong sheared
flows in the along-fjord direction. These strong flows originate from fluctuations of
water density on the shelf and often occur after the presence of strong along-shore

winds. In addition, water column properties can fluctuate over timescales as short
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glacial fjord: buoyancy-driven, estuarine, intermediary and dense inflow (or deep water
renewal) circulation; note that the colours used do not reflect water temperature; modified

from Straneo & Cenedese (2015).

as 3 days (Jackson et al. 2014), suggesting that these wind-driven current pulses can

significantly alter fjord heat content on short timescales, and thus submarine melt rates.

Finally, two other types of circulation help transport warm coastal water into the
fjord: estuarine circulation and deep-water renewal (Figure 2.3). Estuarine circulation
is driven by both meltwater running off the land and by subglacial discharge that
reaches the fjord surface, and is concentrated to the very top layer of the water column
(Mortensen et al. 2011). This thin layer of surface outflow entrains water to form a
shallow current moving in-fjord just below. Deep-water renewal is driven by the inflow
of dense warm shelf water at depth, which causes the lifting of isopycnals (i.e., water
layers of same densities) and the mixing of the water column (Mortensen et al. 2011,

Straneo & Cenedese 2015).
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2.2 Tidewater glacier dynamics and controls

2.2.1 Ice sheet-wide trends in glacier behaviour

Tidewater glaciers generally follow an annual cycle of advance and retreat, advancing
in the winter and spring due to the combination of the buttressing effect of sea ice and
ice mélange (Amundson et al. 2010), and retreating in the summer and autumn once
calving begins (e.g., Moon & Joughin 2008, Howat et al. 2010). Aerial photographs
from the 1930s reveal that Greenlandic tidewater glaciers retreated throughout the
early 20th century in line with increases in air temperature, followed by a brief period
of readvance and slowed retreat near the middle of the century (Bjork et al. 2012).
Advances in satellite remote sensing have revealed widespread accelerated glacier front
retreat in the early 2000s, outwith the typical seasonal cycle of advance and retreat.
Between 2000 and 2010, 188 of the 199 tidewater glaciers studied by Murray et al. (2015)
showed sustained and substantial retreat (Figure 2.4), summing to more than 267 km
of retreat in total. Along the central western margin of the ice sheet, multi-year retreat
is thought to have been triggered by increased air temperature (approximately 2 °C)
over the same time period combined with increased sea surface temperatures, resulting
in expanded calving seasons following early clearance of the ice mélange (Howat et al.
2010). Along the central eastern margin, tidewater glaciers experienced a threefold
increase in retreat rate from 2000 to 2005, when compared to retreat between the 1980s
and 2000, potentially triggered by a negative switch in the North Atlantic Oscillation,
resulting in increased sea surface temperature and changes in sea ice distribution

(Jiskoot et al. 2012).
2.2.2 Regional-scale factors controlling tidewater glacier dynamics

Defining ice sheet-wide controls on tidewater glacier dynamics in order to predict the
behaviour of individual glaciers is nearly impossible, as each fjord system is unique and
thus has different water and glacier properties and fjord geometry (Carr et al. 2013).
However, narrowing down to a regional scale reveals some common glacier behaviours

and likely triggers. For example, glaciers on the southeastern margin of the Greenland
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Figure 2.4: Changes in Greenland tidewater glacier ice front positions between 2000
and 2010, where larger symbols indicate greater change and blue and red symbols indicate

advance and retreat, respectively; reproduced from Murray et al. (2015).

Ice Sheet displayed significantly different behaviour to those along the northeastern
margin before and after 2005 (Seale et al. 2011, Walsh et al. 2012). Above 69 °N, glaciers
on the eastern margin of the ice sheet displayed relatively stable terminus positions,
whereas those below this latitude retreated significantly prior to 2005, followed by a
period of either readvance or decreased retreat from 2005 to 2009. The retreat pattern
observed in the south (below 69 °N) has been attributed to an increase in the transport
of warm subtropical waters to the Irminger Sea and thus into the nearby glacial fjords
until 2004, followed by a subsurface cooling of waters in the same region between 2004

and 2008 (Seale et al. 2011, Walsh et al. 2012).
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Cowton et al. (2018) investigated the influence of simple parameters on regional
tidewater glacier retreat in East Greenland, including air temperature, meltwater runoff
and ocean temperature. While individual glaciers may show a stronger correlation
with oceanic influence alone, 76% of the variability in regional retreat from 1993 to
2012 can be attributed to the combined influence of meltwater runoff (itself driven
primarily by atmospheric temperature) and ocean temperature (Figure 2.5; Cowton et
al. 2018). Importantly, this demonstrates that simple forcing parametrizations may be
able to predict future changes in tidewater glacier position anticipated with continued

atmospheric and oceanic warming.
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Figure 2.5: Correlation (R? values) for relationships of tidewater glacier terminus position
with air temperature (T4), meltwater runoff (Q), ocean temperature (Tp), and the
combined effects of ocean and atmospheric forcing (M; and Msg). Abbreviations on x-
axis represent ten different tidewater glaciers and average regional trends for southern (S)
and northern (N) glaciers, split north and south of 69 °N; reproduced from Cowton et al.

(2018).

2.3 Kangersuneq and Sermilik Fjords

The main results chapters of this thesis focus on ice-ocean interactions in two large
glacial fjord systems in Greenland: Kangersuneq and Sermilik, described in detail
below. Chapters 4 and 5 focus on submarine melting beneath a seasonal floating
ice tongue adjacent to Kangiata Nunaata Sermia in Kangersuneq Fjord, southwest
Greenland (Section 2.3.1). Chapter 6 focuses on iceberg meltwater fluxes in the Sermilik

Fjord system in southeast Greenland (Section 2.3.2).
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2.3.1 Kangiata Nunaata Sermia and Kangersuneq Fjord

Kangiata Nunaata Sermia (KNS) is the largest tidewater glacier in southwest Green-
land, draining approximately 2% of the ice sheet area (Sole et al. 2011). KNS is located
about 80 km east of Nuuk at the head of the over 100 km long Godthabsfjord system
and terminates directly into Kangersuneq Fjord. The glacier system has retreated over
20 km from the Little Ice Age (LIA) maximum extent in the 1700s (Figure 2.6), re-
flecting a strong response to increased air and sea surface temperatures during and
since the LIA (Weidick et al. 2012, Lea et al. 2014). Annual ice flux across the KNS
grounding line has increased from ~6 km? in 1996 (Rignot & Kanagaratnam 2006) to
7.6 &+ 1.5 km?® per year in more recent years (Mortensen et al. 2013). The increased ice
flux reflects increases in ice velocity of 6% from 1996 to 2000 and 27% from 2000 to
2005 (Rignot & Kanagaratnam 2006). Ice velocity along the centreline of the glacier
increased by an additional 50% by 2012, reaching 11 km a~! near the ice front (Slater
et al. 2017a).

A thick seasonal floating ice tongue forms adjacent to the KNS terminus most winters
(Figure 2.7), flowing across the glacier grounding line to advance down-fjord during the
winter and early spring (Sole et al. 2011, Motyka et al. 2017). The ice tongue typically
merges into a dense ice mélange and rapidly breaks up in the late-spring of each year
(Sole et al. 2011), an observation evident from several years of time lapse camera
imagery. Generally, the ice tongue extends between 2 and 3 km into the fjord and
visibly decreases in freeboard moving away from the ice front (Figure 2.7a). Notably,
the ice tongue did not fully form in 2011 or 2015, potentially linked to higher water
temperatures observed in the fjord from late-2010 to early-2011 (Motyka et al. 2017).
Increased fjord water temperatures could delay the development of and weaken the
buttressing effect of the ice mélange (e.g., Amundson et al. 2010) and prevent the

formation and advance of the ice tongue.

Several studies have investigated water circulation and properties in Kangersuneq Fjord
(Mortensen et al. 2011, 2013, Motyka et al. 2017), finding distinct seasonal differences in

circulation patterns and associated water properties. Using hydrographic data collected
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Figure 2.6: Retreat of Kangiata Nunaata Sermia (KNS) since the Little Ice Age (LIA)

maximum extent. The contemporary terminus position is close to the 2009 position seen

here; modified from Weidick et al. (2012) to include an inset location map.

to within approximately 4 km of the KNS ice front, Mortensen et al. (2011) observed
all four previously mentioned circulation patterns (Section 2.1.2 and Figure 2.3) in the
fjord. In the summer, both classical estuarine circulation and subglacial (or buoyancy-
driven) circulation are strong. Subglacial circulation is the primary mode of circulation
during the summer, as subglacial discharge exiting beneath the glacier grounding line
is highest during the melt season. Deep-water renewal is active during the winter in
the outer part of the fjord, driven by dense waters flowing into the bottom of the fjord
from the shelf (~100 km from the ice front), resulting in the rise of fjord-water layers of

constant density (Mortensen et al. 2011). Finally, fluctuations in water density drive
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Figure 2.7: Time lapse imagery of (a) the intact seasonal ice tongue at KNS on 12 May
2009, (b) the mélange covered fjord post-ice tongue disintegration on 4 June 2009, and (c)
the nearly ice-free fjord on 14 July 2009; modified from Sole et al. (2011).

intermediary circulation in both summer and winter months, resulting in the warming
and cooling of intermediate depth waters in the summer and winter, respectively
(Mortensen et al. 2011). All of these circulation patterns vary both temporally and
spatially and influence the amount of heat reaching the KNS ice front, which controls

the rate and distribution of submarine melt.

Temperature and salinity profiles recorded between 4 and 50 km from the summer KNS
terminus show distinct seasonal differences (Mortensen et al. 2011, 2013). In winter
months, the upper water column shows cool surface waters (typically between -2 and
0 °C) underlain by a warmer (between 1 and 1.8 °C) intermediate layer (Figure 2.8a)
(Mortensen et al. 2013). The upper water column is typically warmer in the summer (up
to 3 °C) due to surface heating and is underlain by a slightly cooler layer dominated by
glacial meltwater (between 0 and 1.5 °C) beneath which is a warm deep layer reaching
3 °C (Figure 2.8b). Salinity profiles are typically fresher near the surface in the summer

due to glacial runoff and iceberg melting, and underlain by more saline ambient fjord
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water (Mortensen et al. 2013). In the winter, surface waters are more saline than in

the summer yet underlain by an even more saline intermediate water layer.
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Figure 2.8: Potential temperature profiles during the (a) winter and (b) summer seasons
in Kangersuneq Fjord, averaged over 4-50 km from the ice front; reproduced from Mortensen

et al. (2013).

2.3.2 Helheim Glacier and Sermilik Fjord

Located on the southeast margin of Greenland, Helheim Glacier drains approximately
7% of the ice sheet area (Rignot & Kanagaratnam 2006) and sits at the head of Sermilik
Fjord, along with Midgard and Fenris Glaciers (Figure 2.9a). Helheim Glacier moves at
a mean velocity of between 8 to 11 km a~! (Moon et al. 2012), and experienced major
acceleration, thinning and retreat in the early 2000s, retreating over 7 km between
2001 and 2005 (Figure 2.9b) (Schild & Hamilton 2013). This was followed by a brief
re-advance in 2006 and a reduction in surface thinning due to anomalously low sea
surface and air temperatures (Schild & Hamilton 2013). Since 2006, the glacier has
retreated roughly another 4 km to its current position (see black line in Figure 2.9b).

Contemporary ice flux across the glacier grounding line reaches over 6 km? per month
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(Sulak et al. 2017), typically peaking in late-summer and with occasional large fluxes

in the late-spring post-ice mélange disintegration.
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Figure 2.9: (a) Sermilik Fjord from a Sentinel-2 image on 28 July 2017, including Helheim
(H), Fenris (F) and Midgard (M) Glaciers. Yellow box indicates the extent of (b), which
shows Helheim Glacier terminus positions from 1990 to 2017, overlain on Sentinel-2 image
from 30 August 2017. Terminus positions from 1990 to 2016 are from the European
Space Agency Greenland Ice Sheet Climate Change Initiative project (http://products.esa-
icesheets-cci.org/products/downloadlist/CFL/) and the 2017 terminus position was hand-

digitized based on the underlain Sentinel-2 image.

Water circulation in Sermilik Fjord follows the same patterns often found in glacial
fjords, including buoyancy-driven estuarine flow and intermediary circulation, the latter
of which dominates the exchange of water in the fjord system (e.g., Sutherland &
Straneo 2012, Jackson et al. 2014, Jackson & Straneo 2016). Intermediary circulation
in Sermilik Fjord is correlated with strong wind events coming off the shelf near the
mouth of the fjord, which drive changes in water velocity and total water exchange in

the fjord on timescales of as little as three to ten days (Jackson et al. 2014). Similar
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to Kangersuneq Fjord, water in Sermilik Fjord is highly stratified (Figure 2.10), with
a cool Polar Water layer (0 - 0.5 °C) at depths between approximately 100 - 200 m
underlain by a thick layer of warmer, salty Atlantic Water (up to 4 °C) (Sutherland &
Straneo 2012, Jackson et al. 2014).
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Figure 2.10: Potential (a) water temperature and (b) salinity from two mid-fjord moorings

at different depths in Sermilik Fjord; modified from Jackson & Straneo (2016).

Helheim Glacier is the fifth largest producer of icebergs from the Greenland Ice Sheet
(Enderlin et al. 2014), calving approximately 25 Gt a~! of both tabular and non-tabular
icebergs. Once calved, icebergs travel through a dense ice mélange before turning south
for ~80 km to reach the fjord mouth and the Irminger Sea (Figure 2.9a). As there is
no shallow sill located near the fjord mouth (Sutherland & Straneo 2012), deep-keeled
icebergs can exit the fjord with relative ease. Sutherland et al. (2014a) deployed GPS
units on top of large icebergs in Sermilik Fjord to track iceberg movement, speed and
residence time in September 2012 and August 2013. Mean speeds of icebergs in the
mélange peaked at just 0.0003 m s~', much slower than those in the open fjord that
reached peak mean speeds over 0.07 m s~! (Figure 2.11a). The mean net motion for all
icebergs was down-fjord (Figure 2.11c), implying that all icebergs eventually exit the

fjord unless completely melted or trapped in one of the side embayments of the fjord.

2.4 Submarine melt rates and their controls

Submarine melting of glacier ice fronts likely plays a crucial role in controlling individual

glacier behaviour, and has been proposed as a trigger of glacier calving, retreat and
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Figure 2.11: (a) Iceberg velocities and (b) standard deviation from GPS-tracking where
negative values indicated movement down-fjord; (c) Circulation of icebergs based on GPS-

tracked movement; reproduced from Sutherland et al. (2014a).

acceleration (e.g., Nick et al. 2009, O’Leary & Christoffersen 2013, Luckman et al.
2015). Direct measurements of tidewater glacier ice fronts from sonar and modelling
studies have demonstrated the ability of submarine melting to undercut glacier termini
(O’Leary & Christoffersen 2013, Fried et al. 2015, Slater et al. 2017b), a process
believed to enhance calving and the formation of embayments along the ice front.
At tidewater glaciers with floating tongues or ice shelves, submarine melting beneath
the ice can cause high thinning rates, leading to increased stresses that initiate rifts
in the ice tongue, and can cause the floating ice to disintegrate (Truffer & Motyka
2016). Submarine melting of glacier fronts and icebergs is also a significant source of
freshwater in glacial fjord systems, and has the potential to alter fjord-scale circulation
and local heat budgets (e.g., Truffer & Motyka 2016, Enderlin et al. 2016, Moon et al.
2017).

Numerous studies have estimated glacier and iceberg submarine melt using hydro-

graphic measurements in glacial fjords (e.g., Motyka et al. 2003, Rignot & Steffen
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2008, Rignot et al. 2010, Johnson et al. 2011, Sutherland & Straneo 2012, Inall et al.
2014), ocean circulation models (e.g., Jenkins & Holland 2002, Jenkins 2011, Xu et al.
2012, 2013, Sciascia et al. 2013, Slater et al. 2015), or remote sensing observations (e.g.,
Rignot & Jacobs 2002, Joughin & Padman 2003, Enderlin & Howat 2013, Enderlin et al.
2014, Wilson et al. 2017). Each methodological category is discussed below, prior to a

consideration of the key controls on the magnitude of submarine melt rate.
2.4.1 Melt rates from fjord hydrographic profiles

Studies using hydrographic profiles in glacial fjords have estimated submarine melt rates
near the grounding lines of ice shelves and tidewater glaciers using a heat flux approach.
Equations for the conservation of mass, salinity and heat are used to estimate the net
heat flux towards and away from the glacier front, with the net difference assumed to
be due to ice melt (Motyka et al. 2003). This flux difference is then converted into
a melt rate assuming a given ice front surface area. Using this approach, submarine
melt rates were estimated for LeConte Glacier in Alaska (Motyka et al. 2003, 2013),
ranging from 6.7 to 16.8 4 1.3 m d~!, and for various marine terminating glaciers in
western (Rignot et al. 2010, Johnson et al. 2011) and eastern Greenland (Sutherland
& Straneo 2012, Inall et al. 2014), ranging from 0.071 to 3.9 m d~! and 0.68 to 10.1 m

d—!, respectively.

Most measurements used to derive heat fluxes in glacial fjords (and thus submarine
melt rate) are taken far from the glacier grounding line - typically between 15 to 80 km
away (e.g., Johnson et al. 2011, Christoffersen et al. 2012, Sutherland & Straneo 2012,
Inall et al. 2014). As such, heat flux estimates are integrating many of the various
processes occurring between the hydrographic profile and the terminus, most notably
the heat lost to the melting of icebergs, sea ice and ice mélange. In addition, heat
flux estimates from hydrographic profiles are typically snapshots of fjord conditions for
one specific location and time, and therefore do not consider temporal variability in
fjord circulation (Jackson & Straneo 2016); it is thus unclear how representative these
estimates are of the longer term mean. Given the known spatial complexity in fjord

temperature and salinity profiles, the spatial extrapolation of heat flux estimates from
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one or several vertical profiles to fjord-wide estimates also introduces error into the

derived melt rates (Truffer & Motyka 2016).
2.4.2 Melt rates from ocean circulation models and plume theory

Ocean circulation models have frequently been employed to estimate submarine melting
and to investigate controls on its magnitude. The majority of models are based on
plume theory, where meltwater from surface ablation is discharged subglacially, flows
up the glacier face and captures surrounding warm fjord water, leading to submarine
melting of the ice face (Jenkins 2011). Using a simplified one-dimensional plume model
fitted with equations conserving mass, momentum, salinity, and heat, Jenkins (2011)
derived submarine melt estimates from ice shelves in Antarctica (0.0015 to 0.042 m
d~1), Jakobshavn Glacier in Greenland (0.72 to 3.16 m d~!), and LeConte Glacier in
Alaska (0.36 to 9.45 m d—!). Advances in ocean modelling have allowed for both two-
and three-dimensional plume models, the latter accounting for across-fjord variability in
melt rate. Employing a two-dimensional ‘flowline’ model, Sciascia et al. (2013) and Xu
et al. (2012) estimated submarine melting of glaciers in eastern and western Greenland
of up to 12.4 m d=!. Using three-dimensional ‘conical’ plume models to account for
variation across the glacier terminus, Xu et al. (2013) and Slater et al. (2015) have

estimated submarine melting in Greenland of up to 3.6 m d—!.

In order to avoid complexity, many plume models do not account for the influence of
strong katabatic winds or tidal forcings, components that can have significant impacts
on fjord circulation, and may alter the estimated melt rates (Jenkins & Holland 2002,
Xu et al. 2012, Sciascia et al. 2013). In addition, all models need to be constrained
using field observations, which are extremely limited or non-existent for many of the

fjord systems around Greenland.
2.4.3 Melt rates from remotely sensed methods

Submarine melt rates have also been derived via remote sensing, using an ice flux
balance approach to estimate melt rates beneath floating glacier tongues (e.g., Rignot

& Jacobs 2002, Rignot & Steffen 2008, Enderlin & Howat 2013). For this approach, a
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steady state is assumed, with no significant temporal changes in ice thickness, negligible
ice accumulation, and modest surface ablation (Rignot & Steffen 2008). The difference
in ice flux between the grounding line and the ice front of floating glacier tongues is
due to a combination of surface melt, submarine melt and iceberg calving, if applicable.
Therefore, if the contribution of other attributes is known, submarine melt can be
derived. Following this approach, Enderlin & Howat (2013) estimated submarine melt
rates beneath 13 floating glacier termini on the western and eastern coasts of Greenland,
by subtracting estimated surface melt and runoff from the difference in ice flux through
cross-sections of ice at the grounding line and close to the ice front. Submarine melt
rates averaged over the area of each floating ice tongue between the grounding line and
the terminus ranged from 0.03 & 0.02 to 2.98 4= 0.65 m d~! (Enderlin & Howat 2013).
Similarly, Rignot & Jacobs (2002) estimated melt rates from 23 regions in Antarctica,
ranging from 0.011 to 0.11 m d~!'. While steady state estimated melt rates are valid
for glaciers and ice shelves in equilibrium, they are less accurate for glaciers currently

thinning or thickening.

Extensive work has also been undertaken using remotely sensed imagery to estimate
iceberg and ice mélange submarine melt rates (e.g., Enderlin & Hamilton 2014, Enderlin
et al. 2016, 2018). Enderlin & Hamilton (2014) used very high resolution digital
elevation models (DEMs) over Sermilik Fjord to derive changes in iceberg freeboard
and thus volume loss (assuming the icebergs were floating in hydrostatic equilibrium).
Averaging total volume loss over the full estimated underwater surface area of each
iceberg resulted in melt rates ranging between 0.1 and 0.8 m d~!, with an average melt

rate of 0.39 + 0.17 m d~! (Enderlin & Hamilton 2014, Enderlin et al. 2016).

Remotely-sensed methods for estimating submarine melt rate can be quite user-
intensive and time-consuming, requiring the user to manually identify icebergs and
hand-digitize their outline many times over to avoid user bias. These methods can
also involve complex image processing and can be quite expensive if high resolution

commercial satellite imagery is required.
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2.4.4 Key controls on submarine melt rates

Plume theory combined with fjord circulation models has been used to shed light on
some of the major controls on submarine melting, which include the velocity and
temperature of the plume, the magnitude of subglacial discharge emerging from the
glacier grounding line and the structure of the subglacial drainage system from which
meltwater emerges at the grounding line (including for example the spacing of subglacial
channels). Several studies (e.g., Jenkins 2011, Xu et al. 2013, Cowton et al. 2015,
Slater et al. 2015) have used the knowledge of plume theory - that submarine melt rate
increases with plume velocity and temperature - to demonstrate that submarine melt
rates often peak at depth directly above subglacial outlet channels and are strongest
along the central axis of the plume (Figure 2.12). Slater et al. (2015) used an ocean
circulation model to investigate the influence of subglacial hydrology on submarine
melting by varying subglacial discharge and channel number along an idealized ice
front. If all subglacial discharge is routed through one main channel beneath the ice
front, submarine melting is very high locally but nearly non-existent along the rest
of the ice front (Figure 2.12i). In contrast, when discharge is routed through more
numerous small evenly spaced channels, local submarine melting is reduced (Figure
2.121); however, when averaged over the entire ice front, melt rates are higher for
a distributed channelised system than for a system with a single dominant channel
(Slater et al. 2015), as more of the ice front is exposed to a moving plume. These
studies demonstrate what is perhaps the greatest strength of ocean circulation models
based on plume theory - their ability to derive patterns in and styles and timing of

submarine terminus melt.

Remote sensing techniques, laboratory experiments and models based on plume theory
have investigated some of the key controls on iceberg melt rate (Mugford & Dowdeswell
2010, Enderlin & Hamilton 2014, Moon et al. 2017, FitzMaurice et al. 2016, 2017).
Similar to submarine melt rates of glacier termini, iceberg melt rates increase with
fjord water temperature and flow velocity; as such, any processes that increase water
velocity will also increase iceberg melt. Iceberg draft has a large influence on melt rate,

as icebergs with deeper drafts typically sit in warmer fjord water and thus have increased
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Figure 2.12: Modelled subglacial plume velocity (left column) and temperature (centre
column) along with time-averaged ice front submarine melt rate (right column) for various
magnitudes of subglacial discharge (125 to 500 m? s~!) exiting from between 1 to 50 evenly

spaced channels; reproduced from Slater et al. (2015).

local melt rates when compared to more shallow icebergs (Figure 2.13) (e.g., Enderlin
et al. 2018). Melt rates also increase with ambient water temperature at any depth in
the water column, peaking along the submerged sides of icebergs in the summer months
due to warmer water temperatures (Mugford & Dowdeswell 2010). In addition, wind-
and subglacial discharge driven changes in fjord circulation can influence iceberg melt
rates, changing the location and thickness of velocity shear zones along the underwater

length of an iceberg (Mugford & Dowdeswell 2010, FitzMaurice et al. 2016, Moon et al.

2017).
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Figure 2.13: lceberg melt rate variability with draft for seven Greenlandic tidewater

glaciers; modified from Enderlin et al. (2018).
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2.5 Iceberg freshwater fluxes

Recent studies have demonstrated that freshwater fluxes from the melting of icebergs
can dominate the freshwater budget in glacial fjords (Enderlin et al. 2016, Moon et al.
2017), having important implications for glacier dynamics (i.e., through impacting fjord
circulation and heat budget), nutrient cycling and fjord productivity. Iceberg freshwater
fluxes have been estimated using both full-scale iceberg models (e.g., Mugford &
Dowdeswell 2010, Moon et al. 2017) and remote sensing techniques (e.g., Enderlin &
Hamilton 2014, Enderlin et al. 2016, 2018). Moon et al. (2017) estimated iceberg melt
in Sermilik Fjord (from which freshwater fluxes are derived) using a complex model
which incorporated oceanographic and reanalysis data and modelled buoyant plume
velocities. The iceberg model accounts for several melt mechanisms, including melt
above the fjord waterline from atmospheric influences (e.g., solar radiation and wind),
melt at the waterline from wave action, and melt below the waterline from in-situ
oceanic conditions and the movement of meltwater plumes along the vertical face of

the iceberg (Figure 2.14a).
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Figure 2.14: (a) lceberg melt mechanisms included in a full-scale iceberg model, (b)
iceberg melt rates with distance from the Helheim Glacier ice front, and (c) intra-annual

liquid meltwater flux by source in Sermilik Fjord; modified from Moon et al. (2017).
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Modelled iceberg melt (and thus flux) in Sermilik Fjord varies with distance from
Helheim Glacier (Figure 2.14b) (Moon et al. 2017). At all distances from the ice
front, melt rates are higher in summer than in winter, likely reflecting increased ocean
temperatures (Mugford & Dowdeswell 2010, Moon et al. 2017). Modelled fluxes also
peak later in the year than other freshwater sources in the fjord (Figure 2.14c¢), providing
increased freshwater at depth in the spring, autumn and winter when other sources have
reduced to insignificant levels. Enderlin et al. (2016) also demonstrated that iceberg
and ice mélange meltwater fluxes dominate Sermilik Fjord freshwater input for the
majority of the year. Using the iceberg freeboard differencing technique developed by
Enderlin & Hamilton (2014), mélange freshwater flux was estimated as 126 - 494 m3
s~ (Enderlin et al. 2016), with the volume depending strongly on the submerged area

and depth of the mélange.

Sulak et al. (2017) also estimated freshwater flux from icebergs into Sermilik Fjord.
Planform surface areas were hand-delinated for 712 icebergs from WorldView DEMs
and iceberg volumes were estimated by assuming that the icebergs were floating in
hydrostatic equilibrium (i.e., extrapolating above waterline volume from the DEMs to
full iceberg volume). A relationship between the two measures was established and
applied to thousands of icebergs that were semi-automatically identified and delineated
using a brightness threshold in the open fjord and edge detection in the ice mélange
(Sulak et al. 2017). Assuming icebergs have a block underwater configuration (the
definition of which is unclear in Sulak et al. (2017)) and applying average melt rates
from Enderlin et al. (2016) yielded an iceberg freshwater flux of 620 + 140 m3 s7!
(Sulak et al. 2017), the same order of magnitude as the freshwater input from subglacial

discharge into the fjord.

There are several limitations to both modelling and remote sensing approaches to
deriving iceberg freshwater flux in glacial fjords. Iceberg models are highly complex
and rely on limited or non-existent field observations to calibrate model parameters. As
with all models, they can also be computationally expensive to run over long periods
of time. Previous remote sensing techniques for freshwater flux estimates are user-

intensive and time-consuming, particularly if a large number of icebergs and fjord
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systems are analysed. In addition, very high resolution satellite data is not often
freely available, and coverage for spatially and temporally extensive datasets can be

prohibitively expensive.

2.6 Summary of motivation for thesis

As discussed in Sections 2.2 and 2.4, the stability of tidewater glaciers and changes in
their dynamics, of which submarine melting is a key control, are critically important
for the future state of the Greenland Ice Sheet through their influence on ice thinning,
acceleration and retreat. Submarine melting from tidewater glacier termini, ice mélange
and icebergs can significantly impact local fjord water circulation and heat budget, with
important implications for glacier dynamics, nutrient cycling and fjord productivity.
It is, however, very difficult to constrain submarine melt rates, in part due to the
dangerous conditions close to tidewater glacier termini, which limit access to the ice
front for taking in-situ measurements. Estimates of submarine melt rates from fjord
hydrographic profiles and ocean circulation models based on plume theory both rely on
fjord measurements taken far from the ice front that do not likely represent conditions
directly adjacent to glacier termini, and models also depend on unknown parameters.
Remote sensing techniques used to estimate iceberg melt rates and the subsequent
meltwater flux into the fjord are often expensive, user-intensive and time-consuming,
and models used to estimate the same are very complex and themselves rely on often
non-existent field data. As such, this thesis aims to address these methodological
limitations by developing novel, simple methodologies for estimating submarine melt
rates and meltwater fluxes in glacial fjords, without recourse to expensive field data

collection or the complex processing of models.
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Chapter 3

Methods

This chapter provides a brief overview of the methodologies used and developed in
this thesis. Information is provided on the acquired data sources, the generation of
ice elevation and velocity values, the derivation of surface and submarine melt rates,
the estimation of catchment-wide basal meltwater flux, the generation of flow routing
beneath Kangiata Nunaata Sermia (KNS) using a hydropotential analysis, and finally
the derivation of iceberg freshwater fluxes. All of these methods are explained in greater
detail in the main results Chapters 4-6 in conjunction with their relevant supporting

information.

3.1 Data sources

3.1.1 Satellite data

A variety of radar and optical satellite data were used throughout this thesis, including
TerraSAR-X and TanDEM-X radar imagery, and Landsat 7 and 8 and Sentinel-2 optical
imagery. TerraSAR-X and TanDEM-X synthetic aperture radar imagery was used in
Chapters 4-5 to estimate ice tongue elevation and velocity, respectively. TerraSAR-X
has a repeat orbit cycle of 11 days and both sensors have a horizontal spatial resolution
of approximately 3 m (Krieger et al. 2007, Eineder et al. 2011). TanDEM-X flies in

close orbital configuration with TerraSAR-X, operating at a sampling frequency of
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110 MHz and a chirp bandwidth of 100 MHz (Krieger et al. 2007). As these sensors
are radars, they enable the acquisition of imagery during non-daylight hours and in
cloudy conditions, a benefit of using radar instead of optical sensors. Imagery was
made available to Noel Gourmelen by the German Aerospace Centre (DLR) through
projects XTI_GLACO0296 and LLAN1534, and is available for purchase directly from
Airbus Defense and Space (https://www.intelligence-airbusds.com/en/8289-imagery-

services).

Landsat imagery was used in Chapter 5 for detecting the fjord surface expression of
subglacial discharge plumes near the KNS ice front. The Landsat panchromatic band
(band 8, 500 to 680 nm) has a horizontal spatial resolution of 15 m and a 16-day repeat
orbit cycle (USGS 2016). Despite this relatively short repeat interval, far fewer images
are actually usable due to extensive cloud cover over glacier fjords in the summer and
the lack of visibility during the extensive polar ‘night’ over winter. Surface plumes were
hand-digitised from all usable imagery, dates of which can be found in Table S2.2. All
imagery is free to download from the United States Geological Society (USGS) Earth
Resource Observation and Science (EROS) Center (https://eros.usgs.gov).

Sentinel-2 imagery was used in Chapter 6 for detecting and delineating icebergs in
Sermilik Fjord. The Sentinel-2 near-infrared band (band 8, 763 to 908 nm) has a
horizontal spatial resolution of 10 m and a full-scene repeat orbit cycle of between 5
and 10 days when both Sentinel-2A and 2B are used (Gatti & Bertolini 2015). The time
interval between the images used here ranges from 2 to 50 days (see Table 3.1), with
restrictions due to cloud and sea ice cover over and in the fjord, respectively. Sentinel-2
imagery is free to download from the European Space Agency (ESA) Copernicus Open
Access Hub (https://scihub.copernicus.eu/).

More details regarding the specific uses of each imagery are found later in this chapter

and in the rest of this thesis.
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Table 3.1: Acquisition dates, extents, cloud / sea ice cover and usage made of individual

Sentinel-2 satellite images over Sermilik Fjord, where SA = iceberg planar surface area.

Acquisition Date Extent Cloud / Sea Ice Cover Usage
11/06/2017 Western half of fjord None / Low Velocity
15/06/2017 Full-fjord Low / High Velocity
25/06/2017 Full-fjord Medium / High Velocity
28/06/2017 Full-fjord None / High Velocity
01/07/2017 Western half of fjord None / High Velocity
11/07/2017 Western half of fjord None / Medium Velocity
21/07/2017 Western half of fjord None / None Velocity
23/07/2017 Full-fjord None / None SA
28/07/2017 Full-fjord None / None SA & Velocity
30/07/2017 Full-fjord None / None SA
31/07/2017 Western half of fjord None / Low Velocity
04/08/2017 Full-fjord None / Low SA & Velocity
10/08/2017 Western half of fjord None / Low Velocity
14/08/2017 Full-fjord None / None SA & Velocity
17/08/2017 Full-fjord None / None SA & Velocity
30/08/2017 Western half of fjord Low / High Velocity
03/09/2017 Full-fjord High / Low Velocity
13/09/2017 Full-fjord None / Low SA & Velocity
02/11/2017 Full-fjord None / Low SA

3.1.2 Time-lapse camera imagery

Time-lapse camera imagery was used for detecting the formation, presence and break-

up of the seasonal ice tongue at KNS, as well as detecting both the presence and

location of subglacial plumes on the fjord surface and calving events along the western

side of the ice front in 2012 and 2013. The camera was installed and maintained

between 2008 and 2013 by Martin Truffer and Mark Fahnestock from the University
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of Alaska Fairbanks and was located on bedrock on the western side of the fjord at
64°17’35.16” N, 49°40°30.18” W (Figure 3.1). The images record the western half of
the KNS terminus (Figure 3.2) and were taken every 4 hours. Details regarding the
identification of surface plume expressions and calving events from these images are

found in Chapter 5.
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Figure 3.1: Study area for Chapters 4-5, including (a) Greenland location map where
blue rectangle indicates the extent of (b); (b) fjord-scale location map within the wider
Godthabsfjord system with location of two weather stations: Danish Meteorological Institute
(DMI) Nuuk (red filled circle) and PROMICE NUK_L (black filled circle). The open orange
square corresponds to the location of (c); (c) a Landsat 8 band 8 satellite image of the
KNS glacier ice tongue (27 May 2014), where the black dashed line indicates the estimated
grounding line position and the green triangle indicates the location of the University of

Alaska Fairbanks time lapse camera.
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a

Figure 3.2: Sample time lapse imagery of KNS, including (a) an image showing the
intact seasonal ice tongue on 2 April 2012 and (b) an image showing a surfacing subglacial
discharge plume and evidence of calving on 16 July 2012. Camera location can be seen in

Figure 3.1c.

3.1.3 Meteorological data

Meteorological data from several automatic weather stations were used for estimating
ice tongue surface melt and glacier-wide catchment run-off. Near KNS, mean daily air
temperature data were acquired for 2012 to 2014 from a Geological Survey of Denmark
and Greenland (GEUS) PROMICE weather station located 550 m above sea level on the
ice sheet approximately 21 km northeast of the ice front (64°28’55.2” N, 49°31’50.88”
W; Figure 3.1b). Daily precipitation data for the same time period were acquired from
a Danish Meteorological Institute (DMI) weather station located 80 m above sea level
approximately 105 km west of the KNS ice front towards the open coast (64°10°0.12”
N, 51°45°0.00” W).
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In order to estimate run-off from Helheim Glacier, mean daily air temperature data for
2017 were acquired from a different PROMICE weather station, located 440 m above
sea level approximately 78 km southeast of the Helheim Glacier terminus (65.6922°N,
37.8280°W; Figure 3.3a). Daily precipitation data were acquired from a DMI weather
station in Tasiliaq, approximately 90 km southeast of the glacier terminus at 54 m
above sea level (65°36’0.00” N, 37°38’12.0” W). All PROMICE and DMI data are
freely available at http://www.promice.dk and http://www.dmi.dk, respectively.

Terminus Positions
31 July 2017
—— 02 August 2017
— 14 August 2017
— 17 August 2017

Weather Stations

A PROMICE MIT
A DMI Tasiliaq

Figure 3.3: (a) Sermilik Fjord from a Sentinel-2 image on 28 July 2017, including
three large tidewater glaciers: Helheim (H), Fenris (F), and Midgard (M). White boxes
are areas of the fjord included in the analysis, the green box indicates the extent of (b,c)
and the orange box indicates the extent of (d); the orange and pink triangles indicate the
locations of the PROMICE MIT and DMI weather stations, respectively; (b) automatically
classified iceberg polygons, highlighting pixels with TOA reflectance values > 0.13; (c)
sample polygon tracking for velocity estimation for two distinct icebergs between 28-31
July, overlain on a Sentinel-2 image from 28 July 2017; (d) terminus positions for Helheim

Glacier, hand-digitized from Sentinel-2 and Landsat 8 band 8 imagery.
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3.2 Generating elevation and velocity values

3.2.1 Ice tongue elevation

Bi-static TanDEM-X radar imagery were used to generate digital elevation models
(DEMs) over the KNS ice tongue for five image pairs, resulting in 2.5 m horizontal
spatial resolution DEMs for the following dates: 13 May 2012, 17 March 2013, 27 May
2013, 14 May 2014 and 05 June 2014. DEMs were generated from conventional SAR
interferometric processing (Dehecq et al. 2016), using the 90 m GIMP DEM (Howat
et al. 2014) to minimize unwrapping errors. ICESat elevation data over bedrock areas
were used to help correctly align the DEMs, both horizontally and vertically. Operation
IceBridge (OIB) Airborne Topographic Mapper (ATM) L1B Elevation and Return
Strength data (Krabill 2016) were used to correct for an additional tilt in the generated
DEMs; this correction was required because of the limited coverage of ICESat lines over
the study area (Figure S1.3). A more detailed description of the DEM generation and

associated errors can be found in Chapter 4 and its supporting information.
3.2.2 Ice tongue velocity

Two sources of ice velocity were used for estimating the submarine melt rates beneath
the floating ice tongue at KNS, and they were selected to find the best temporal
correspondence with the available elevation data. For 2012 and 2014, pre-generated
velocity maps were acquired directly from the Technische Universitdt Dresden in a
user-ready format (Rosenau et al. 2015), as derived from combined feature tracking of
Landsat 7 and 8 imagery. Velocity maps were acquired from the following image pairs: 6
and 22 May 2012; 27 May and 12 June 2014 (freely available from http://datal.geo.tu-
dresden.de/flow_velocity). For 2013, three velocity maps with a horizontal spatial
resolution of 20 m were created using conventional feature tracking of TerraSAR-X
imagery (Paul et al. 2013, Tedstone et al. 2014) using the following image pairs: 12
and 23 February 2013; 8 and 19 April 2013; 30 April and 11 May 2013.

Uncertainty in ice tongue velocity derived from Landsat imagery was downloaded

directly from the Technische Universitdt Dresden on a pixel-by-pixel basis. Uncertainty
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in velocity derived from Terra-SAR-X imagery was calculated as the average velocity
estimated over stable bedrock areas, where there should be no movement between
two scenes. More details regarding uncertainty and velocity generation are found in

Chapters 4 and 5.
3.2.3 Iceberg velocity

In order to derive iceberg freshwater fluxes, mean iceberg velocities were required
and these are estimated by visually tracking six distinctly shaped icebergs in Sermilik
Fjord through a collection of 16 Sentinel-2 images dated between early June and mid-
September 2017 (Table 3.1). The distance moved by each iceberg between successive
scenes was hand-measured (Figure 3.3¢c), and the velocity was estimated by taking this
distance divided by the time between successive scenes. These estimates should be
considered minimum velocities, as the icebergs are unlikely to move in a linear manner

between scenes.

3.3 Deriving melt rates

A decrease in freeboard and thus thinning observed along the flow direction of the KNS
ice tongue (as shall be shown in Chapter 4) can be potentially attributed to three main
causes: (1) changes in surface mass balance (i.e., melting of the ice tongue surface),
(2) lateral or longitudinal spreading of the ice tongue, or (3) submarine melting from
below the ice tongue. Each of these components is addressed in brief below and in
more detail in Chapter 4. Uncertainties in melt rates are addressed extensively in both

Chapters 4 and 5.
3.3.1 Surface melt rates

Surface melt rates over the KNS ice tongue were modelled for 2012 to 2014, using
a simple positive degree day (PDD) approach that assumes a relationship between
snow and ice melt and air temperature (Hock 2003). This relationship was defined
using degree day factors for snow (ks) and ice (k;) of 4.5 and 11.9 mm of melt (water

equivalent) per positive degree day (mm d~! °C~1), respectively (Slater et al. 2017a).



CHAPTER 3. METHODS 39

Daily air temperature data from the PROMICE station near KNS were adjusted to sea
level using a temperature lapse rate of 0.5 °C per 100 m elevation. The accuracy of the

precipitation data acquired from the DMI station is discussed in Chapter 4.

Catchment-wide surface run-off was also estimated in order to constrain the amount
of surface meltwater potentially exiting beneath the glacier grounding line in the form
of subglacial discharge plumes, assuming all of the meltwater produced on the surface
eventually reaches the bed of the ice sheet. Similar to estimating ice tongue surface
melt rates, run-off from the KNS (2012 to 2014) and Helheim, Fenris and Midgard (all
in 2017) glacier catchments was modelled using a PDD approach. However, instead of
adjusting the air temperature data to sea level, data were adjusted to the elevations
below 2,000 m over each glacier catchment in intervals of 100 m elevation bands derived
from the 90 m GIMP DEM (Howat et al. 2014). Elevations were capped at 2,000 m as
most meltwater refreezes within the snow pack at higher elevations (e.g., Pfeffer et al.
1991, Langen et al. 2015, 2017). The same degree day factors for snow and ice, used
for estimating ice tongue surface melt, were used across the full KNS catchment at
elevations below 2,000 m. For Helheim, Fenris and Midgard glacier catchments, surface
run-off below 2,000 m elevation was estimated using degree day factors for snow and
ice of 3 and 9 mm d=! °C~!, respectively (Fausto et al. 2009, Box 2013, Enderlin et al.
2014). A temperature lapse rate of 0.68 °C per 100 m elevation was used to adjust air
temperature to catchment elevations in these east Greenland catchments (Hanna et al.
2005, 2011). The degree day model used to estimate both ice tongue and catchment-

wide surface melting is detailed below.

In order to accurately estimate surface melt, the snow pack storage at each elevation
and time step (i.e., day) was calculated. Following Moore et al. (2012), the first
step in calculating snow pack storage was partitioning precipitation as either rain or
snow depending on the threshold temperatures, Trqin and Tspow. Here, threshold
temperatures were 3 and -5°C for rain and snow, respectively, in line with values
developed from studies in glaciated mountainous regions (Kienzle 2008, Moore et al.
2012). If the daily air temperature (T") was greater than Tgg;,, then all the precipitation

from that day was considered to be rainfall. If T was less than 7,0, then all the daily
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precipitation was considered to be snowfall. If, however, T fell between Tgry;, and

T'Snow, then precipitation (P) was split between rain (R) and snow (S) as follows:

TRain -T
= p_flen— - 1
S TRain - TSnow (3 )
and
R=P—8§ (3.2)

The degree day model starts by calculating potential melt (Mp), which was considered
negligible for days when the mean air temperature is less than 0°C. For days when T

was greater than 0°C, Mp was estimated:

Mp = k,T. (3.3)

Actual melt (M4) was then calculated by considering the sum of the previous day’s

snow storage (SW E;_1) and the current day’s new snowfall (.5):

My = min(Mp, SWE;_1 + S). (3.4)

A new snow storage (SWE;) was then updated to include any actual melting:

SWE;, =SWE; 14+5— Mjy. (3.5)

If the melt potential exceeded the actual melt, then any excess (Mpgx) was applied to

melting glacier ice (M7) found beneath the snow layer, where:

Mp — M
Mgy = PTA (3.6)

and
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M = k;Mgy (3.7)

Daily total melt was then calculated by summing daily actual melt and ice melt, which
was multiplied by the area of each elevation band to estimate total melt over the full

catchment.
3.3.2 Submarine melt rates

Submarine melt rates were estimated beneath the ice tongue along flowlines, created
every 25 m along the KNS ice tongue and approximately 150 m from the glacier
grounding line (see Sections 4.3.2 and 5.3.2; Figure 3.4). Ice tongue elevation and
velocity were extracted along the flowlines and smoothed separately, using a two-sided
moving average with a 625 m window for elevation values and a simple linear regression
with distance along-flowline for velocity. Elevation values were then converted to ice
thickness assuming hydrostatic equilibrium and using ocean water and ice densities of
1,027 and 900 kg m~3, respectively, as used by Enderlin et al. (2014) for floating ice in
Sermilik Fjord.

Submarine melt rates (SM R) were estimated assuming an ice tongue in steady state
(i.e., ice thickness at a fixed location does not change in time), justification for which
is considered in Sections 4.3.5 and 5.3.3. Melt rates account for thinning due to both

longitudinal and lateral stretching:

SMR——UJE—H%—H%—SMB (3.8)
where H is the ice thickness (m), v, and v, are the ice velocity (m d~!) in the along-
and across-flowline direction, z and y represent distance in the along- and across-
flowline direction, and S M B represents thinning due to changes in surface mass balance
(i.e., surface melt). The heavy crevassing along the ice tongue likely produces several

instances of unrealistic melt rates due to locally very steep surface topography; thus

lines of best fit were applied to flowline melt rates to best capture the general trend.
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Figure 3.4: Sample flowlines on the eastern (E) and western (W) sides of the KNS ice
tongue, underlain by TanDEM-X ice tongue freeboard from (a) 17 March 2013 and (b) 27
May 2013; black dashed line indicates the approximate location of the glacier grounding

line.

A more detailed description of how submarine melt rates are estimated, including

estimates of non-steady state melt, is found in Chapter 4.
3.3.3 Uncertainties in submarine melt rates

Uncertainties in estimated submarine melt rates are mainly associated with the quality
of the elevation and velocity data, the smoothing of flowlines and our assumption of an
ice tongue in steady state. All of these uncertainties are discussed in detail in Chapters

4 and 5.

In addition to these main uncertainties, submarine melt rates may experience increased
uncertainty associated with the developed methodology, namely: the assumption that
the ice tongue is floating in hydrostatic equilibrium near the glacier grounding line; the
seasonal migration of the grounding line; the cohesiveness of the glacier, ice tongue and

surrounding ice mélange; and the temporal variability of ice tongue velocity (i.e., the
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assumption of a linear slowing down of ice tongue motion between February and April

2013). Each assumption and its associated uncertainty is discussed in turn below.

The ice tongue in hydrostatic equilibrium

The assumption that an ice tongue or ice shelf is floating in hydrostatic equilibrium is
less valid near the grounding zone of glaciers, as the ice still attached to the grounded ice
likely lies higher than the equilibrium level for up to several ice thicknesses downstream
of the grounding line (e.g., Khazendar et al. 2016, Wilson et al. 2017, Shean et al.
2018). Ice that lies higher than the equilibrium level will have a higher surface elevation
and thus will result in a larger and erroneously estimated ice thickness if hydrostatic
equilibrium is incorrectly assumed. To avoid this uncertainty, submarine melt rates
beneath long ice tongues and ice shelves are often not estimated within several ice
thicknesses of the grounding line (e.g., Khazendar et al. 2016, Wilson et al. 2017, Shean
et al. 2018). The ice thickness of KNS at the grounding line is approximated as 250
m; following the general method above, submarine melt rates estimated within ~500 —
1000 m of the grounding line (approximating to 2 - 4 ice thicknesses) should be treated

with caution.

However, as the ice tongue at KNS is short (2-3 km) relative to the larger ice tongues
of northern Greenland (e.g., Petermann Glacier: 42 km; 79N Glacier: 65 km; and
Ryder Glacier: 25 km) and vast ice shelves around the margins of Antarctica, and
to maximise the spatial extent of the study, melt rates were estimated starting from
approximately 150 m down-fjord of the grounding line. This distance was chosen to
address uncertainty in both the grounding line position (see the next section below)
and ice velocity over the transition from grounded to floating ice. Ice velocities are

extremely noisy in the grounding zone, but become very coherent ~150 m down-fjord.

In order to test the additional uncertainty inherent in the melt rates estimated closer
to the glacier grounding line, the ratio of ice volume above versus below the waterline
was incrementally decreased from 1:7 near the grounding line to 1:8 at the edge of the
ice tongue, with 1:8 representing hydrostatic equilibrium based on the densities of ice

and water used in the thesis (1027 and 900 kg m ™3, respectively). This was repeated
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using starting above and below water line volume ratios of 1:5 and 1:6 as well, to cover
a wide range of potential above to below surface ice thicknesses near the grounding line.
Using the 17 March 2013 submarine melt rate estimates as a sample, assuming a full
ice tongue in hydrostatic equilibrium overestimates melt rates within the first km from
the glacier grounding line by on average 15% (compared with the hypothetical above to
below waterline ice volume ratio gradient starting with 1:7, see Figure S1.5). Increasing
the initial value of the above to below water line ice volume ratio gradient to 1:6 or
1:5 results in an overestimation of melt rates by on average 28 and 41%, respectively,
within the first km down-fjord of the grounding line. Melt rates farther down-fjord of
the grounding line are not significantly impacted (< 12%) by changes in the starting

ice volume ratio, as the ice approaches hydrostatic equilibrium here.

As the underwater configuration of the ice tongue near the grounding line is unknown,
it is not clear which initial above to below water line ice volume ratio is appropriate for
estimating submarine melt rates. In this study, the ice tongue is assumed to be floating
a short distance down-fjord of the grounding line (even if not in perfect hydrostatic
equilibrium), as time-lapse imagery of the fjord over numerous years shows that the
entire ice tongue disintegrates and floats away within a 1 to 4 hour period each year; as
such, the ice was assumed to be in hydrostatic equilibrium, with the caveat that melt

rates may be overestimated within the first km of ice by at least 15%.

Seasonal migration of the grounding line

At most marine-terminating glaciers, there is likely some uncertainty associated with
the precise position of the glacier grounding line throughout the year. Here, the position
of the glacier terminus, after the ice tongue has disintegrated, was assumed to be the
grounding line location when the ice tongue was previously present in spring. This
position was delineated as the boundary between the glacier terminus and open fjord
water from the first available optical satellite image post-ice tongue disintegration,
usually in June. As the glacier typically advances in winter, it is possible that the
grounding line location over the winter/early spring has actually been farther down-

fjord than the selected location following ice tongue disintegration in any given year. If
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this is the case, then estimates of submarine melt rate closest to the assumed grounding
line are more uncertain, as they could potentially be measuring changes in grounded
ice thickness (or changes in the thickness of floating ice not in hydrostatic equilibrium,
as discussed above). It could also be possible that the grounding line is located farther
up-ice than the selected location, as would be the case if either the local elevation
minimum (I,,,) or the break-in-slope location (I;) (see Figure 3.5) were identified as
the grounding line. If the grounding line was actually located up-ice of the assumed
location, then there would in fact be less uncertainty in the estimated melt rates closer
to the grounding line, as this ice would more likely be floating in hydrostatic equilibrium
(compared to if the grounding line was farther advanced). As such, estimated submarine
melt rates near the assumed grounding line position are more uncertain than melt
rates estimated further down-fjord. To partially address this additional uncertainty,
submarine melt rates were only estimated starting from a distance approximately 150
m down-fjord of the assumed grounding line, thereby allowing for some fluctuation in

its true position.
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Figure 3.5: A schematic representation of grounding zone features (as typical for large
ice shelves and applied here to ice tongues), where F' is the landward limit of ice flexure
from tidal movement; G is the true grounding line; I is the break-in-slope; I, is the local
elevation minimum; and H is the landward limit of the hydrostatic zone of freely-floating

ice; reproduced from Fricker et al. (2009).
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Cohesiveness of the ice tongue

The cohesiveness (or lack thereof) of the glacier, ice tongue and mélange continuum
could also influence estimated melt rates. The methodology developed here would not
be suitable for estimating melt rates over non-cohesive areas of ice in the fjord, as
changes in ice thickness could be due to the movement of icebergs in a loose mélange,
not due to the submarine melting or stretching of the ice. It is difficult to assess
the cohesiveness of the fjord ice just by visually inspecting optical satellite or time-
lapse imagery. As such, to reduce the uncertainty associated with the potential non-
cohesiveness of the fjord ice, ice tongue flowline locations were chosen over areas of
very coherent ice velocity, indicating a solid ice tongue moving as one unit (i.e., not
randomly moving as would be expected from icebergs within a loose mélange) and thus
inferred to represent coherent ice. The inferred coherence of the ice tongue is supported
by the detailed inspection of 1000s of seasonal time-lapse images showing the ice tongue
as a coherent, connected ice mass with no random or inconsistent movement until the
very moment of ice tongue collapse. In addition, ice tongue flowlines were excluded
near what appeared (from visual inspection) to be the lateral and terminal edges of the
ice tongue, avoiding areas likely to be less cohesive than the main ice tongue (i.e., the

transition zones between the ice tongue and looser ice mélange).

As will be seen in Chapter 5, there is not a large variance in melt rate near the edges
of the ice tongue (excluding areas near the glacier grounding line). If the ice were less
coherent here, melt rates would be expected to vary highly, as blocks of ice shift around
in the loose mélange. The low variance in submarine melt rates around the edges of

the ice tongue suggests that the defined ice tongue area has high coherence.

Temporal variability in ice tongue velocity

Temporal variability in ice tongue velocity has the potential to significantly change
estimated submarine melt rates, given the dependence of melt rate on the absolute
and gradient of ice velocity in the flow direction (see Equation 3.8). For most of the
DEMs used in the thesis, a temporally-corresponding ice velocity plot was derived or

obtained; however, TerraSAR-X imagery used for deriving ice velocity was not available
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near the DEM dated 17 March 2013. As such, ice velocity in March was derived by
assuming a linear change in ice velocity with time between the two nearest available
ice velocity maps from 12 - 23 February and 8 - 19 April 2013, as detailed in Chapter
4. In order to test the potential effect of this assumption on submarine melt rates,
both end-member velocities were used separately to estimate melt rate, resulting in
an increase and decrease in melt rate by 24 and 35% when using February and April

velocities as a proxy for March velocity, respectively (see Figure S1.6).

Detailed observations of seasonal variations in ice motion at 55 tidewater glaciers (Moon
et al. 2014) suggests that their ‘winter-spring’ behaviour typically follows one of three
broad patterns, seen in Figure 3.6: (a) a slow down in ice velocity between January and
May before speeding up throughout the summer; (b) remains at a relatively constant
speed between January and May before speeding up throughout the summer; or (c)
a speed up between January and May before slowing throughout the summer (Moon
et al. 2014). Given that the ice velocity for KNS in 2013 was slower in April and May
than in February, it seems likely that ice speed in March would be characterised by

being part of a longer term decrease between February and April.
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Figure 3.6: Broad patterns in ice motion and associated ice sheet runoff observed from
55 Greenlandic marine-terminating glaciers from 2009 — 2013, including (a) Type 1, (b)
Type 2 and (c) Type 3 dominant seasonal velocity modes; reproduced from Moon et al.

(2014).
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Records for KNS from 2009 to 2018 show varied behaviour in late-winter and early-
spring ice velocity (Moon et al. 2014, Davison et al. 2019). Over this 10-year record,
five years (2009, 2010, 2013, 2014 and 2018), show either no significant difference or a
decrease in ice speed from February to April, followed by an increase in ice speed into
the summer months. For the other five years, ice speed increased between February and
April, and then continued to increase into the summer. In two of these years (2011 and
2015), the ice tongue did not form (Motyka et al. 2017); this likely reduced the back
stress on the glacier, allowing for both increased calving and ice motion throughout the

winter months.

Despite these annual differences in late-winter ice velocity behaviour, the record for
KNS in 2013 shows a slight decrease in ice velocity between February and April (Moon
et al. 2014). Therefore, the assumption of a linear slowing of ice tongue velocity between
February and April 2013 is likely valid, reflecting the thickening of sea ice in the fjord
and its associated buttressing effect on the ice tongue and glacier (e.g., Amundson et al.
2010). As such, the estimated percent changes in melt rate resulting from velocity

variations in March 2013 are not applied here.

3.4 Estimating basal meltwater flux

Basal meltwater flux beneath KNS was estimated for 2012 to 2014 in order to assess
the potential influence of basal frictional melting in contributing to the presence of
winter and spring discharge plumes prior to the onset of the melt season. Basal drag,
the resistance to flow from friction at the glacier bed, is difficult to measure directly.
As such, the basal drag (7) at KNS was assumed to be of the same magnitude as that
for Jakobshavn Isbrae, approximately 200 kPa (Iken et al. 1993, Funk et al. 1994), and
as used by Christoffersen et al. (2012) for Kangerdlugssuaq Glacier in east Greenland.
Basal meltwater flux was estimated using a simplified equation (Christoffersen et al.

2012):

TU
pL
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where U (m d™1) is grounded ice velocity, p (900 kg m™3) is ice density, and L (334
kJ kg~!) is the latent heat of fusion. Geothermal heat flux was not considered here, as
due to the high velocity of the glacier (> ~20 m d~!) frictional heat is expected to be
around two orders of magnitude higher than the geothermal heat flux (Christoffersen
et al. 2012). More details regarding estimating basal meltwater flux and the grounded

ice velocity data sources are found in the supporting information for Chapter 5.

3.5 Generating prediction of subglacial flow routing

Potential channel locations beneath the grounded portion of KNS were predicted using a
standard hydropotential analysis (Shreve 1972). This method assumes that water flows
freely through a glacier along the steepest potential gradient and that the englacial
drainage system is in a steady state. The subglacial hydraulic potential (®) was
calculated following Shreve (1972) and using glacier bed and surface topography from
BedMachine v3 (Morlighem et al. 2017):

® = pugz + fpigh (3.10)

where p,, and p; are the densities of meltwater (1,000 kg m~3) and ice (910 kg m~3),
respectively, g is the acceleration due to gravity (9.81 m s~2), z is the bed elevation (m),
h is the ice thickness (as provided in the Bed Machine v3 product), and f is the ratio
of the subglacial water pressure to the ice overburden pressure (with applied spatial
constants ranging from 0.1 to 1.0). The end result is a map of branching conduits fed
by a network of upstream englacial channels, depending mainly on the pressure of the
conduits (i.e., larger conduits formed under lower pressure and smaller conduits at high
pressure). The predicted flow routing of the channels emerging at the glacier terminus
was then compared with estimated submarine melt rates and the locations of subglacial
discharge plumes along the glacier grounding line inferred from their surface expression

observed in time-lapse imagery.
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3.6 Deriving iceberg freshwater flux

Freshwater fluxes were derived from the melting of icebergs in Sermilik Fjord, east
Greenland. Fluxes were only derived in the open-water areas of the fjord (i.e., excluding
the ice mélange) to give confidence in the iceberg detection. In order to explore patterns
of iceberg freshwater flux with distance from the Helheim Glacier ice front, fluxes were
derived in fjord sections (white boxes in Figure 3.3a) previously defined by Sulak et al.
(2017). The freshwater fluxes were derived from iceberg surface area, volume and

velocity (Section 3.2.3), as detailed below.
3.6.1 Estimating iceberg surface area and volume

Iceberg surface areas were estimated in Sermilik Fjord by thresholding Sentinel-2
imagery from summer and autumn 2017. All available full-fjord coverage scenes with
little to no cloud or sea ice cover (see Table 3.1 for acquired imagery) were converted to
Top of Atmosphere Reflectance (TOA) and icebergs were semi-automatically identified
using a reflectance threshold of 0.13 for summer images and 0.30 for autumn images
(Figure 3.3b). Thresholds were selected to best separate ice and water pixels, while
noting that some pixels containing both ice and water are likely misidentified as ice
pixels. Adjacent pixels identified as containing ice were then joined into iceberg
polygons, which were subsequently visually inspected and manually divided into several
icebergs if they had been erroneously joined into one large iceberg. Iceberg polygon

areas were then summed into sections with distance along the fjord.

Using high-resolution Worldview DEMs over Sermilik Fjord from 2011 to 2014, Sulak
et al. (2017) developed a general power law fit (Figure 3.7) between planar iceberg
surface area (A) and iceberg volume (V'), which was estimated by assuming icebergs

were floating in hydrostatic equilibrium:

V =6.0A4"3. (3.11)

This thesis assumes that the above relationship remains true for other years in Sermilik
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Figure 3.7: Planar surface area versus volume for 712 icebergs in Sermilik Fjord, derived
from 8 WorldView DEMs acquired between 2011 and 2014 (each represented by a different
colour); the black line is the best fit of all the data. Note the log-log scale; reproduced
from Sulak et al. (2017)

Fjord, thus inferring no significant changes to iceberg properties or local water density.
Iceberg volume was therefore estimated by applying the power law fit to each individual
iceberg surface area estimate, and the volumes were then summed in each fjord section
with distance along fjord. However, as the area of the fjord sections are of uneven size,

the summed volumes were normalized by dividing by the area of each fjord section.
3.6.2 Estimating iceberg freshwater flux

The methodology for estimating iceberg freshwater flux assumes that icebergs generally
move down-fjord through time (e.g., Sutherland et al. 2014a), while experiencing volume

loss via melting. As such, freshwater flux (FW) was estimated as follows:

SV 6V

(3.12)

where %/ and % are the change in iceberg volume with time (m® s~!) and distance
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3 m~1), respectively, and u is iceberg velocity (m s~'). If it is assumed that the

(m
rate of change in iceberg volume with distance down-fjord is constant through time,
the first term on the right-hand side of Equation 3.12 can be set to zero. Justification
for this assumption is discussed in Chapter 6, as is the uncertainty associated with the

freshwater flux estimates.
3.6.3 Estimating solid iceberg flux out-fjord

The percent of icebergs exiting Sermilik Fjord as solid flux was also estimated. The
difference in normalized ice volume between the first and last fjord sections, as averaged
for all the analysed Sentinel-2 scenes, was taken as an estimate of the percentage of
solid ice lost to melting in the fjord. However, a significant amount of iceberg volume is
likely lost in the mélange before the icebergs reach the first fjord section approximately
37 km down-fjord of the Helheim Glacier terminus (Figure 3.3a). Previous studies in
Greenland indicate that anywhere from 10 to 49% of ice volume is lost to the melting
of icebergs in the ice mélange (e.g., Enderlin et al. 2016). Normalized ice volume in the
first fjord section was therefore increased by 30% to estimate the initial volume of ice
originally calved from Helheim Glacier. It is assumed that the vast majority of icebergs,
particularly the large full-thickness icebergs that account for most of the fjord iceberg
volume, originate from Helheim Glacier, as a record of calving fluxes spanning nearly
a decade shows that the calving fluxes from both Midgard and Fenris Glaciers, located
in the far northeast of Sermilik Fjord (Figure 3.3a), are < 10% of the flux estimated
from Helheim (Moon et al. 2017).



Chapter 4

Estimating Spring Terminus
Submarine Melt Rates at a
Greenlandic Tidewater GGlacier

Using Satellite Imagery

Submarine melting of tidewater glacier termini is important for glacier dynamics, and
has been proposed as a potential trigger for thinning, calving, retreat and acceleration.
However, submarine melt rates are poorly constrained, in part due to the difficulty
of collecting in-situ measurements near actively calving termini. In this first results
chapter, a novel approach for deriving submarine melt rates near glacier termini is
developed, using satellite imagery and changes in floating ice tongue velocity and
freeboard (i.e., height of the ice surface above floatation). The results provide near-
terminus estimates of submarine melt rate under the floating ice tongue at Kangiata
Nunaata Sermia (KNS) in southwest Greenland, which are used to gain insight into
potential controls on ice front melt rates. They also motivate the work presented in

Chapter 5, which extends the investigation both temporally and spatially.
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Abstract

Oceanic forcing of the Greenland Ice Sheet is believed to promote widespread thinning
at tidewater glaciers, with submarine melting proposed as a potential trigger of in-
creased glacier calving, retreat and subsequent acceleration. The precise mechanism(s)
driving glacier instability, however, remain poorly understood, and while increasing
evidence points to the importance of submarine melting, estimates of melt rates are
uncertain. Here we estimate submarine melt rate by examining freeboard changes in
the seasonal ice tongue of Kangiata Nunaata Sermia (KNS) at the head of Kangersuneq
Fjord (KF), southwest Greenland. We calculate melt rates for March and May 2013
by differencing along-fjord surface elevation, derived from high-resolution TanDEM-X
digital elevation models, in combination with ice velocities derived from offset feature
tracking applied to TerraSAR-X imagery. Estimated steady state melt rates reach up
to 1.4 4+ 0.5 m d~! near the glacier grounding line, with mean values of up to 0.8 & 0.3
and 0.7 & 0.3 m d~! for the eastern and western parts of the ice tongue, respectively.
Melt rates decrease with distance from the ice front and vary across the fjord. This
methodology reveals spatio-temporal variations in submarine melt rates at tidewater
glaciers which develop floating termini, and can be used to improve our understanding

of ice-ocean interactions and submarine melting in glacial fjords.

4.1 Introduction

Acceleration of marine-terminating glaciers in Greenland in recent decades has signif-
icantly increased the contribution of the ice sheet to sea level (Enderlin et al. 2014).
Many of these glaciers are in contact with relatively warm ocean water (Holland et al.
2008, Straneo et al. 2012, Carr et al. 2013, Motyka et al. 2013), and submarine melting
at the ice-ocean interface has been proposed as a potential trigger of glacier calving, re-
treat and acceleration (Nick et al. 2009, O’Leary & Christoffersen 2013, Luckman et al.
2015). The spatial distribution of submarine melting along an ice front can impact
grounding line stability and influence ice front shape by undercutting, overcutting and
creating embayments (Straneo et al. 2012, Carroll et al. 2015, Fried et al. 2015). These

changes in ice front shape likely affect calving processes and can create locations along



CHAPTER 4. ESTIMATING TERMINUS SUBMARINE MELT RATES 56

the ice front where calving preferentially occurs (Chauché et al. 2014, Luckman et al.
2015). The dynamic coupling between glacier margins and upstream ice enables oceanic
forcing of tidewater glaciers to promote widespread thinning, increased glacier retreat,
calving and velocity, and consequent mass loss (e.g. Joughin et al. 2004, Van den Broeke
et al. 2009, Vieli & Nick 2011, Carr et al. 2013, Goelzer et al. 2013, Sundal et al. 2013,
Straneo & Cenedese 2015).

Despite their potential importance for ice dynamics, submarine melt rates (SMRs)
are poorly constrained, because collecting in situ measurements near actively-calving
glacier termini is both difficult and dangerous (Mortensen et al. 2011, 2013). Numerous
studies have instead used hydrographic profiles from glacial fjords to estimate the net
heat flux available for melting ice, resulting in SMRs up to 16.8 + 1.3 m d~! in Alaska
(Motyka et al. 2003, 2013) and ranging from 0.7 £ 0.2 to 10.1 m d~! in Greenland
(Rignot et al. 2010, Sutherland & Straneo 2012, Inall et al. 2014). Other studies
have used general circulation models or plume theory to estimate SMR (Jenkins 2011,
Christoffersen et al. 2012, Sciascia et al. 2013, Xu et al. 2013, Slater et al. 2015),
resulting in melt rates ranging from 0.12 to 3.6 m d~! in Greenland. However, most
measurements used to estimate SMR, from heat flux methods or to constrain model
parameters are taken far from the grounding line (15-80 km away) (e.g. Johnson et al.
2011, Christoffersen et al. 2012, Sutherland & Straneo 2012, Inall et al. 2014), and
are therefore integrating all the processes that will affect the heat flux between the
measurement site and the terminus, including heat lost to the melting of icebergs, sea ice
and mélange at considerable distances from the grounding line. SMRs estimated from
fjord heat flux are also uncertain due to the temporal variability in fjord circulation, so
that it is not clear how representative an estimate is of the longer term mean (Jackson

& Straneo 2016).

Alternative approaches to estimating glacier submarine melt rate utilize remotely
sensed observations. Several studies have quantified SMR by accounting for ice flux
divergence and surface mass balance of floating ice shelves and tongues (e.g. Rignot
& Jacobs 2002, Depoorter et al. 2013, Enderlin & Howat 2013, Rignot et al. 2013,
Gourmelen et al. 2017). This approach has generated SMRs up to 0.11 m d~! beneath
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ice shelves in Antarctica (Rignot & Jacobs 2002) and ranging from 0.03 + 0.02 to
2.9 + 0.65 m d~! beneath floating glacier tongues in Greenland (Enderlin & Howat
2013). Enderlin & Hamilton (2014) also used remotely sensed observations to estimate
submarine melt, using changes in iceberg freeboard derived from high-resolution digital
elevation models (DEMs) to estimate iceberg volume loss, which was then used to
estimate area-averaged iceberg SMRs. During the summers of 2011 and 2013, estimated
iceberg SMR was 0.39 & 0.17 m d~! in Sermilik Fjord, east Greenland. Here we also
employ a remote sensing approach, using satellite radar data to estimate near-terminus
SMR from spatial and temporal changes in seasonal ice tongue freeboard adjacent to

a large tidewater glacier in southwest Greenland.

4.2 Study area

Located at the head of Kangersuneq Fjord (KF), Kangiata Nunaata Sermia (KNS), the
largest tidewater glacier in southwest Greenland, drains ~2% of the ice sheet (Figure 4.1;
Sole et al. 2011). The ice front is ~4.5 km wide with a maximum grounding line depth
of ~250 m below sea level (Mortensen et al. 2013). KNS has retreated at least 22
km from its Little Ice Age maximum extent, following increased air and sea surface
temperatures (Lea et al. 2014). For the past 15 years, with the exception of 2011 and
2015, a thick seasonal ice tongue contiguous with the glacier forms by mid-winter and
advances down-fjord prior to rapid break-up in late-spring (Figure 4.2; Motyka et al.
2017). The floating ice tongue flows directly across the glacier grounding line (i.e., with
no gap or calving processes occurring between the grounded and floating ice) with near
spatially consistent velocity (see Figures S1.1 and S1.2). On average, the ice tongue
has a length between 2 and 3 km, and decreases in freeboard with distance from the
grounding line (Figure 4.2). The fjord waters adjacent to the front of the ice tongue
are typically packed with dense ice mélange (i.e., mixture of sea ice, bergy bits and

icebergs) during the winter and spring months before breaking up in late spring.

Mortensen et al. (2011, 2013) performed detailed analyses on the characteristics of the
waters and heat sources entering KF and reaching to within ~4 km of the KNS terminus.

Classical two-layered buoyancy-driven circulation operates in the fjord primarily during
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Figure 4.1: Map of study area, including Kangiata Nunaata Sermia (KNS) and
Akullersuup Sermia (AS) and ice tongue and mélange, from Landsat 8 satellite image
acquired for 01 May 2013 (bottom panel).The red and blue triangles indicate the locations
of the University of Alaska Fairbanks (2013) and our (2009) time lapse cameras, respectively,
and the black box indicates the extent of Figure 4.4. The red and black dots in the fjord
scale locator map (top right panel) indicate the locations of the Danish Meteorological

Institute (DMI) and GEUS PROMICE weather stations, respectively.

the spring and summer, where circulation is driven by subglacial meltwater plumes
(Figure 4.3). Subglacial discharge exits the glacier at the grounding line, rises buoyantly
along the ice front due to its lower density relative to the ambient fjord water, and flows
down-fjord once neutral buoyancy is reached (Motyka et al. 2003, Jenkins 2011, Cowton
et al. 2015). In fjords with shallow glacier grounding line depths (< 500 m) like KNS,

summer discharge meltwater plumes often reach neutral buoyancy and horizontally
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Figure 4.2: Example photographs from our 2009 time lapse camera (see Figure 4.1 for
location) demonstrating (a) the intact ice tongue on 25 May 2009 and (b) the glacier

terminus on 19 July 2009, post-ice tongue disintegration.

enter the fjord within the upper 100 m of the water column (Carroll et al. 2016).
The outflow forced by the subglacial discharge establishes an estuarine circulation cell,
drawing in coastal waters from the shelf, which flow in a layer beneath the fresher
outflow (Motyka et al. 2003, Mortensen et al. 2011). This warm coastal water is then
entrained into the subglacial discharge plume, and melts the ice front and underside of

the ice tongue as it rises.

4.3 Data and methodology

4.3.1 DEM and ice velocity data generation

We used TanDEM-X and TerraSAR-X imagery from 2013 to estimate ice tongue
freeboard and velocity, respectively. TerraSAR-X has a repeat period of 11 days and
both satellites have spatial resolution on the order of a metre (Krieger et al. 2007,
Eineder et al. 2011), thereby providing excellent temporal and spatial resolution for

observing changes in ice tongue velocity and freeboard. The radar platforms enabled
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Figure 4.3: Schematic of intact ice tongue showing buoyancy-driven circulation in the
fjord, as well as the characteristic decrease in ice tongue freeboard (and thus thickness)

away from the ice front.

us to use imagery acquired in non-daylight hours and cloudy conditions, in contrast
to optical platforms. Time lapse camera imagery collected near the terminus of KNS
(Figure 4.1) every 4 h from January to June 2013 (courtesy of M. Truffer and M.
Fahnestock, University of Alaska Fairbanks) was used to visually confirm the formation,

presence and break-up of the ice tongue.

We derived two 2.5 m resolution DEMs dated 17 March and 27 May 2013 from
conventional SAR interferometric processing of bi-static TanDEM-X imagery (Dehecq
et al. 2016). GIMPDEM (Howat et al. 2014) was used as a reference during the
unwrapping stage to minimize unwrapping errors. The DEMs produced must be
correctly aligned, both horizontally and vertically, using known stable areas (e.g.,
bedrock outcrops) that are not covered by ice or snow. To perform this calibration,
we used ICESat elevation data over non-ice terrain as defined by the GIMP land
classification mask (Howat et al. 2014). A horizontal shift (3.9 and 3.3 m in the x
and y directions, respectively) between the TanDEM-X derived DEMs and ICESat
over non-ice covered terrain was calculated by fitting a sinusoidal relationship between
elevation differences and terrain aspect (Nuth & Kéaab 2011). A vertical shift with a
linear dependence on location (tilt) was estimated for each DEM using a least-squares

regression:
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dh(X,Y) =ap+ a1 X + a2y (4.1)

where dh are elevation differences in stable areas, X and Y the easting and northing
and a; the parameters to be estimated. This shift was then subtracted at each pixel.
For this step, which is more sensitive to outliers, all points with a slope higher than
40° were excluded. The DEMs were then converted from ellipsoid to elevation above

the EIGEN-EC4 geoid.

Due to the limited coverage of the ICESat lines over non-ice terrain (see Figure S1.3),
an additional tilt in the DEMs was identified and subsequently corrected for using
Operation IceBridge (OIB) Airborne Topographic Mapper (ATM) L1B Elevation and
Return Strength data (Krabill 2016). OIB ATM elevation points were acquired for
three springs when the seasonal ice tongue was present in the fjord (08 April 2011,
25 April 2012 and 15 April 2014). TanDEM-X elevations from 17 March 2013 were
extracted for spatially corresponding 2011 OIB ATM points and the difference taken
over open water where the OIB data had a slope of near-zero (20 to 25 km from the ice
front). The slope of the difference was taken as the trend (or tilt; ~0.45 m height per
km distance along-fjord) in the TanDEM-X elevations and was removed, effectively de-
trending the dataset (see Figure S1.4). The same correction was applied to elevations

from the 27 May 2013 DEM, as the tilt was the same as that for the 17 March.

Three 20 m resolution ice tongue velocity maps were created based on conventional
feature tracking applied to TerraSAR-X imagery (Tedstone et al. 2014) for the following
2013 image pairs: 12 and 23 February; 8 and 19 April; 30 April and 11 May. Ice velocity
on 17 March (Figure S1.1a), the date of our first DEM, was estimated assuming a linear
trend in velocity between the velocity maps from 12-23 February and 8-19 April, and
ranges from 28.5 to 30.5 m d~! over the ice tongue. The last available velocity map
was from 30 April to 11 May (Figure S1.1b), and throughout the paper, we use this
velocity epoch to correspond with our second DEM, acquired on 27 May. Ice tongue

velocities in May range from 20.5 to 23.5 m d— 1.
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4.3.2 Ice flowline construction

We constructed flowlines along the ice tongue using our ice velocity results to track
flow direction. Ten points near the glacier grounding line were chosen from both the
eastern and western side of the ice tongue, with ~25 m between points in the across-
flow direction (Figure 4.4). To accommodate temporal changes in ice velocity, two
separate sets of flowlines were created, one for March and one for May, using our
velocity maps from 17 March and 30 April to 11 May, respectively. Velocity vectors
were extracted for each initial point, enabling the extraction of flow direction, which
was then taken at points every 50 m moving down-fjord until the end of the ice tongue.
The points were then connected, creating flowlines of ice moving down-fjord away from
the grounding line (Figure 4.4). Distance from the grounding line was averaged for each
set of flowlines (i.e., eastern and western), using the end of spring terminus position

(Figure 4.1) digitized from a Landsat 8 image from 10 June 2013.

s
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Figure 4.4: Eastern (E) and western (W) ice flowlines, overlain on TanDEM-X ice tongue

freeboard from (a) 17 March 2013 and (b) 27 May 2013. Refer to Figure 4.1 for location.

4.3.3 Estimating ice tongue surface melt rates

Observed reduction in ice tongue freeboard as it is advected into the fjord can be

attributed to changes in surface mass balance, longitudinal and lateral spreading, and



CHAPTER 4. ESTIMATING TERMINUS SUBMARINE MELT RATES 63

submarine melting. To assess the potential contribution from surface mass balance,
surface melt was estimated using a simple positive degree day (PDD) model (Hock
2003) with a degree day factor for snow (ddfs) of 4.5 mm d=! °C~!, as used by Slater
et al. (2017b) for KNS. Air temperature data were acquired from the nearby Geological
Survey of Denmark and Greenland (GEUS) PROMICE weather station (NUK_L, 550
m a.s.l., 64°28°55.2” N, 49°31°50.88” W, ~21 km from KNS) (Figure 4.1; Ahlstrgm et al.
2008), using a lapse rate of 0.5 °C~! per 100 m to adjust the temperatures to sea level
(Slater et al. 2017b). Precipitation data were acquired from the Danish Meteorological
Institute (DMI) weather station in Nuuk (NUUK 4250, 80 m a.s.l., 64°10°0.12” N,
51°45°0” W, ~105 km from KNS) (Figure 4.1; Cappelen 2016).

4.3.4 Estimating ice tongue submarine melt rates (SMR)

SMR for all ice flowlines were estimated for both steady and non-steady state scenarios.
A steady state scenario assumes ice thickness at a fixed location does not change in
time, whereas a non-steady state scenario allows for changes in ice thickness at a fixed
location (e.g., thinning due to high submarine melting exceeding the delivery of ice
across the grounding line or changes in the thickness of ice being advected across
the grounding line). As estimating a non-steady state scenario requires at least two
elevation estimates, a steady state (i.e., %—Ij = 0) is often assumed due to lack of data
(Jenkins & Doake 1991, Smith 1996, Johnson et al. 2011). The two scenarios are
presented here for comparison purposes, in part to test the validity of our method for
years with only one DEM, when determining SMR by assuming a steady state scenario
would be the only option. For a steady state scenario (SS), elevation values along
each ice flowline were extracted from both the 17 March and 27 May 2013 DEMs.
To reduce the impact of short-length scale elevation changes, including crevasses, in
the fractured tongue (see Figure 4.2a) on our melt rate estimates, flowline elevations
were smoothed using a two-sided moving average with a 625 m window (see Figures
4.5a and 4.6a). Elevation data were then converted to ice thickness using ocean water
(1,027 kg m—3; Ribergaard (2013)) and ice (900 kg m~3 following Enderlin & Hamilton
(2014)) densities, assuming the ice is floating in hydrostatic equilibrium; an assumption

supported by both the best available bathymetry (Mortensen et al. 2013, Motyka et al.
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2017) and the observation of the rapid and total disintegration of the ice tongue within

just a 4-h time window on 15 June 2013.

SMRggs were calculated for both March and May, accounting for thinning due to
stretching in both the flow direction (second term on right-hand side of Equation 4.2)

and perpendicular to flow (third term on right-hand side of Equation 4.2):

H v
SMRgs = —v, 1L — %% _ %%

dx ox 5y (4.2)

where H is the ice thickness (m), v, and v, are the ice velocity (m d~1) in the along-
and across-flowline direction, and x and y represent distance in the along- and across-
flowline direction. Note that a term representing across-flow thinning, -vy% does
not contribute because, by definition of a flowline, v, = 0 on the flowline. The final
term in Equation 4.2 does however make a small contribution due to the convergence
or divergence of different flowlines. Derivatives in Equation 4.2 are evaluated using

conventional finite differences with a spacing dz = 50 m and dy = 25 m.

For a non-steady state scenario (NSS), a linear trend of thickness change between 17
March and 27 May 2013 was assumed at each point on the flowlines and accounted
for by subtracting a daily rate of change (m d=1) from the estimated SM Rgsg (Rignot
et al. 2013):

AHpss

SMRyss = SMRgs — At

(4.3)
where AHyggs (m) is the difference in ice thickness between the two dates and At (d)

is the time between the two dates.

Melt rates were then averaged to produce a mean SM Rgg and SM Rygg for the western
and eastern flowlines. To capture the general trend in melt rates, lines of best fit were

applied to both steady and non-steady state estimates.
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4.3.5 Error analysis

Potential errors were traced throughout the analysis and standard error propagation
methods were used to calculate the effect of errors in both elevation and ice velocity on
estimated SMR. Errors in elevation values are from three primary sources: (1) DEM
construction (including correction using ICESat), (2) correcting TanDEM-X elevations
using OIB ATM data, and (3) smoothing the elevations for melt rate calculations.
Error resulting from DEM construction is £2 m, a general error for the TanDEM-X
derived DEMs over areas with a slope < 12° (Rizzoli et al. 2012), which is likely an
overestimate over the relatively low-sloped ice tongue (< 0.15°). As our calculations
utilize the elevation gradient and not the absolute elevation, we instead account for a
gradient error of £0.35 m over the nearly 2 km ice tongue. This gradient error was
estimated over 2 km segments (the same length over which SMRs were estimated) of a
section of very thin ice mélange where successive OIB ATM flights show near-constant
slope. The gradient error was estimated as the largest difference in slope between the
corrected TanDEM-X elevation flowlines and the OIB ATM lines. Fitting the TanDEM-
X elevations to the OIB ATM elevations results in a root mean square error of +0.38
m, and smoothing the flowlines results in maximum mean squared errors of +0.86 and
4 0.47 m for the eastern and western flowlines, respectively. The maximum total error
for any one point in elevation along the eastern and western flowlines is +1.4 and +0.64

m, respectively.

Following Paul et al. (2013), error in ice velocity was calculated as 4+0.09 m d~!,
resulting from the feature tracking process applied to stable areas of the ice tongue,
where crevassing is easily trackable and ice deformation is low. Errors in velocity at
locations within 150 m of the original position of the previous end of summer vertical
ice front (which likely corresponds to the grounding line) and at the edge of the ice
tongue are not considered, as we did not use any velocities from these regions in our

SMR estimations.

While the error estimates cited alongside our SMRs account for errors in the DEMs and

ice velocity maps, there are several additional sources of error that, although difficult
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to quantify, must be considered. The assumption of both steady and non-state state
scenarios for ice tongue thickness likely introduces error in our SMR estimates. We
know the ice tongue is not in steady state between March and May 2013, as the glacier
is slower and the ice is thicker in May than in March for any given point. Since we have
only two DEMs, we can only assume a linear thickening trend over the time period (see
Equation 4.3). Any deviation from this trend would affect our melt rate estimates. For
example, if the ice tongue was thickest in April, this would imply the ice tongue was
thinning between April and May, increasing NSS melt rates estimated using Equation
4.3. Thus, if the tongue was thickest in April, our May melt rate estimates would be an

underestimate; however without additional DEMs we cannot address this possibility.

Another potential source of error derives from smoothing the ice freeboard near
the glacier grounding line, where pre-smoothed freeboard values decrease sharply,
as compared with smoothed values (see Figures 4.5a, 4.6a). While smoothing out
fracturing associated with large crevasses on the ice tongue helps to reduce noise in
the SMR estimates, the resultant reduction in freeboard gradient significantly lowers
our SMRs near the grounding line, which should therefore be considered minimum

estimates of melt rate in this location.

Additional uncertainties in submarine melt rate estimates arise from: the assumption
that the ice tongue is floating in hydrostatic equilibrium along its full length, which,
if incorrectly assumed, would mean melt rates are overestimated in the first km of ice
by at least 15% (see Figure S1.5); the seasonal migration of the glacier grounding line,
down-fjord of which melt rates are estimated; the cohesiveness of the ice tongue, which
potentially impacts changes in ice thickness and velocity; and temporal variability in
ice tongue velocity (see Figure S1.6). All of these additional uncertainties are discussed

in detail in Chapter 3.3.3.



CHAPTER 4. ESTIMATING TERMINUS SUBMARINE MELT RATES 67

4.4 Results

4.4.1 SMR estimates in Kangersuneq Fjord

The reduction in smoothed ice freeboard (and thus thickness) with distance down-
fjord from the grounded KNS terminus in the March DEM (Figures 4.5a and 4.6a
for eastern and western flowlines, respectively), combined with the interpolated ice
velocities, results in SM Rgg for the eastern and western flowline sets of up to 1.4 +
0.5md~! (mean = 0.7 £ 0.4 m d~!) and 1.0 £ 0.2 m d~! (mean = 0.5 + 0.2 m d™ 1),
respectively (see lines of fit in Figures 4.5b and 4.6b). Due to thickening of the ice via
advection, estimated SM Rygg for each set of flowlines (not shown) are less than those
estimated for the steady state scenario, with mean decreases in melt rate of 15 and
28% for the eastern and western flowlines, respectively. For all flowlines, melt rates
broadly decrease with distance from the KNS grounding line and moving from east to

west across the ice tongue.

SMRgg estimated in May are similar to those in March, with eastern and western
flowline SMRs of up to 1.4 + 0.2 m d~! (mean = 0.8 £ 0.3 m d~!) and 1.0 & 0.1 m
d=! (mean = 0.7 £+ 0.3 m d™!), respectively (see lines of fit in Figures 4.5b and 4.6b).
Estimated SM Rygg for each set of flowlines are again less than those estimated for
the steady state scenario, decreasing by 3 and 10% for eastern and western flowlines,

respectively. SMRs in May show the same spatial variability as seen in March.

While the heavily crevassed nature of the ice tongue itself is not unphysical, it leads
to unphysical noise in our melt rate estimates. For example, the rapid decrease in
thickness between two adjacent points over a crevasse (one on the ice tongue surface
and one at the bottom of the crevasse) is interpreted as thinning using our method, and
thus the estimated SMR would be erroneously high (e.g., the peak in March SMR ~570
m from the grounding line, Figure 4.5b). In contrast, the rapid increase in thickness
between a point at the bottom of the same crevasse and ice tongue surface on the
other side is interpreted as thickening of the ice, resulting in a negative melt rate (e.g.,

negative March SMRs, Figure 4.5b). To exclude these anomalous melt rates, we use
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Figure 4.5: (a) Ice tongue freeboard and thickness (m) on 17 March and 27 May 2013
with distance from KNS terminus for the eastern flowlines, where solid lines are means from
10 flowlines (Figure 4.4) and dashed lines are moving averages (MAVs) of the mean; (b)
steady state estimated submarine melt rate (SM Rgg) for eastern flowlines, with dashed

trendlines and shaded error ranges.

the lines of best fit as seen in Figures 4.5b and 4.6b to interpret the broader trends
in estimated SMR. As they are the same order of magnitude as the non-steady state
scenario, we use our steady state scenario melt rates in our subsequent analyses, which
allows for comparison to melt rates estimated in years when only one DEM is available
(i.e., assumed steady state). In addition, we note again that our melt rates near the
grounding line should be considered minimum estimates as the smoothing of crevasses
greatly reduces freeboard gradient here. Melt rates estimated here also have increased
uncertainty as the ice tongue might not be floating in perfect hydrostatic equilibrium

within the first km down-fjord of the grounding line.
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Figure 4.6: (a) Ice tongue freeboard and thickness (m) on 17 March and 27 May 2013
with distance from KNS terminus for the western flowlines, where solid lines are means from
10 flowlines (Figure 4.4) and dashed lines are moving averages (MAVs) of the mean; (b)
steady state estimated submarine melt rate (SM Rgg) for western flowlines, with dashed

trendlines and shaded error ranges.

4.4.2 Surface melt estimates over the ice tongue

For the study period, between 17 March and 27 May 2013, estimated total surface snow
melt over the ice tongue was 0.48 m water equivalent and total precipitation as snow
was 0.23 m. We expect precipitation to be less over the ice tongue than that recorded in
Nuuk, given the low elevation of the ice tongue and the rain shadow effect of the coastal
mountains. A previous study estimated spring average precipitation decreases between
coastal and inland weather stations in western Greenland between ~0.5 and 0.8 mm
per km inland (Abermann et al. 2017). Therefore, if anything, by using the estimates
of precipitation from Nuuk we overestimate spring snowfall. Regardless, the estimates
of precipitation are still orders of magnitude lower (in terms of water equivalent and
impact therefore on freeboard) than our estimated SMRs. The resultant mean surface

melt rate, 0.004 m d~!, taken over the 71 days of the study period, is approximately
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two orders of magnitude less than the rate of change in ice thickness over the same
time period, and thus considered negligible. As the PDD sum for 2013 during our
study period (16.3 °C day) is ~75% lower than the mean for the last decade (mean
from 17 March to 27 May for 2008 to 2016 of 69.4 °C day), 2013 should be considered

a low spring surface melt and runoff year.

4.5 Discussion

4.5.1 Spatial variability in SMR

Submarine melt rates show along-fjord variability, generally decreasing with distance
down-fjord from the KNS grounding line. This variability is likely driven by both
the velocity and temperature of subglacial meltwater plumes, with SMR scaling with
velocity and ambient fjord temperature (e.g. Holland & Jenkins 1999, Jenkins 2011).
Mortensen et al. (2013) investigated winter circulation and water properties in 2009
in KF, finding a cool surface layer (ranging from -1.4 to 1.0 °C at 0 and 40 m depth,
respectively) overlaying a warmer intermediate-depth layer (increasing from 1.3 to 1.8
°C at 50 to 90 m depth), below which temperature was relatively constant (1.8 °C)
with depth. Motyka et al. (2017) investigated summer fjord water properties in 2011,
~22 km from the KNS ice front, again finding a cool surface layer (ranging from 0 to 1.0
°C at 0 and 40 m depth, respectively) overlaying an even warmer intermediate layer
(increasing from 2.0 to 2.5 °C at 50 to 150 m depth). Therefore, the ambient fjord
water entrained by any subglacial plumes will be cooler with increasing distance from
the grounding line, as the thinning ice tongue, and shallower draft, will be submerged in
shallower, colder surface water. Plume velocity also decreases with distance from the ice
front as the plume loses buoyancy (Jenkins 2011). For these reasons, and as expected,
our estimated SMRs approach 0 m d~! down-fjord of the grounding line. The presence
of thick sea ice down-fjord of the end of the ice tongue supports this expectation,
suggesting the surface waters are very cold, resulting in little or no submarine melting
(or else there would be no sea ice). This result is dissimilar to summer melt rates
derived from icebergs found tens of kilometres from glacier grounding lines in other

Greenlandic fjords (Enderlin & Hamilton 2014), which we would expect to be higher,
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due to deeper iceberg keel depths (as compared to the shallow ice tongue depth) and
stronger buoyancy-driven circulation from higher subglacial discharge in the summer

(Sciascia et al. 2013).

SMRs also show across-fjord variability, with higher melt rates in the eastern section
of the main ice tongue, compared to the western part. Across-fjord variability may
be driven by water temperature, both in the ambient water column and thus the
plume, and by the strength (i.e., velocity) of any buoyant runoff plume present. The
eastern part of the ice tongue had the highest March surface elevation, and thus the
greatest thickness and deepest keel depth (Figure 4.5a). Reaching over 80 m beneath
the fjord surface near the grounding line, ice along the eastern flowlines is exposed
to relatively warm, intermediate-depth waters, which promote more rapid submarine
melting (Enderlin & Hamilton 2014, Enderlin et al. 2016). In comparison, ice in the
western part of the tongue has a keel depth near the ice front of < 70 m, which could
explain, in part, the lower SMR in this area of the fjord, as the shallower ice keel is

exposed to slightly cooler waters than the eastern part of the tongue.

Across-fjord variability in SMR may also reflect the strength and location of any sub-
glacial meltwater plumes emerging at the glacier grounding line. Uniform across-fjord
ice tongue SMR would be expected, if keel depths are constant, where spatially well-
distributed meltwaters emerge at the grounding line (Slater et al. 2015). Conversely,
spatially-focused, high SMRs near the ice front may indicate a locally dominant sub-
glacial meltwater channel, which in this case could be emerging preferentially under
the eastern part of the ice tongue. Slater et al. (2017b) inferred KNS subglacial runoff
distribution using plume observations from summer 2009 time lapse imagery, suggest-
ing that runoff likely exits under the grounding line via spatially distributed channels,
with sporadic focusing resulting in visible surface plumes. During the mid- to late melt
season, plumes typically reach the surface to the west of the grounding line centre, with
infrequently visible plumes emerging on the eastern side of fjord (Slater et al. 2017b).
However, as the presence of the ice tongue and surrounding thick ice mélange prevents
the expression of plumes on the surface, it is difficult to interpret subglacial meltwater

distribution during the winter and spring months.
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In addition, rotational circulation in the fjord should be considered, which could impact
the across-fjord distribution of surface meltwater and water entering the fjord at depth
(Cottier et al. 2010, Straneo & Cenedese 2015), and thus the heat available for melting
ice. Using data from Mortensen et al. (2013), we assume a 30 m thick fresh surface
layer of sea ice/ice tongue/glacier meltwater overlaying transitional layers of ice melt
and fjord source water, which gives an internal Rossby radius of ~6 km. As the fjord
width varies between 4 and 6 km, rotational effects are unlikely to have a primary role
in controlling fjord circulation. However, they may have a secondary effect, focusing
the flow of water toward and away from the glacier terminus to the right hand side in

the direction of flow (e.g. Cottier et al. 2010, Sutherland et al. 2014b).

4.5.2 Temporal variability in SMR

Estimated mean SMRs do not show significant temporal variability, potentially due
to the fact that all melt rates are estimated in the spring, prior to the onset of
substantial surface melt. While estimated monthly total surface snow melt from degree
day modeling was higher in May (0.26 m) than in March (0.11 m), we do not expect
or see significant differences in SMRs given how small these early spring surface melt
rates are. However, increased surface melt later in the melt season and the associated
enhanced subglacial meltwater plumes, combined with increased intermediate depth
water temperatures (Mortensen et al. 2013, Motyka et al. 2017) would be expected
to amplify local SMR considerably compared to winter melting (Jackson & Straneo
2016). Such estimates would however not be possible using our method as the ice
tongue breaks up in early June each year, and is thus absent during the summer and

autumn months.

Seasonal stratification and water temperature at depth are highly dependent on the
mode of circulation in KF (Mortensen et al. 2011). In the spring, when we estimate
SMR, circulation is mainly driven by dense coastal inflows and tidal mixing, which act
to cool and slightly freshen waters at intermediate depths. The presence of subglacial
meltwater plumes sourced from frictional basal meltwater emerging at the glacier

grounding line (Christoffersen et al. 2012) likely also plays a role in controlling fjord
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circulation and submarine melting in the winter and early spring. In the summer,
however, tidal mixing and subglacially-driven circulation, via surface-derived meltwater
plumes, are dominant and act to freshen and significantly warm the upper intermediate
water layer (Mortensen et al. 2013). Temperature differences of nearly 2 °C were seen
at intermediate depths (between 120 and 150m) between April and September 2010
(Motyka et al. 2017), an increase which would have a significant impact on the melting

of submerged ice.

In order to investigate the potential role that basal frictional meltwater could play in
driving plumes in winter, we estimate basal meltwater flux for the area of KNS between
the grounding line and ~11 km up-ice from the grounding line. As basal drag is unknown
for KNS, we assume drag is of a similar magnitude to that estimated for Jakobshavn
Isbrae, ~200 kPa (Iken et al. 1993, Funk et al. 1994), as used for Kangerdlugssuaq
Glacier by Christoffersen et al. (2012). Using our TerraSAR-X derived velocities for
March and May for the lower 11 km of the glacier, an ice density of 900 kg m™3,
and a latent heat of fusion of 334 kJ kg~!, basal meltwater flux was estimated as
3.2 m3 s7!, for both March and May. Although producing weak plumes, subglacial
discharge of this magnitude can generate point source SMRs of between 2 and 4 m d—!
(Slater et al. 2015). Due to their lower velocity, weak plumes, such as those expected
via basal frictional melting, reach neutral buoyancy before reaching the fjord surface
(Christoffersen et al. 2012, Slater et al. 2015, Carroll et al. 2016). However, close to
the glacier grounding line, where ice tongue keel depth is greatest, weaker plumes will
likely still reach and melt the base of the ice tongue. In comparison, higher subglacial
discharge (between 50 and 100 m?® s~!), as might be expected later in the melt season,
can result in point source SMRs up to 7 m d~! (Slater et al. 2015). These stronger
plumes may reach the fjord surface before reaching neutral buoyancy, thus allowing for

melting of the full ice front depth (Slater et al. 2015).
4.5.3 Comparison with previous SMR estimates from Greenland

Submarine melt rates estimated in this study are greater than, but of the same order of

magnitude, as those estimated for icebergs during summer in Sermilik Fjord, southeast
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Greenland. Using repeat high-resolution satellite imagery, Enderlin & Hamilton (2014)
estimated SMRs of 0.39 & 0.17 m d~! for icebergs located up to 60 km from the
terminus of Helheim Glacier between August 2011 and July 2013. Using our lines
of best fit, our estimated SMRs (up to 1.4 m d~!) are more than double those of
(Enderlin & Hamilton 2014). Given the close proximity to the grounding line, our
estimated SMRs may reflect the influence of melting by plumes enhanced by emerging
subglacial meltwater sourced from frictional basal melt (e.g Christoffersen et al. 2012);
such plumes will clearly have a diminished influence 60 km from the ice front, where
plume velocity has decreased. Estimated SMRs for icebergs stuck in ice mélange in
Sermilik and Ilulissat fjords range from 0.1 to 0.8 m d~!, and increase with iceberg
draft and submerged ice area (Enderlin et al. 2016). These melt rates are more similar
to ours near KNS, due both to the relatively similar distance from the grounding line
to the icebergs (from 0 to 20 km away) and our estimates (150 to 2,400 m away), as
well as the comparable summer intermediate ambient water temperatures in Ilulissat
(up to 2.2 °C) (Mernild et al. 2015), Sermilik (up to 2 °C) (Straneo et al. 2010, 2011),
and Kangersuneq (up to 2.5 °C) fjords.

Estimated SMRs for the KNS ice tongue in spring 2013 are one to two orders of
magnitude larger than SMRs estimated between 2000 and 2010 for the floating tongue
at Petermann Glacier (0.07 & 0.035 m d~!) (Johnson et al. 2011, Enderlin & Howat
2013). The difference in melt rate magnitude in this case is likely due to both the
difference in ambient ocean temperatures at ice keel depth between the two fjords as
well as meltwater plume dynamics. The ambient water temperatures in northwest
Greenland are much lower at keel depth than those in southwest Greenland, peaking
at 0.2 °C at nearly 500 m depth in Peterman Fjord (Johnson et al. 2011), where keel
depths in the first few km of the fjord reach ~480 m (Wilson et al. 2017). In contrast,
ambient water temperatures at keel depth for KNS (~80 m near the grounding line)
fall between 1.3 and 2.0 °C, depending on the season (Mortensen et al. 2013, Motyka
et al. 2017). Plume dynamics may also fundamentally differ, with the weak melt-
driven convective plumes beneath Petermann (which has a ~70 km long permanent

ice tongue) more akin to those at large Antarctic ice shelves, and strong subglacial
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discharge-driven plumes beneath the short ice tongue at KNS giving rise to convection-
driven melt as observed at tidewater glaciers in midsummer (Jenkins 2011). In addition,
the difference in velocity between KNS and Petermann glaciers may play a secondary
role in controlling estimated SMRs. The average winter velocity for KNS is ~8 km a~!,
eight times that of Petermann Glacier (Johnson et al. 2011). A faster-flowing, warm
based glacier will create more basal friction and thus more basal melt (e.g. Holland
et al. 2008, Christoffersen et al. 2012), producing more vigorous subglacial meltwater

plumes and inducing higher SMRs even in winter (Carroll et al. 2015, Cowton et al.

2015, Slater et al. 2015).

Utilizing summer hydrographic observations between ~35 and 88 km from the Kangerd-
lugssuaq Glacier terminus, Inall et al. (2014) estimated heat delivery to the calving front
equivalent to 10 m d~! of ice melt. Motyka et al. (2017) used parameters derived from
models and hydrographic measurements 12 km from the KNS ice front to estimate a
near-terminus late-summer SMR of ~3-7 m d~!'. Our empirically-derived SMRs are
nearly an order of magnitude lower than those estimated by Inall et al. (2014) and
the upper range estimates of Motyka et al. (2017), despite similar ambient fjord water
temperatures (up to 2.25 °C at depth for Kangerdlugssuaq Fjord; Inall et al. 2014).
It is unlikely that hydrographic estimates taken more than 30 km from the terminus
realistically represent the heat energy used for melting the ice front, as a large portion
of this energy might be lost to melting of any ice mélange and icebergs in the fjord
before reaching the glacier (Enderlin et al. 2016). In fjords like Helheim, where icebergs
are large enough to cover the full fjord depth (Enderlin & Hamilton 2014), deep water
could also be cooled by the melting of icebergs at depth. Heat transport to the ice front
can also be reduced through vertical mixing of the water column via wind-driven inter-
nal seiches (e.g. Arneborg & Liljebladh 2001, Cottier et al. 2010) or by the convective
overturning of water due to the release of brine from sea ice formation (Cottier et al.
2010). In addition, the presence of shallow sills in the fjord alters the fjord circulation
and may prevent deeper, warm water from reaching the ice front (e.g. Mortensen et al.

2011, 2013). This suggests that terminus melt rates derived from distal along-fjord heat



CHAPTER 4. ESTIMATING TERMINUS SUBMARINE MELT RATES 76

flux values may be too high unless heat losses to mid-fjord melting, vertical mixing and

fjord bathymetry are considered.
4.5.4 Freshwater flux from submarine melting of the ice tongue

Given the potential importance of meltwater generation to fjord water properties and
nutrient productivity (Meire et al. 2017), we here estimate the spring freshwater flux
from submarine melting of the ice tongue. Using grounded terminus width (~4,500 m),
depth (~250 m), and average velocity from March to May 2013 (~6.9 km a~1!), spring
ice flux across the KNS grounding line was estimated to be 246 m?® s~!'. Assuming a
simplified rectangular submarine configuration of the ice tongue with a width of ~1,800
m and a length of ~2,500 m, total basal submerged area is ~4.5 km?. Using spatially
averaged SM Rgg from our western and eastern fjord flowlines, meltwater flux derived
from the ice tongue ranges from 26 to 36 m® s=! (11 to 15% of spring grounding line
ice flux) in March, and from 36 to 42 m® s=! in May (15 to 17% of spring grounding
line ice flux). This partitioning of freshwater flux entering the fjord is comparable
to that estimated by Xu et al. (2013) for Store Glacier in western Greenland, where
submarine melting accounted for 20% of August 2010 glacier influx. In contrast, our
flux partitioning is much lower than that estimated by Motyka et al. (2003, 2013) for
LeConte Glacier in Alaska, where submarine melting accounts for 50-67% of summer
frontal ablation. Differences in flux partitioning are likely due to seasonality, fjord

temperatures and terminus geometry (Truffer & Motyka 2016).

While ice tongue melt only accounts for 11-17% of the overall spring grounding line
flux, it provides a significant amount of freshwater to the fjord in spring months, when
surface runoff is largely absent. As such, the associated inputs of freshwater into the
fjord at different depths from submarine melting may have a major impact on fjord
water stratification, circulation and associated productivity (e.g. Motyka et al. 2013,

Sciascia et al. 2013, Sutherland et al. 2014b, Meire et al. 2017).
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4.5.5 Potential applications

We have derived SMRs using changes in the freeboard of a seasonally floating ice
tongue as it advances down-fjord during the spring, building upon earlier work using
freeboard and ice flux divergence to estimate SMRs of floating ice tongues in Greenland
(e.g. Motyka et al. 2011, Enderlin & Howat 2013). This technique has considerable
potential to further our understanding of ice-ocean interactions and submarine melting
in glacial fjords. Using both satellite and time-lapse imagery, seasonal differences in
SMR could be evaluated by estimating melting throughout the year, as long as an ice
tongue is present in winter and spring, and icebergs are present in summer and autumn
sufficiently close to the ice front (following methods of Enderlin & Hamilton (2014)). In
addition, analysis of seasonally floating ice tongues presents the opportunity to derive
SMR, estimates much nearer to glacier calving fronts (when compared with estimates
using hydrographic profiles), in the precise location where the key processes controlling
calving dynamics and retreat are not well resolved. We anticipate that our estimates of
SMR, and others derived using this methodology, will be used to tune fjord circulation
and plume models, which in turn will soon be used to force ice sheet models predicting

the future of the Greenland Ice Sheet and its contribution to sea level rise.

Our submarine melt rate estimates are derived from an ice tongue that is already
floating, thus they do not affect the annual mass balance of the grounded portion of
KNS. Nevertheless, the submarine melting of the ice tongue may affect its ability to
buttress the winter ice flux and discharge across the grounding line (e.g. Motyka et al.
2011, Krug et al. 2015), with potential negative consequences for annual mass balance.
If SMRs increase in the future as is expected under climate projections, the residence
time of seasonal ice tongues like that at KNS will decrease, effectively extending the
length of the calving season and allowing for greater mass loss from the grounded
portion of the ice sheet. In addition, quantifying ice tongue melt rates can tell us a lot
about calving front melt processes. For example, the spatial distribution of ice front
SMRs (for which our ice tongue SMRs are a proxy) can influence the morphology of the
calving front through spatially heterogeneous undercutting, with potential implications

for calving frequency and style (Straneo et al. 2012, Chauché et al. 2014, Carroll et al.
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2015, Slater et al. 2017b), and ultimately glacier retreat, velocity and ice flux. A better
understanding of spatial variations in submarine melting of the ice front may lead to the
development of a relationship between melt distribution and calving, which is poorly

understood but likely of critical importance for controlling tidewater glacier dynamics.

4.6 Conclusions

Improved estimates of SMR are essential to gain a better understanding of the processes
controlling ice dynamics at tidewater glacier termini, and in particular, the potential
relationship between submarine melt and tidewater glacier acceleration and retreat.
Using high-resolution TerraSAR-X and TanDEM-X satellite imagery, we have estimated
SMRs of a seasonal floating ice tongue adjacent to the grounding line of KNS. Changes
in freeboard of the ice tongue, both with distance from the grounding line and across
the fjord, have been used to estimate spatial variations in melt rate. Our estimates of
spring steady state SMR near the grounding line of KNS reach 1.4 + 0.5 m d~!, and
decrease with distance down-fjord from the glacier grounding line, with mean rates up
to 0.8 & 0.3 and 0.7 & 0.3 m d~! for the eastern and western parts of the ice tongue,
respectively. There is also considerable across-fjord variability in SMR which may be
driven by variation in the ice tongue draft and the temperature stratification in the
fjord, but may also reflect the strength of any subglacial meltwater plumes present. The
submarine meltwater flux derived from the ice tongue ranges from 26 to 42 m? s~ !,
which accounts for between 11 and 17% of the grounding line ice flux into the fjord in
the spring months, prior to the onset of ice sheet surface melt. Our results demonstrate
that using high resolution satellite imagery to analyze changes in freeboard at floating
seasonal ice tongues has considerable potential to reveal in detail the temporal and

spatial variations in SMR at tidewater glacier termini.



Chapter 5

Spatio-temporal variations in
seasonal ice tongue submarine
melt rate at a tidewater glacier in

southwest Greenland

The previous chapter derived submarine melt rates near the Kangiata Nunaata Sermia
(KNS) ice front for spring 2013, showing that mean melt rates reach 1.4 4+ 0.5 m d~!
and decrease with distance from and vary along the ice front. It is inferred that these
spatial variations in submarine melt rate are likely controlled by ocean temperature
at depth and by the presence of subglacial discharge plumes at the ice front. This
chapter uses the same method developed in Chapter 4, expanding the analysis by
deriving submarine melt rates at KNS from 2012 to 2014, and comparing them with the
locations of subglacial plumes either observed in time lapse photography or predicted
by modelled subglacial flow routing. The results provide spatio-temporal estimates of
variations in ice tongue submarine melt rate and make an empirical link between the
presence of subglacial discharge plumes and areas of calving and high melt along the

glacier terminus.
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Abstract

Submarine melting of tidewater glaciers is proposed as a trigger for their recent
thinning, acceleration and retreat. We estimate spring submarine melt rates of
Kangiata Nunaata Sermia in southwest Greenland, from 2012 to 2014, by examining
changes in along-fjord freeboard and velocity of the seasonal floating ice tongue.
Estimated submarine melt rates vary spatially and temporally near the grounding line,
with mean rates of 1.3 £+ 0.6, 0.8 + 0.3, and 1.0 £ 0.4 m d~! across the tongue in 2012,
2013 and 2014, respectively. Higher melt rates correspond with locations of subglacial
plumes and terminus calving activity observed during the melt season using time-lapse
camera imagery. Modelling of subglacial flow paths suggests a dynamic system capable
of rapid re-routing of subglacial discharge both within and between melt seasons. Our
results provide an empirically-derived link between the presence of subglacial discharge

plumes and areas of high spring submarine melting and calving along glacier termini.

5.1 Introduction

In recent decades, decreases in surface mass balance and increases in ice discharge from
tidewater glaciers into the ocean have accelerated ice loss from the Greenland Ice Sheet
(van den Broeke et al. 2016). Despite the inferred connection between oceanic warming
and increased ice discharge (e.g. Holland et al. 2008, Straneo & Heimbach 2013), our
understanding of ice-ocean interactions at the margins of the ice sheet remains limited.
In particular, submarine melting of glacier termini is poorly understood, with few
observational estimates of melt rates due to the difficulty of collecting in-situ data near
actively calving glacial termini. Submarine melting has been proposed as a trigger for
glacier calving, retreat and acceleration (O’Leary & Christoffersen 2013, Luckman et al.
2015), and is thought to influence ice front morphology by undercutting termini and
creating embayments through enhanced calving rates (Carroll et al. 2015, Fried et al.

2015, Slater et al. 2017b).

To date, many studies have used numerical models, observations and laboratory

experiments to show that submarine melting is amplified where subglacial discharge
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plumes emerge at the glacier grounding line (e.g., Jenkins 2011, Motyka et al. 2013,
Slater et al. 2015, Cenedese & Gatto 2016). Due to the lower density of subglacial
discharge relative to the ambient fjord water, such plumes rise buoyantly along the
ice front, entraining warmer fjord waters and melting the ice front and underside
of any ice tongue present (e.g., Motyka et al. 2003, Jenkins 2011). Submarine melt
rates are understood to be a function of the water temperature and velocity of the
rising subglacial plume (Jenkins 2011), factors which are themselves influenced by
the ambient fjord temperature, stratification and the volume and distribution of the

emerging subglacial meltwater (e.g. Carroll et al. 2015, Slater et al. 2015).

Here, we connect variations in floating ice tongue spring submarine melt rates with the
presence and location of summer subglacial meltwater plumes and of locally enhanced

calving from 2012 to 2014 at Kangiata Nunaata Sermia, southwest Greenland.

5.2 Study area

Our study is focused on Kangiata Nunaata Sermia (KNS), the largest tidewater glacier
in southwest Greenland, which drains into Kangersuneq Fjord as part of the wider
Godthabsfjord system (Figure 5.1). The glacier front is 4.5 km wide and has a maximum
grounding line depth of approximately 250 m below sea level (Mortensen et al. 2013).
In common with many Greenlandic tidewater glaciers, KNS forms a floating ice tongue
over the winter, which extends 2-3 km from the glacier grounding line and decreases
in freeboard with distance down-fjord (Figure 5.1d and 5.2a). Analyses of fjord water
properties show that Kangersuneq Fjord is stratified with relatively warm subsurface
waters (up to 2.5 °C) overlain by cooler water masses (between 0 and 1 °C) (Mortensen

et al. 2013, Motyka et al. 2017).

5.3 Data and methodology

5.3.1 Elevation and ice velocity data

Five 2.5 m resolution digital elevation models (DEMSs) of the study area were generated

from conventional SAR interferometric processing of bi-static TanDEM-X imagery
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Figure 5.1: Study area, including (a) Greenland location map where blue rectangle
indicates the extent of (b); (b) fjord-scale location map within the wider Godthabsfjord
system with location of two weather stations: Danish Meteorological Institute (DMI) Nuuk
(red filled circle) and PROMICE NUK_L (black filled circle). The open orange square
corresponds to the location of Figure 1(c,d); (c) a Landsat 8 band 8 satellite image of the
KNS glacier ice tongue, acquired on 27 May 2014. The black dashed line indicates the
estimated grounding line position (hand-digitized using both a Landsat 8 image from 12
June 2014 and the TanDEM-X DEM from 5 June 2014), the green triangle indicates the
location of the University of Alaska Fairbanks time-lapse camera and the semi-transparent
white polygon indicates the ice tongue extent. Ice velocity from 27 May to 12 June is
overlain, derived from the feature tracking of Landsat 8 imagery (Rosenau et al. 2015);
and (d) sample TanDEM-X derived elevation for KNS ice tongue, glacier and surrounding
bedrock areas from 14 May 2014.
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31 May 2012 (day 151)

B: no plumes

A: ice tongue present

02 May 2012 (day 122)
A

C: multiple, separate plumes

Figure 5.2: Sample time-lapse images used for plume presence detection: (a) ice tongue
present; (b) no plumes visible on fjord surface; (c) multiple, separate plumes visible on
fjord surface, with colours and numbers used for plume location classification (see Figure
5.4a,b); plumes 6 and 7 (not visible here) are located east (to the left) of plume 5; and (d)

a single, connected surface expression of a plume visible on fjord surface.

(Dehecq et al. 2016), as detailed in Chapter 4. DEMs were acquired for the following
dates: 13 May 2012, 17 March 2013, 27 May 2013, 14 May 2014 and 5 June 2014.
We used both ICESat and Operation IceBridge (OIB) Airborne Topographic Mapper
(ATM) elevation data (Krabill 2016) to perform co-registration and corrections to our
derived DEMs. ICESat elevations were used for calibration over non-ice covered terrain
and OIB ATM elevations were used to correct a tilt in the data over the ice-covered
fjord (Figure S2.1) This tilt, ~0.45 m per km down-fjord, was introduced during DEM
co-registration due to the limited coverage of the ICESat lines over stable bedrock
regions. OIB ATM data from 25 April 2012 and 15 April 2014 were used to correct our
2012 and 2014 DEMs, respectively. As there was no OIB campaign over our study area
in 2013, we corrected our 2013 DEMs using OIB ATM data from 8 April 2011, chosen
due to similar fjord sea ice cover in both years, likely due to comparable inner-fjord

water (Motyka et al. 2017) and air temperatures.

Three 20 m horizontal resolution ice velocity maps were generated using conventional
feature tracking of spring 2013 TerraSAR-X imagery (e.g. Paul et al. 2013), and

acquired from the following image pairs (to correspond with our 17 March and 27 May
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2013 DEMs): 12 and 23 February; 8 and 19 April; 30 April and 11 May (see Chapter
4 for more details). For 2012 and 2014, we use velocity maps generated from combined
feature tracking of Landsat 7 and 8 imagery (Rosenau et al. 2015) for the following
image pairs: 6 and 22 May 2012 (to correspond with our 13 May 2012 DEM) and 27
May and 12 June 2014 (to correspond with both our 14 May and 5 June 2014 DEMs).
These velocities are freely available from the Technische Universitdt Dresden’s Geodetic
Data Portal (https://datal.geo.tu-dresden.de/flow_velocity/). All velocity maps can be

seen in Figure S2.2.
5.3.2 Ice tongue surface and submarine melt rates

To assess potential elevation changes driven by surface mass balance, ice tongue surface
melt rates were estimated using a simple positive degree day approach (Hock 2003),
details of which can be found in Section 3.3.1. Degree day modelling was also used
to estimate catchment-wide runoff from surface melting during the melt season at
elevations below 2000 m, above which most meltwater refreezes within the snow pack
(e.g. Pfeffer et al. 1991, Langen et al. 2015, 2017). Daily air temperatures were acquired
from a Geological Survey of Denmark and Greenland PROMICE weather station
located approximately 21 km NE from the KNS terminus (Figure 5.1b; Ahlstrgm et al.
2008). Daily precipitation data were acquired from the Danish Meteorological Society
(DMI) weather station in Nuuk, approximately 105 km west of the KNS terminus
(Figure 5.1b; Cappelen, J. (ed.) 2016). The ArcticDEM (Morin et al. 2016), sampled

to 90 m horizontal resolution, was used to estimate KNS catchment-wide runoff.

Ice tongue submarine melt rates were estimated by differencing along-fjord flowline
surface elevation in combination with ice velocities, following the methodologies in
Chapter 4. Flowlines were created every 25 m along the KNS ice tongue, starting 150
m from the grounding line (in order to exclude noise in velocity data as the ice moves
across the grounding line) and extending approximately 2 km down-fjord (see Figure
5.3). To accommodate temporal changes in ice velocity, separate flowlines were created
for each DEM date, resulting in a different ice tongue shape each year. Elevations

along each flowline were smoothed using a two-sided moving average with a 625 m
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window, which was the smallest smoothing window that significantly reduced the effect
of large crevasses on the ice elevation gradient, and then converted to thickness values
assuming ice tongue floatation and hydrostatic equilibrium. Noise in velocity data along
each flowline was reduced by using a linear regression between ice tongue velocity and
distance down-fjord. As we only have one DEM for 2012 and for comparison purposes,
we estimate steady state submarine melt rates, assuming ice thickness at a fixed location
does not change in time. Submarine melt rate (SM R) accounts for thinning due to

stretching in both the flow direction and perpendicular to flow:

SMR = —v,— — H-—" —H—Y — SMB (5.1)

where H is the ice thickness (m), v, and v, are the ice velocity (m d~1) in the along-
and across-flowline direction, and = and y represent distance in the along- and across-
flowline direction. We include a potential contribution from surface mass balance
(SM B), although it will later be shown that this is negligible in our case. Note that
a term representing across-flow thinning, —vy%, does not contribute as, by definition
of a flowline, v, = 0 on the flowline. To best capture the general trend in submarine
melt rates and in order to smooth out unrealistic melt rate estimates resulting from the
heavily-crevassed nature of the ice tongue (and thus short-length scale high amplitude
variations in elevation), exponential fits were applied to estimated flowline melt rates

(see Chapter 4).
5.3.3 Uncertainties in submarine melt rate estimates

Uncertainties in our submarine melt rate estimates are associated with the quality of
the elevation and velocity data, the smoothing of our flowlines, and our assumption of
an ice tongue in steady state. There are two types of errors surrounding the elevation
data: the absolute error in elevation (and thus thickness, H) and the gradient error
in elevation, which impacts %—IZ in Eq. 5.1. Error in the absolute measured elevation
derived from the TanDEM-x data results from the DEM construction process and

typically has an uncertainty of +£2 m over areas of slope less than 12°(Rizzoli et al.
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2012). As the ice tongue at KNS has a low gradient (less than 0.15°), +£2 m is likely
an overestimate of elevation uncertainty, as we would expect a greatly reduced slope
to significantly lower this uncertainty (e.g. Toutin 2002, Erasmi et al. 2014). Error
in the elevation gradient results from our DEM tilt correction using OIB ATM data,
and is defined as the largest difference in slope between the OIB ATM lines and the
corrected TanDEM-X elevations, as estimated over 2 km long segments of very thin
sea ice where successive OIB ATM flights show near-constant slope (Figure S2.1). The
resulting elevation gradient errors are +1.78 m (for 2012 and 2014) and £0.38 m (for

2013) over the nearly 2 km long ice tongue.

Uncertainties in ice tongue velocity are often the result of poor image co-registration,
surface changes and transformations (e.g., changes in illumination or reflectance of
surface features like snow), and mismatches between similar but not corresponding
features (in this case, crevasses in the ice tongue) (Paul et al. 2013, Rosenau et al.
2015). Uncertainties in Landsat-derived ice tongue velocity for 2012 and 2014 were
downloaded directly from the Technische Universitdt Dresden’s Geodetic Data Portal,
with mean uncertainties in velocity of up to +1.1 and £0.23 m d~! for 2012 and 2014,
respectively. Uncertainty in our 2013 TerraSAR-X derived ice tongue velocity was
calculated following Paul et al. (2013), with mean uncertainties in velocity of +0.09 m

d-%

Uncertainties in both elevation and velocity data were combined via standard error
propagation techniques to calculate the preliminary error in our submarine melt rate

estimates (ASMR), as follows:

ssun= [a(I)] a ()] < a2 6o

where A(vx‘g), A(H ‘?;) and A(H 5(;;) are the errors associated with the first

three terms on the right-hand side of Equation 5.1, respectively. The first error
term, A(Ux%[;>, was estimated as follows, with the the second and third error terms

estimated in a similar fashion:
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In addition to uncertainty in elevation and velocity data, there are other potential
sources of error that must be considered. Smoothing the flowline elevations also results
in uncertainty in our final submarine melt rates, which we assess using a sensitivity
analysis. Varying the moving average window size by +125 m results in an additional
submarine melt rate uncertainty of +£25%, which has been added to the preliminary
submarine melt rate errors, above. In addition, the assumption of an ice tongue in
steady state increases uncertainty in our submarine melt rate estimates. We know that
the ice tongue is not in steady state between March and May 2013, as seen in thickness
changes between our two 2013 DEMs, which result from a slower moving glacier. To
estimate potential errors resulting from this assumption, we estimated non-steady state
submarine melt rates for March and May 2013. We assumed a linear trend of thickening
between the two DEMs (see Equation 4.3 in Chapter 4), accounted for by subtracting
a daily rate of thickness change from our 2013 steady state melt rate estimates. On
average, ice tongue non-steady state melt rates are 0.12 m d=! (23%) and 0.23 m d~!
(27%) lower than steady state estimates for March and May 2013, respectively (Figure
S2.3). These average percent differences fall within the mean percent differences in
melt rate resulting from uncertainty in our elevation and velocity datasets (see Table
S2.1), which range from 26 to 46%. In addition, assuming an ice tongue in steady state
does not change the overall magnitude of the melt rates. As such, while the ice tongue
is not in a steady state (at least for 2013), we believe that submarine melt rates can
be reasonably approximated under the assumption of an ice tongue in steady state,
which is necessary for meaningful comparison to years when we only have one DEM

for estimating melt rates.

Additional uncertainties in submarine melt rate estimates arise from: the assumption
that the ice tongue is floating in hydrostatic equilibrium along its full length, which, if
incorrectly assumed, would mean melt rates are overestimated in the first km of ice by

at least 15%; the seasonal migration of the glacier grounding line, down-fjord of which
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melt rates are estimated; the cohesiveness of the ice tongue, which potentially impacts
changes in ice thickness and velocity; and temporal variability in ice tongue velocity.

All of these additional uncertainties are discussed in detail in Chapter 3.3.3
5.3.4 Subglacial discharge plumes, calving activity and hydrology

To investigate the correspondence between the presence and location of subglacial
discharge plumes post-ice tongue disintegration and spatial patterns in ice tongue
submarine melt rates, we created a time series of the expression of runoff plumes at
the fjord surface using time-lapse imagery from a camera located on a bedrock ridge
approximately 1 km from the western edge of the KNS calving front (Figure 5.1c).
Images of the western half of the calving front were taken every 4 hours from 18 May
2012 (day 139) until 22 July 2013 (day 203). We assigned each plume a number from
1 to 7, based on location moving west to east along the calving front (Figure 5.2c).
Plumes 6 and 7 (not pictured in Figure 5.2¢) occur infrequently. To avoid including
open water resulting from wind or calving activity, we only identified plumes that were
visibly turbid, thereby indicating a subglacial origin. In addition, while plume surface
expressions are not visible at the same time as the ice tongue is intact, we assume plume

positions are the same for the period prior to the disintegration of the ice tongue.

A time series of calving activity was also created from the time-lapse images, by viewing
each image for visible signs of calving and recording the time and location of each event
along the calving front (either western or eastern side). Visible signs of calving include
actively captured calving events, changes in fjord surface between two images (i.e., non-
turbid open water adjacent to ice front with small bergy bits), and obvious changes in

ice front morphology between two images.

To assess potential spatial variations in the subglacial hydrological network below the
grounded part of KNS and the predicted locations of any emerging subglacial channels
along the calving front, we performed a standard hydropotential analysis with the
MATLAB toolbox TopoToolBox (Shreve 1972, Schwanghart & Scherler 2014), using
BedMachine v3 bed and surface topography (Morlighem et al. 2017) to calculate the
subglacial hydraulic potential (®):
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D = pygz+ fpigh (5.4)

where p,, and p; are the densities of meltwater (1,000 kg m~3) and ice (910 kg m~3),
respectively, g is the acceleration due to gravity (9.81 m s=2), z is the bed elevation
(m) and h is the ice thickness (as provided in the Bed Machine v3 product). f is the
ratio of the subglacial water pressure to the ice overburden pressure (e.g., Banwell et al.
2013), which is in general poorly known and we thus apply a range of values from f =
0.1 to f = 1 consistent with sparse observations from Greenland (Meierbachtol et al.
2013, Andrews et al. 2014). A value f = 0.1 means that the subglacial water pressure
is a tenth of the ice overburden pressure, so that the subglacial hydrological system is
at low pressure, such as might be associated with efficient subglacial drainage, while
a value f = 1 means that the subglacial water pressure is equal to the ice overburden
pressure, so that the subglacial system is at high pressure, such as might be associated

with inefficient subglacial drainage (Fountain & Walder 1998).

5.4 Results and discussion

5.4.1 Variations in submarine melt rates

Using our flowline methodology, we find that near-terminus spring submarine melt rates
for the floating ice tongue at KNS vary both temporally and spatially (Figures 5.3 and
S2.4a; Table S2.1), with mean melt rates taken over the full extent of the ice tongue
ranging from 0.8 £+ 0.3 m d~' in March and May 2013 to 1.3 + 0.6 m d~! in May
2012. Maximum melt rates occur under the western half of the ice tongue in May 2012,
reaching over 7 m d~! approximately 150 m down-fjord from the KNS grounding line.
Surface melt rates, estimated using a positive degree day model, are at least one order
of magnitude lower than our mean submarine melt rates (Table S2.1), and are thus

considered negligible (see Section S2.1).

Our estimated melt rates agree well with those previously estimated in the

Godthabsfjord system. Estimated mean melt rates over the full KNS ice tongue (up
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to 1.3 £ 0.6 m d~!) are in line with our previous 2013 mean melt rate estimate of
0.8 +£ 0.3 m d=! (see Chapter 4). Our maximum estimated submarine melt rate (just
over 7 m d~!) compares well with modelled average KNS ice front estimates of 3 to
7 m d=! (Motyka et al. 2017). Our melt rates are also the same order of magnitude
as those estimated between 2000 and 2010 under Greenland tidewater glacier floating
termini, which reach over 2.0 m d~! in both central west (Jakobshavn and Rink) and

east (Daugaard Jensen) Greenland (Enderlin & Howat 2013).

Variations in submarine melt rates depend on multiple factors, scaling with both
ambient water temperature and plume velocity (e.g. Holland & Jenkins 1999, Jenkins
2011). Ambient winter and spring water temperatures measured at depths between
120 and 150 m (in which the deepest draft of the ice tongue sits) in Kangersuneq
Fjord do not change substantially from 2012 to 2014, averaging ~1.5 °C for all months
during our study period, with the exception of March 2013, which averaged 2.0 °C
(Mortensen et al. 2013, Motyka et al. 2017). As such, it is unlikely that changes in
ambient water temperature at depth (~33% increase from 2012 to 2013) are driving
the temporal variations seen in our submarine melt rate estimates (~38% decrease in

ice tongue averaged melt rate from 2012 to 2013).
5.4.2 Subglacial discharge plumes

The presence of subglacial plumes, resulting from surface and basally generated
meltwaters, also influences submarine melt rates. In the winter and early spring,
subglacial discharge from surface meltwater is expected to be negligible. Plumes may
however still be generated by subglacial discharge resulting from frictional melting
beneath the grounded part of the glacier (Christoffersen et al. 2012). To assess the
potential influence of basal frictional melting on driving winter and spring plumes,
we estimated basal meltwater flux for the entire KNS catchment using a simplified
equation for basal melt rate (Christoffersen et al. 2012), dependent upon ice velocity
and density, basal drag and the latent heat of fusion (see Section S2.2 for equation and
data sources). Estimated basal meltwater fluxes were 29.4, 28.9 and 29.1 m?® s=! for

2012, 2013 and 2014, respectively. Frictional melting is likely therefore able to sustain
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Figure 5.3: Submarine melt rates (SMR) of KNS ice tongue flowlines, locations of plume
surface expressions (grey polygons hand-digitized from Landsat images in Table S2.2), and
near-terminus flow routing coloured to indicate total upstream drainage area for (a) 13
May 2012, (b) 17 March 2013, (c) 27 May 2013, (d) 14 May 2014 and (e) 05 June 2014.
Dashed black lines indicate estimated location of the grounding line in June of each year
(hand-digitized from Landsat 8 imagery). Background images are all Landsat 7 and 8,
acquired for (a) 25 July 2012, (b,c) 01 May 2013 and (d,e) 12 June 2014. The chosen flow
routing f-values show the best spatial association between plume surface expressions and
spatial variability in melt rate. Note that some colours seen in the flow routing are not in
the colourbar (e.g., purple), as they are the result of overlapping channels (e.g., blue and

red channels, but with purple being indicative of a net large upstream area).

active plumes through the winter and into early spring, augmenting submarine melt
rates. However, once the melt season begins, runoff from surface melting will dominate,

sustaining larger plumes and promoting higher melt rates. This is likely the case in May
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2012, when the melt season began early and where we estimate May runoff reaching

500 m3 s~! (Figure 5.4e) and melt rates exceeding 7 m d 1.
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Figure 5.4: (a-b) Time series of subglacial plume surface expression for (a) 2012 and (b)
2013 (see Figure 5.2c for plume locations), where hollow circles indicate separate, individual
plumes and filled circles indicate plumes seen as a single large coalesced plume on the fjord
surface; the red vertical line indicates the date of ice tongue disintegration and the grey
dashed vertical line indicates the date of the last time lapse image; (c-e) time series of
(c) daily average air temperature (solid lines, left axis) and cumulative positive degree
day (PDD) sum (dashed lines, right axis), (d) daily precipitation, and (e) catchment-wide
surface runoff over KNS from degree day modelling for 2012 (black lines) and 2013 (blue

lines).

Subglacial plumes, sourced primarily from glacier surface meltwaters exiting at the
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grounding line, can be observed at the surface of the fjord near the KNS grounding
line in late-spring and summer each year, following ice tongue disintegration. Analysis
of time-lapse imagery from 2012 shows that nearly all of the observed plumes on the
fjord surface (~97%) occurred along the western half of the calving front (Figures 5.3a
and 5.4a, plumes 1-5). We note, however, that due to the restricted view from the
time-lapse camera, it is possible we are missing occurrences of surfacing plumes on the
eastern side of the calving front. Nevertheless, the surface expression of plumes west
of the calving front centre for nearly all of the melt season suggests consistent delivery
of meltwater, via a network of several subglacial channels, at corresponding locations
along the glacier grounding line (e.g., Slater and others, 2017b). In instances where
there is only one large plume visible on the fjord surface, it is impossible to tell which
subglacial channels are ‘active,” or if the channel network is unstable, particularly if
one channel is dominant. Several channels could have persisted from the previous melt
season, sustained by the release of frictional meltwater generated from basal sliding or
from surface melt runoff due to an early on-set to the melt season, thereby promoting
the high melt rates observed in May 2012 under the western side of the ice tongue (e.g.,
Figure 5.3a). In addition, the presence of plumes at the fjord surface later in the 2012
melt season is likely augmented by the draining of the ice-dammed lake Isvand, present
on the bedrock ridge behind the western side of the KNS terminus. Isvand drained
sometime between 01 and 17 August, as evident by a decrease in lake surface area by

~7 km? between the two dates (as observed from Landsat 7 imagery).

The surface expression of plumes is infrequent in 2013 (Figure 5.4b), likely due to the
much lower catchment-wide surface runoff volume across the melt season (2.1 and 4.8
km? for May to October 2013 and 2012, respectively, based on degree day estimates),
resulting in smaller subglacial discharge at the grounding line and fewer plumes reaching
the surface of the fjord (e.g. Slater et al. 2015, Carroll et al. 2016). In addition, the
surface expression of plumes occurs much earlier in 2012 (day 156) than 2013 (day 199),
likely due to the warmer air temperatures observed in 2012 (Figure 5.4¢) causing both

an earlier break-up of the ice tongue and an earlier on-set of the melt season.
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5.4.3 Subglacial hydrology network

The spatial pattern of our submarine melt rate estimates for 2013 changes between
March and May, with higher melt rates under the eastern side of the ice tongue in mid-
March, followed by higher melt rates under the western side of the ice tongue by the end
of May (Figure 5.3b,c), suggesting a change in the primary location of subglacial plumes
exiting the glacier. In 2014, our melt rate estimates are again higher beneath the eastern
side of the ice tongue, potentially indicating an oscillating subglacial hydrological
network beneath KNS, with the main subglacial channels shifting between the western

and eastern side of the ice tongue.

Results from our hydropotential analysis suggest that the location of the emerging
subglacial runoff is sensitive to subtle changes in subglacial water pressure. Using a
basal water pressure from 90 to 100% of the ice overburden pressure predicts a major
subglacial channel on the far eastern side of the calving front, as well as two smaller
channels on the western half of the calving front (Figures 5.3b,d-e and S2.5b,c). This
channel configuration is consistent with the higher melt rates on the eastern side of
the fjord that we observe in March 2013 and May and June 2014. Reducing the basal
water pressure to anywhere from 10 to 80% of ice overburden results in a significant
change in inferred channel location, with a major subglacial channel now predicted on
the western side of the calving front (Figures 5.3a,c and S2.5d-f), closer to where we
see most large plumes emerging at the fjord surface in 2012, and where we observe
higher submarine melt rates under the spring ice tongue. The predicted locations of
subglacial runoff are therefore sensitive to changes in basal water pressure, suggesting
that near-terminus subglacial channels are likely mobile and highly dynamic (e.g. Slater

et al. 2017a).
5.4.4 Calving and ice front shape changes

Further analysis of the 2012 time-lapse imagery reveals that the majority of the calving
events observed during the melt season (~91%) occur where we predominantly see
subglacial plume surface expressions and where we estimated higher submarine melt

rates under the spring ice tongue. The occurrence of increased calving over areas
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of high submarine melting has been observed at tidewater glaciers in central west
Greenland (e.g. Fried et al. 2015) and Alaska (e.g. Bartholomaus et al. 2013), where
calving is driven by thermal undercutting of the ice front via submarine melting (e.g.
O’Leary & Christoffersen 2013). These areas of increased calving can create pronounced
embayments along the calving front, often located above subglacial outlet channels (e.g.
Chauché et al. 2014, Fried et al. 2015), and as we observe along the western half of
the KNS ice front during the 2012 melt season (Figure S2.6). As we have limited
time-lapse imagery for 2013 and no imagery for 2014, we cannot determine whether the
relationship between subglacial plume presence, submarine melting and calving holds
true for other years at KNS. Ice velocities approaching the terminus are not significantly
different across the width of the ice tongue in any given year, suggesting a similar ice flux
delivery to the terminus across the calving front. We argue therefore that the presence
of subglacial meltwater plumes has a large influence on localized calving, which must
shift with time along the ice front, or else the terminus planform shape would change
gradually to reflect the dominance of calving that we observe on the western side in

2012.

5.5 Conclusions

Dynamic changes in tidewater glaciers have led to increases in ice discharge from the
Greenland Ice Sheet over recent decades, yet the processes controlling these dynamic
changes remain poorly understood, particularly the role of submarine melting. Here,
using high resolution digital elevation models and ice velocity to estimate submarine
melt rates under the seasonal ice tongue of KNS in southwest Greenland from 2012 to
2014, we reveal significant near-terminus spatial and temporal variations in spring melt
rates. We estimate submarine melt rates of up to 7.3 + 2.3 m d~! under the western
side of the ice tongue in May 2012, with the spatial pattern of melt rate corresponding
to the locations of surface expressions of subglacial discharge plumes during the melt
season of the same year. In addition, the greatest abundance of observed calving in 2012
occurs where we predominately see subglacial plumes. The spatial pattern of estimated
submarine melt rate varies from 2012 to 2014, with areas of higher melt switching

between the western and eastern side of the ice tongue. We attribute these changes to
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a switching of subglacial flow paths, a hypothesis supported by modelled subglacial flow
routing, which shows that the main channel will emerge on either the eastern or western
side of the fjord, dependent on subtle changes in the ratio between basal water pressure
and ice overburden pressure. Our results provide a new empirically-derived link (i.e.,
non-laboratory or modelled result) between the presence of subglacial discharge plumes
(and thus subglacial outlet channel locations) and areas of higher submarine melting
and calving at tidewater glacier termini, and can be used to improve our understanding

of the coupling between tidewater glacier termini and the ocean.
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Chapter 6

Seasonal variations in iceberg
freshwater flux in glacial fjords

from Sentinel-2 imagery

The previous two chapters have investigated submarine melt rates at the terminus
of a large tidewater glacier in southwest Greenland, developing a novel approach using
remote sensing to observe changes in floating ice tongue velocity and freeboard (Chapter
4) and temporally extending its application (Chapter 5). Both of these chapters
have shed light on potential controls on submarine melting, most notably fjord water
temperatures with depth, ice tongue draft and the presence and location of subglacial

discharge plumes exiting beneath the glacier grounding line.

This chapter moves across to the eastern side of the ice sheet to investigate freshwater
fluxes from the submarine melting of icebergs in Sermilik Fjord, southeast Greenland.
Icebergs in glacial fjords have received increasing attention over the last few years (e.g.,
Enderlin et al. 2016, FitzMaurice et al. 2016, Moon et al. 2017, Enderlin et al. 2018),
as they can dominate the freshwater budget by contributing meltwater into the fjord
system once other sources have been reduced (i.e., subglacial discharge outwith the

melt season). This chapter develops a new methodology to derive iceberg freshwater
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fluxes using freely available satellite imagery to estimate iceberg velocity and changes
in fjord ice volume with distance down-fjord. The results provide seasonal variations
in freshwater flux released at depth in Sermilik Fjord, and the method provides an
invaluable tool for monitoring icebergs freshwater fluxes across a range of glacial fjord

systems.

A shortened version of this chapter was submitted for publication in Geophysical

Research Letters in January 2019:

Moyer AN!, Sutherland DA2, Nienow PW! and Sole AJ?3, Seasonal variations in iceberg
freshwater flux in glacial fjords from Sentinel-2 imagery, Geophysical Research Letters,
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Abstract

Iceberg discharge has been estimated to account for up to 50% of the freshwater flux
delivered to fjords surrounding the Greenland Ice Sheet. The amount, timing and
location of meltwater produced via submarine melting of icebergs can significantly
impact local fjord water circulation and heat budget, with implications for glacier
dynamics, nutrient cycling and fjord productivity. Here, we use Sentinel-2 satellite
imagery to examine seasonal variations in the size and distribution of open-water
icebergs (i.e., excluding the ice mélange) in Sermilik Fjord, southeast Greenland
during summer and autumn 2017. Icebergs are identified and delineated using spectral
properties, and submerged volumes are estimated using an assumed relationship with
iceberg surface area. Distinct icebergs are visually-tracked throughout the year,
allowing for the estimation of average iceberg velocities. Using these estimated velocities
and changes in total iceberg volume with distance down-fjord from the Helheim Glacier
terminus, we estimate integrated 2-month freshwater fluxes along the length of the
fjord of ~1270 4 650, 1200 & 610, 3410 £ 1740, and 1150 £ 590 m3 s~! for June-July,
July-August, August-September and September-October, respectively. Furthermore,
freshwater fluxes decrease with distance from the head of the fjord while on average
~86% of total iceberg volume is lost before reaching the fjord mouth. The method
utilized offers a simplified approach for estimating both spatial and temporal variations
in iceberg freshwater flux entering glacial fjords, without recourse to expensive field
data collection or complex processing of commercial satellite data, thereby providing
an invaluable tool for monitoring iceberg freshwater fluxes across a range of Greenlandic

fjords.

6.1 Introduction

Recent studies have shown that meltwater fluxes from icebergs can dominate the
freshwater budget in glacial fjords surrounding the Greenland Ice Sheet (Enderlin
et al. 2016, Moon et al. 2017). The amount, timing and location where meltwater
from icebergs enters the fjord has important glaciological and ecological implications.

The energy lost through the melting of icebergs and the input of cold freshwater
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at various depths in the water column alters the amount of heat reaching tidewater
glacier termini (Enderlin et al. 2016), with implications for terminus submarine melt
rates. This is of particular importance, as submarine melting of glacier termini has
been proposed as a trigger for glacier calving, retreat and acceleration (O’Leary &
Christoffersen 2013, Luckman et al. 2015). The input of freshwater at various fjord
locations and depths also alters fjord salinity gradients, impacting not only buoyancy-
driven circulation important to submarine melting, but also nutrient budgets and
associated primary productivity and thus fishery stocks crucial for local economies

(e.g., Rose 2005, Smith Jr. et al. 2013).

Previous studies have used either models (e.g., Mugford & Dowdeswell 2010, Moon
et al. 2017) or remote sensing methods (e.g., Enderlin & Hamilton 2014, Enderlin
et al. 2016) to estimate iceberg melt rates and freshwater fluxes into glacial fjords.
Moon et al. (2017) modelled iceberg melt using oceanographic and reanalysis data and
modelled buoyant plume velocities to account for iceberg melting above, below and at
the waterline. While providing a valuable methodology, modelling iceberg melt and
freshwater flux is very complex, relying heavily on both sparse field data (e.g., ocean
temperature and salinity, water velocity, air temperature and wind speed) and poorly
constrained model parameterizations. Enderlin and Hamilton (2014) and Enderlin et al.
(2016) used changes in iceberg freeboard derived from high-resolution digital elevation
models (DEMs) to estimate iceberg volume loss, from which area-averaged iceberg
melt rates and fluxes were derived. Both of these methodologies are impressive in their
scope and conclusions; they are however both very user-intensive (i.e., hand-digitizing
hundreds of icebergs), data-heavy, expensive (i.e., commercial satellite data and field
data collection costs) and time-consuming. In addition, both methods assume standard
iceberg underwater shapes, which significantly affects estimates of the submerged

surface area and thus derived iceberg melt and freshwater fluxes.

Here, we use freely available Sentinel-2 satellite imagery from summer and autumn
2017 to estimate iceberg velocity and changes in iceberg volume with distance down-
fjord from the Helheim Glacier terminus in Sermilik Fjord, east Greenland, assuming

a constant iceberg surface area to volume relationship. These data are utilized to
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generate seasonal, spatial estimates of iceberg freshwater flux into Sermilik Fjord, and
our methodology can be transferred easily to other glacial fjords, thereby providing a

valuable tool for generating widespread iceberg freshwater flux estimates.

6.2 Physical setting

We use Sermilik Fjord in east Greenland as our study site (Figure 6.1a), as there are
numerous oceanographic and glaciological measurements taken here (e.g., Straneo et al.
2010, 2011, Sutherland et al. 2014a,b, Kehrl et al. 2017), as well as previous estimates
of iceberg freshwater flux (e.g., Enderlin et al. 2016, Moon et al. 2017, Sulak et al.
2017). At the head of the fjord are three large tidewater glaciers: Helheim, Fenris, and
Midgard. Of these, Helheim Glacier is the most prolific iceberg producer, ~25 Gt a~!

! near the terminus (Kehrl et al.

(Enderlin et al., 2014), reaching speeds up to 11 km a~
2017). After exiting the ice mélange, which extends ~20 km from the terminus, icebergs
travel south for ~80 km before reaching the fjord mouth and the Irminger Sea. GPS-
tracked icebergs from September 2012 and August 2013 show movement of ice within
the fjord (see Figure 2.11) and while there is some inner-fjord iceberg recirculation,
there is an overall net down-fjord movement of icebergs over time. Mooring data
from the fjord in summer show a fresh, cool Polar Water layer (0 - 0.5 °C) at depths
between ~100 - 200 m underlain by a layer of salty, warm Atlantic Water (up to 5.2

°C) (Sutherland et al. 2014b, Jackson et al. 2014).

6.3 Methodology

6.3.1 Estimating iceberg surface area and volume

To derive estimates of iceberg surface area in Sermilik Fjord, we use seven Sentinel-2
images covering the full extent of the fjord, acquired between July and November 2017
(Table 6.1). Images were selected based on the presence of little to no cloud and sea ice
cover, which excluded all images prior to July and many autumnal images. We only
use the near-infrared band (band 8), with a spatial resolution of 10 m. All images were

converted to Top of Atmosphere Reflectance (TOA) by dividing the digital number
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Figure 6.1: (a) Sermilik Fjord from a Sentinel-2 image on 28 July 2017, including three
large tidewater glaciers: Helheim (H), Fenris (F), and Midgard (M). White boxes are areas
of the fjord included in the analysis, the green box indicates the location of (b,c) and
the orange box indicates the location of (d); orange and pink triangles indicate locations
of PROMICE MIT and DMI weather stations, respectively; (b) automatically classified
iceberg polygons (from 28 July 2017), highlighting pixels with TOA reflectance values >
0.13; (c) sample polygon tracking for velocity estimation for two distinct icebergs between
28-31 July; (d) terminus positions for Helheim Glacier, hand-digitized from Sentinel-2 and

Landsat 8 band 8 imagery.

of each pixel by the quantification value provided in each image’s metadata (Gatti
& Bertolini 2015). We then applied a threshold to each image in order to separate
ice pixels from those containing water. A threshold value of 0.13 was used for all
summer images, chosen from a wide range of threshold values to best separate ice and
water pixels. Due to lower lighting conditions in the autumn, we used a threshold
value of 0.30 for the November image. Pixels with values greater than or equal to our
chosen thresholds were automatically classified as ice (Figure 6.1b). We then connected

adjacent ice pixels into polygons, which were identified as icebergs. For each image,



CHAPTER 6. SEASONAL VARIATIONS IN ICEBERG FRESHWATER FLUX 105

we visually inspected all polygons, manually dividing any erroneously joined pixels
into separate icebergs. Surface area was then calculated for each iceberg polygon and

summed per section of the fjord (see white boxes in Figure 6.1a).

Table 6.1: Area of fjord analysed, number of icebergs, total iceberg area, percent of fjord

covered by ice and volume for each 2017 Sentinel-2 image.

Image Fjord No. of | Total Iceberg | Ice-covered | Total Iceberg Volume (km?)
Date | Area (km?) | Icebergs | Area (km?) | % of Fjord [normalized by area]
23/07 721 39,909 49+ 7 6.8 £ 1.0 4.7 £+ 2.1 [0.0065]
28/07 721 34,813 50 £ 8 6.9+ 1.1 5.2 £ 2.3 [0.0072]
30/07 658 32,494 57+ 9 8.7+ 1.3 5.6 £ 2.5 [0.0085]
04/08 469 19,028 28 £ 4 6.0 £ 0.8 2.9 + 1.3 [0.0061]
14/08 628 44,186 55 + 8 8.8 £ 1.2 5.2 £ 2.3 [0.0083]
17/08 613 33,371 48 £ 7 7.8 £1.2 4.9 £+ 2.2 [0.0080]
13/09 721 37,304 46 +£ 7 6.4 £ 1.0 4.0 + 1.8 [0.0055]
02/11 628 14,467 20 £ 3 3.24+0.5 2.1 £+ 0.9 [0.0033]

Iceberg volume was estimated by applying an empirical surface area to volume
relationship, as previously developed for Sermilik Fjord by Sulak et al. (2017). In
their study, icebergs were hand-delineated from Worldview DEMs of Sermilik Fjord
between 2011 and 2014, from which they estimated both above and below waterline
iceberg volume. A general power law was then fitted between iceberg surface area (A)

and estimated iceberg volume (V') (Sulak et al. 2017):

V =6.04'3 (6.1)

We assume that this relationship between iceberg surface area and volume holds true
for other years in Sermilik Fjord, as we do not expect significant changes in calved
ice properties or fjord water density. We recognize the uncertainty in the calculated
power law constant and exponent, and we account for this in our estimation of iceberg

freshwater flux uncertainty (see Section 6.3.4). In addition, as the unequal areas of
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each fjord section could lead to false trends in surface area with distance down-fjord,
we normalized each section’s summed iceberg volume by dividing by the total area of

the fjord section.
6.3.2 Estimating iceberg velocity

Iceberg velocity was estimated by visually tracking distinctly shaped icebergs through-
out a collection of 16 Sentinel-2 images between early June and mid-September 2017.
Six distinctly shaped icebergs were identified and hand-delineated from band 8 imagery.
The straight-line distance moved by the centre of each iceberg between successive im-
ages was measured, and velocity was estimated by dividing this distance by the time
between images (Figure 6.1c). As it is unlikely that icebergs move in a linear fashion,

our estimates of both distance and velocity are considered minimums.
6.3.3 Estimating iceberg freshwater flux

Following Sutherland et al. (2014a), we assume that mean iceberg movement is down-
fjord, and that icebergs lose volume with movement due to melting. Thus it is possible

to estimate iceberg freshwater flux using the change in volume with time (%/, m3 s71)

and distance (%, m?® m~!), and iceberg velocity (u):

oV oV

ot T Yss

FWfluac = S

(6.2)
We also assume that there is a constant rate of change of iceberg volume with distance
down-fjord. This allows us to set the first term on the right-hand side of Equation 6.2
to zero. Justification for this assumption is shown in Section 6.4.2. Our freshwater
flux estimates are integrated 2-month meltwater fluxes for the two months prior to the
date of each Sentinel-2 scene, as it takes icebergs approximately 2 months to travel
the length of the fjord (as estimated using mean iceberg velocity). For example, the
freshwater fluxes derived from the image acquired on 13 September are integrated fluxes

from mid-July to mid-September, as ice near the mouth of the fjord on 13 September
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would have been located near the head of the fjord in mid-July. Throughout this paper,

freshwater fluxes are temporally identified by the satellite image acquisition month.

Our analysis excludes all areas of the fjord covered by ice mélange, limiting our analysis
to areas 37 km or greater in distance down-fjord from the Helheim Glacier terminus.
In addition, we exclude both embayments found on the western side of the fjord
(Figure 6.1a), as icebergs can become stuck here, not following the down-fjord trend in

movement assumed by our methodology.
6.3.4 Iceberg freshwater flux uncertainty

We trace potential uncertainty throughout our analysis using standard error propaga-
tion methods to estimate the effect of errors in both iceberg volume and velocity on our
freshwater flux estimates. Uncertainty in iceberg volume can be derived from two main
sources: the calculation of iceberg surface area from the thresholding of Sentinel-2 im-
agery and the conversion of these calculated surface areas to volume using the assumed
relationship from Sulak et al. (2017). Uncertainty in iceberg surface area is mainly
due to mixed pixels from automatically identifying icebergs via thresholding. Pixels
along the perimeter of icebergs may be a mix of both water and ice, yet these are all
classified as ice in our analysis. To estimate the extent of this potential overestimate,
we calculated the surface area of a 1-pixel (i.e., 10 m) band along the inside of the
perimeter of each large iceberg. We chose only to use large icebergs (> 10° m?) for
this uncertainty estimate, as they make up the bulk of the fjord-wide iceberg volume.
On average, automatically thresholding icebergs can overestimate the surface area by
~12 to 18% of each iceberg, which we then applied to our fjord-wide surface areas.
For the conversion of iceberg surface area to volume, we used the uncertainty cited by
Sulak et al. (2017) for their power law equation (6.0 £ 2.59 and 1.3 &+ 0.04 for a and
b, respectively, in V = 6.0413).

We apply a conservative 50% uncertainty range to our iceberg velocity estimates, as it
is unlikely that icebergs move in a linear fashion between two Sentinel-2 scenes. There
is also uncertainty associated with using a linear regression to characterize iceberg

volume change with distance from the glacier terminus. Using the mean change in
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area-normalized iceberg volume with distance for all scenes to estimate freshwater fluxes

results in standard error of ~1.2 m® m~2 per km down-fjord.

6.3.5 Estimating surface melt over Helheim, Fenris and Midgard

Glaciers

In order to compare our iceberg freshwater fluxes with other fluxes in the fjord system,
we estimate surface melt over the Helheim, Fenris and Midgard glacier catchments
(Lewis 2009), which we assume all exits each glacier at its respective grounding line. We
use a positive degree day (PDD) approach (Hock 2003), with degree day factors for snow
and ice of 3 and 9 mm °C d~!, respectively (Fausto et al. 2009, Box 2013, Enderlin &
Hamilton 2014) and a threshold snow melt temperature of 0 °C. Daily air temperature
data for 2017 were acquired from a Geological Survey of Denmark and Greenland
PROMICE weather station located ~78 km SE of the Helheim Glacier terminus (Figure
6.1a; Ahlstrgm et al. 2008), and adjusted to glacier elevations using a Greenland-wide
mean annual lapse rate of 6.8 °C km~! (Fausto et al. 2009). Precipitation data were
acquired from the Danish Meteorological Institute (DMI) weather station in Tasiliaq,

approximately 90 km SE of the glacier terminus (Figure 6.1a; Cappelen, J. (ed.) 2018).

6.4 Results and discussion

6.4.1 Iceberg velocity

Velocities from our visually-tracked icebergs range from 0.0002 £ 0.0001 to 0.14 +
0.07 m s~!, with an average velocity of 0.018 4 0.009 m s~!, and show an overall
down-fjord trend in movement (Figure 6.2; Table 6.2). Despite large uncertainty,
these velocities are in good agreement with down-fjord velocities measured using GPS-
trackers in Sermilik Fjord in summer 2017, which averaged 0.017 m s~! (D. Sutherland,
unpublished data). Similarly, we find that along-fjord velocities, particularly down-
fjord velocities, are much higher than across-fjord velocities (Figure 6.2), and generally
increase with distance down-fjord upon approach to the shelf break (as reported

by Sutherland et al. 2014a). Due to the uncertainty surrounding our velocity
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measurements, we only use the mean iceberg velocity, 0.018 m s~!, to estimate

freshwater fluxes.
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Figure 6.2: Visually-tracked iceberg velocities down-, up- and across-fjord for six icebergs,
where each colour represents a different iceberg, and wind speed (dashed line) from

PROMICE MIT weather station (see Figure 6.1a for location).

Table 6.2: Initial surface areas and minimum, maximum and mean velocities for visually-

tracked icebergs.

Iceberg | Initial Surface Area (km?) | wpmin (m 871 | Upmee (m s71) u (ms™1)
1 0.58 4+ 0.09 0.003 0.068 0.018 £+ 0.009
2 0.43 + 0.06 0.0004 0.14 0.022 £ 0.011
3 0.39 £ 0.06 0.0002 0.048 0.024 4+ 0.012
4 0.39 4+ 0.06 0.003 0.031 0.012 £ 0.006
9 0.57 + 0.09 0.0004 0.040 0.012 £ 0.006
6 0.46 + 0.07 0.004 0.042 0.017 4+ 0.009

6.4.2 Iceberg volume distributions

Total iceberg volume estimated for our study area ranges from 2.1 km? in early

November to 5.6 km? in late July (Table 6.1), covering approximately 3.2 and 8.7%
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of the analyzed fjord surface, respectively. Although there is a greater abundance of
smaller icebergs (< 10* m3, 79 to 88% of all icebergs) in all months of our study period,
larger icebergs (> 10° m?®) dominate the fjord’s iceberg volume, on average making up
84% (Figure 6.3). This iceberg volume class distribution is similar to that seen in
other Greenlandic fjord systems (e.g., Rink, Kangerlussuup, and Ilulissat), as well as
previously observed in Helheim Fjord (e.g., Enderlin et al. 2016, Sulak et al. 2017).
While variable through time, there is a strong and statistically significant (p-values
from 1.0 x 1071% to 0.002) observational decrease in area-normalized iceberg volume
with distance down-fjord from the Helheim Glacier terminus throughout our study

period (Figure 6.4).
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Figure 6.3: Percent of total count (hatched bars) and total volume (coloured bars) of all

icebergs classified by volume for each Sentinel-2 image.

September has both the highest volume of icebergs near the head of the fjord as well
as the lowest volume of icebergs towards the mouth of the fjord, with iceberg volume
dropping rapidly by mid-fjord (kms 61-64; Figure 6.4d). This distribution could result

from a combination of increased iceberg calving rates in the months prior (Sulak et al.
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Figure 6.4: Area-normalized iceberg volume with distance down-fjord from the Helheim
Glacier terminus for (a) all analysed Sentinel-2 scenes, (b) July scenes, (c) August scenes,
(d) September scenes, and (e) November scenes. Dashed black lines are either linear
(a-c) or log (d-e) regressions between area-normalized iceberg volume and distance down-
fjord. P-values for regression significance are shown. Coloured shading indicates 1o around

regressions.

2017) and warmer fjord-water temperatures in September (Moon et al. 2017). Due to
the presence of a thick ice mélange, there is a lag between when icebergs calve from the
glacier terminus and when they enter the open-water part of the fjord (i.e., where we
begin our measurements 37 km down-fjord from the terminus). This lag time varies from
year to year in Sermilik Fjord, and has been previously estimated as between 16 and
39 days in September 2012 and over 120 days in August 2013 (Sutherland et al. 2014a).

Based on average ice mélange speed in summer 2017 (estimated here from tracking
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distinctive icebergs caught in the mélange), icebergs spend ~2 months travelling through
the mélange before they reach the open fjord. As such, generally higher iceberg calving
fluxes from late June to early August (Sulak et al. 2017) would not be reflected farther
down-fjord until September, when we see higher iceberg volumes near the fjord head
(Figure 6.4d). In addition, large, tabular calving events can accelerate the ice mélange
and flush a considerable volume of ice into the open fjord (e.g., Amundson et al. 2010,
Murray et al. 2013). For example, a large calving event (~5 km? in surface area)
occurred between 31st July and 02 August 2017 (Figure 6.1d), which accelerated the
ice mélange velocity from ~40 m d~! to just over 4 km d~! and pushed a large volume
of ice closer to the open fjord. A similar event occurred between the 14th and 17th of
August (~4 km? in surface area), releasing more ice into the mélange and subsequently,

open fjord, where their volume is reflected in our September estimates.

Warmer waters in Sermilik Fjord in September could cause a rapid decrease in
iceberg volume consistent with our observations. On average, reported fjord water
temperatures at various locations along Sermilik Fjord in the summer are cool just
below the surface (between approximately -1.5 and 0.5 °C), warming up to 4 °C at 450
m depth (Sutherland et al. 2014b, Moon et al. 2017). Average measurements taken in
the autumn, from September to November, show both a warmer surface layer (between
0.5 and 1.5 °C, < 100 m depth) and an extended warm layer between 100 to 250 m
depth (Moon et al. 2017). In addition, water on the East Greenland Shelf (which
eventually enters Sermilik Fjord) typically increases in temperature throughout the
autumn (Straneo et al. 2010). Warmer waters at middle depths in the water column
accelerate iceberg melting, as larger icebergs have their keel depths here (e.g., Barker
et al. 2004, Enderlin & Hamilton 2014, Enderlin et al. 2016), while warmer surface
waters accelerate the melting of smaller bergy bits and growlers. A combination of
both warmer surface and mid-depth waters would thus reduce iceberg volume more
rapidly moving down-fjord, as compared to months with cooler water temperatures.
Lower calving fluxes in September and October (Sulak et al. 2017), in combination
with warmer fjord waters, likely result in the iceberg volume distribution observed in

November (i.e., low volumes both near the head and mouth of the fjord; Figure 6.4e).
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We assume that iceberg volume has a constant rate of change with distance down-fjord
during our study period. To test this assumption, we analysed the slopes of our linear
and log regressions for each Sentinel-2 scene used in our analysis. If iceberg volume has
a constant rate of change, the slopes of our regression lines should not be significantly
different. As seen in Figure 6.5, our six regression slopes for the months of July and
August (whether linear or log fits) all fall within approximately two standard deviations
of each other, indicating our assumption is valid for these months. However, the slopes
for September and November fall outside these standard deviation bounds, indicating
a different distribution of iceberg volume in the fjord during those two months. It is
likely that increased calving in the two months prior result in the large volume of ice
we see at the head of the fjord in September, which promotes a more negative slope in
our relationship between iceberg volume and distance down-fjord. Without additional
September scenes for comparison, it is difficult to confirm if this spatial relationship is
consistent throughout the month. As such, based on the relationship we have for one
scene, freshwater fluxes near the head of the fjord for September may be skewed too
high, and should be considered maximum fluxes. We also note that our methodology
would likely not work in a fjord where icebergs tend to form flotillas and move down-
fjord as large units, as previously seen in Rink Fjord (Sulak et al. 2017) and which

would affect the relationship between volume and distance.
6.4.3 Freshwater flux from icebergs

Iceberg freshwater fluxes in Sermilik Fjord vary both seasonally and with distance down-
fjord from the Helheim Glacier terminus (Figure 6.6). Freshwater flux from icebergs
peaks across August and September, reaching approximately 3410 & 1740 m? s~! along
the length of the fjord (Figure 6.6a). Iceberg freshwater flux is relatively constant
throughout June, July, October and November, ranging between 1150 + 590 and 1270
+ 650 m? s7! (Figure 6.6a). As with iceberg volume distributions, temporal variations
in freshwater flux likely reflect seasonal ocean temperatures and calving fluxes, with
warmer waters from September to November enhancing iceberg melt and generating
greater freshwater fluxes. Similar seasonal patterns have been seen in modelled iceberg

melt rates and fluxes (e.g., Mugford & Dowdeswell 2010, Moon et al. 2017), which
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Figure 6.5: Slopes of (a) linear and (b) log regressions between area-normalized iceberg
volume and distance down-fjord from the Helheim Glacier terminus. Bars indicate 2 standard

deviations from the slopes.

show peak iceberg melt in early September, primarily due to warmer surface waters.
In addition, our estimated iceberg freshwater fluxes peak later in the summer than
our modelled subglacial discharge from Helheim, Fenris and Midgard Glaciers (Figure

6.6a), which peaks around 1400 m® s~! on 26 July 2017.

Iceberg freshwater fluxes are highest near the head of the fjord (Figure 6.6b) where
iceberg surface areas are largest, peaking at ~2800 4 1430 m?® s~! between 37 and
64 km down-fjord of Helheim Glacier for the two months prior to our mid-September
scene (Figure 6.6¢). As icebergs with larger surface areas have deeper drafts, a higher
percentage of ice near the head of the fjord will be exposed to the warmest (up to 5.2
°C) waters located at depth in the water column, promoting higher levels of submarine
melting and increased freshwater flux. Icebergs with smaller drafts located down-fjord
will sit in the cooler Polar Water layer, leading to comparatively smaller meltwater
fluxes. The spatial pattern in our estimated iceberg freshwater fluxes is similar to that
modelled by Moon et al. (2017), who showed a general decrease in freshwater flux with
distance from the Helheim Glacier front, with a reduction of ~50% in the summer

between 20 - 40 km and 80 - 100 km down-fjord. This is comparable to our July and
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Figure 6.6: (a) Integrated 2-month iceberg freshwater fluxes for full length of Sermilik
Fjord (bold lines spanning duration of flux, with dashed uncertainty boxes) and modelled
subglacial discharge (Qsy) from Helheim, Fenris and Midgard glaciers (thin line) through
time; (b) integrated 2-month iceberg freshwater fluxes with distance from the glacier
terminus, where dashed vertical lines represent uncertainty in flux estimates. Note that
for clarity, the dashed uncertainty lines for each month are slightly separated from their
respective points; (c) the same freshwater fluxes in (b), but now including iceberg freshwater
flux from 37-64 km down-fjord for the September scene (~2800 m3 s~!) which was not

shown in (b) to allow for easier visualization of the other scenes.
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August freshwater flux estimates, which both decrease by ~60% between 37 - 64 km
and 93 - 112 km down-fjord (Figure 6.6b).

Iceberg freshwater fluxes are also greatly influenced by water velocities both at the
surface of the fjord and at depth, with fluxes increasing with velocity (Moon et al.
2017, Enderlin et al. 2018) in line with theoretical considerations of submarine melt
(Jenkins 2011). For example, a four-fold increase in deep-drafted iceberg melt rate
was observed previously in Ilulissat Icefjord between late March and early April 2011,
likely driven by an increase in turbulent-driven melt rate at depth due to an increase in
water velocity triggered by a large calving event (Enderlin et al. 2018). Water velocities
in Sermilik Fjord have been observed to vary significantly over a range of timescales,
driven in part by velocity pulses from the shelf outside the fjord mouth (Jackson et al.
2014) and likely in part by subglacially melt driven fjord circulation (Cowton et al.
2015). Past observations in Sermilik Fjord show water velocities ranging from 0 - 0.8
m s~ (Jackson et al. 2014), fluctuating on timescales as short as three to ten days
and showing a slight reduction in velocity in June and July (as compared to September
through May). Water velocities of down-fjord currents are also expected to increase
with increasing subglacial runoff into the fjord system (Cowton et al. 2015), which
peaks in late July with a secondary peak in early September 2017 (Figure 6.6a). As
such, high water velocities in the late summer and autumn could be contributing to

our large freshwater fluxes estimated across August and September.

We also estimate a first order approximation of the percentage of ice leaving the fjord
as solid flux. We take the difference in normalized ice volume between our first (12.0
m? m~2) and last (2.3 m® m~2) fjord sections, as averaged for all the Sentinel-2 scenes
used in our study (Figure 6.4a), as an estimate of the percentage of solid ice lost to
melting in the fjord. However, a significant amount of iceberg volume is likely lost
in the mélange before the icebergs reach our first fjord section ~37 km down-fjord of
the Helheim Glacier terminus. Previous studies in Greenland indicate that anywhere
from 10 to 49% of ice volume is lost to the melting of icebergs in the ice mélange

(e.g., Enderlin et al. 2016). We therefore increase the normalized ice volume in our

first fjord section by 30% to estimate the initial volume of ice originally calved from
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Helheim Glacier, giving a value of 15.6 m® m™2. We assume that the vast majority of
icebergs, particularly the large full-thickness icebergs that account for most of the fjord
iceberg volume, originate from Helheim Glacier, as a record of calving fluxes spanning
nearly a decade shows that the calving fluxes from both Midgard and Fenris glaciers,
located in the far northeast (Figure 6.1a) of Sermilik Fjord, are < 10% of the flux
estimated for Helheim (Moon et al. 2017). For the months of July, August, September
and November, we estimate that on average only 14% of the calved input leaves the
fjord as solid flux, indicating that the majority of the calved flux melts within the
fjord thus delivering a significant amount of freshwater at depth to the fjord during the
summer and autumn. Our results therefore support the previous conclusions on the
critical importance of iceberg freshwater flux to the fjord budget (e.g., Enderlin et al.

2016, Moon et al. 2017).

The simple and easily transferable method for deriving iceberg freshwater fluxes in
glacial fjords presented here confirms that iceberg melt contributes a significant volume
of freshwater to the fjord, and that this freshwater enters the water column at depth
along the full length of the fjord. The volume of freshwater generated by the melting of
icebergs in Sermilik Fjord is comparable to the volume of subglacial discharge entering
the fjord throughout the melt season and exceeds the subglacial discharge during spring,
autumn and winter. These findings support the previous work of Enderlin et al. (2016,
2018) and Moon et al. (2017) in Sermilik Fjord, and demonstrate the importance of
iceberg melt for fjord circulation, submarine melt rate (e.g., Enderlin et al. 2016) and
primary productivity (e.g., Rose 2005, Smith Jr. et al. 2013) within fjord systems. In
addition, these findings provide an independent estimate of iceberg melt, which could
be used in future studies to differentiate between iceberg and terminus subglacial melt,

a partitioning that is difficult to model or directly measure in glacial fjords.

6.5 Conclusions

We present a new methodology for estimating iceberg freshwater fluxes along glacial
fjords, using freely available Sentinel-2 satellite imagery to estimate iceberg velocity

and changes in iceberg volume with both distance and time during the summer and



CHAPTER 6. SEASONAL VARIATIONS IN ICEBERG FRESHWATER FLUX 118

autumn of 2017. We estimate iceberg velocities up to 0.14 m s~ !, and find that in
all months of our study iceberg volume decreases with distance from the head of
the fjord (i.e., moving down-fjord away from the Helheim Glacier terminus). We
estimate an integrated 2-month total freshwater flux of ~1270 + 650, 1200 + 610,
3410 + 1740, and 1150 4 590 m? s~! for June-July, July-August, August-September
and September-October, respectively. Iceberg freshwater fluxes peak across August
and September, likely reflecting warmer ocean temperatures and higher calving rates,
and decrease with distance from the glacier terminus. We find that on average 14%
of the ice calved into the fjord exits as solid flux, demonstrating that a significant
volume of freshwater is released at depth along the length of the fjord. The volume
of freshwater generated from iceberg melt is comparable to or greater than subglacial
discharge volume throughout the year, and has important implications for fjord-scale
circulation, submarine melt rates, nutrient availability and primary productivity. Our
method provides a valuable tool for monitoring iceberg freshwater fluxes, and is a valid
alternative to more complex methods for estimating flux from inaccessible fjords with
no or limited field observations. We anticipate that our method and resulting fluxes
could be used for constraining both fjord-scale and ice sheet wide ice-ocean models,
which are critical for understanding future changes to the Greenland Ice Sheet and

surrounding ocean basins.



Chapter 7

Conclusions

The overall aim of this thesis has been to improve our understanding of ice-ocean
interactions at tidewater glaciers, with a particular focus on submarine melting of ice
fronts and freshwater fluxes into glacial fjords. This work has broadly been motivated
by the response of the Greenland Ice Sheet to recent climatic change (and notably to
increased air and ocean temperatures), as demonstrated by the widespread thinning,
acceleration and retreat of tidewater glaciers around the ice sheet margins in the 2000s
(Pritchard et al. 2009, Carr et al. 2013, Murray et al. 2015). Despite the connection
between increased ocean and air temperatures and glacier change (e.g., Seale et al. 2011,
Walsh et al. 2012, Cowton et al. 2018), our understanding of the processes driving
change is limited. This reflects in part the complexity of the processes themselves,
but also the complexity and expense of the methods currently used to understand ice-
ocean processes like submarine melting. Deriving estimates of submarine melt rates and
freshwater fluxes, and developing constraints on these processes, is crucial for improving
the accuracy of fjord and ice sheet scale models used to predict the behaviour of the

Greenland Ice Sheet to future climatic change.

The first section of this chapter summarises the main findings of the thesis as previously
reported in Chapters 4-6. The chapter then brings these findings together and discusses

their wider implications. The limitations of the thesis are discussed, and the chapter
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ends with a consideration of recommendations for the future direction of ice-ocean

research and concluding remarks.

7.1 Summary of findings

The first results section of the thesis (Chapter 4) developed a new approach for
estimating submarine melt rates beneath floating ice tongues in glacial fjords, using the
ice tongue from Kangiata Nunaata Sermia (KNS) in southwest Greenland as a proof-
of-concept study site. High-resolution digitial elevation models over the ice tongue were
created through the interferometric processing of TanDEM-X satellite radar imagery
and maps of ice tongue flow velocity were created by tracking crevasses in the ice
surface from TerraSAR-X imagery. Submarine melt rates beneath the ice tongue were
estimated for March and May 2013 using observational changes in the derived ice

freeboard and flow speed.

Estimated submarine melt rates beneath the ice tongue reach 1.4 + 0.5 m d~! and are
spatially-averaged to 0.8 + 0.3 and 0.7 + 0.3 m d~! beneath the eastern and western
sides of the ice tongue, respectively. Melt rates were found to decrease significantly with
distance down-fjord from the KNS grounding line, approaching 0 m d~! approximately
2.5 km down-fjord near the end of the ice tongue. This result is supported by the
presence of thick sea ice down-fjord, which suggests a very cold surface water layer
allowing for little or no submarine melting. Submarine melt rates also vary across the
glacier terminus, likely driven in part by variations in the ice tongue draft and the
temperature stratification in the fjord, whereby deeper drafted ice sits in the warmer
fjord water found at depth in the water column; thus melt rates are higher here when
compared to parts of the ice tongue with shallow drafts, which sit in relatively cooler
water. In addition, the meltwater flux from basal frictional melting beneath the near-
terminus (up to 11 km from the ice front) grounded portion of the glacier was found to
be of a sufficient magnitude to produce subglacial plumes large enough to generate ice
front submarine melt rates of up to 4 m d=! (Slater et al. 2015). As such, the presence
of basally-derived meltwater plumes exiting at depth in the winter and spring may also

drive some of the across-fjord variability observed in submarine melt rate. These results
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demonstrate the significant potential of the new methodology for analysing in detail
spatial and temporal variations in submarine melt rate at tidewater glacier termini,

and provide insight into some of the key drivers of variability in these melt rates.

In Chapter 5, the same methodology was used to derive submarine melt rates beneath
the KNS ice tongue for an additional two other years (2012 and 2014) in order to expand
the temporal focus of the study. This work was supplemented by summer time lapse
camera imagery close to the glacier terminus (courtesy of Martin Truffer and Mark
Fahnestock at the University of Alaska Fairbanks), which was qualitatively analysed
for the fjord surface expression of subglacial discharge plumes, and for the frequency
of calving events occurring along the length of the terminus. A hydropotential analysis
was also performed to derive the potential subglacial flow routing beneath the grounded
portion of the glacier catchment, allowing for the prediction of subglacial discharge

plume locations along the ice front.

Submarine melt rates beneath the KNS ice tongue were found to vary spatially through
time, with a maximum melt rate of 7.3 4+ 2.3 m d~! estimated beneath the western
side of the ice tongue in May 2012. In May and June 2014, the higher melt rates were
located beneath the eastern side of the ice tongue. This change in the spatial pattern of
melt is in part attributed to variations in the location of the dominant subglacial flow
channel predicted beneath KNS, which can shift between the eastern and western side
of the ice front as driven by small changes in subglacial water pressure. A dominant
subglacial channel will produce a subglacial discharge plume with high velocity and
volume, attributes that increase submarine melting as the plume rises buoyantly along
the ice front (and underside of the ice tongue), as is seen beneath the western side
of the ice tongue in 2012. Submarine melt rates also decrease with distance from
the KNS grounding line across all years considered, attributed again to variations in
fjord water temperature stratification and decreasing ice tongue draft with distance
down-fjord. Analysis of the time lapse imagery found that the majority of the calving
events observed during the 2012 melt season (i.e., May to October) occurred along
the western part of the ice front, where subglacial discharge plumes are predominantly

observed reaching the fjord surface, and where estimated spring ice tongue submarine
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melt rates are highest. These results suggest a highly dynamic hydrological channel
network beneath KNS, and provide a new empirically-derived link between the presence
of subglacial discharge plumes and areas of high submarine melting and calving along

tidewater glacier termini.

The final results chapter develops another new methodology to derive freshwater
fluxes from the melting of icebergs in glacial fjords, using Sermilik Fjord in southeast
Greenland as a proof-of-concept study site. The work was motivated by the current
dearth of iceberg freshwater flux estimates from Greenlandic fjords, despite their
importance to fjord circulation and heat budget (and thus tidewater glacier dynamics),
nutrient cycling and fjord productivity. The method developed here is simple in
comparison to the methods currently used for deriving freshwater flux, namely user-
intensive remote sensing techniques and complex models depending on, at best, sparse
field data (e.g., Enderlin & Hamilton 2014, Enderlin et al. 2016, Mugford & Dowdeswell
2010, Moon et al. 2017). In this results chapter, freely available Sentinel-2 satellite
imagery was used to derive iceberg velocity and changes in iceberg volume with distance
from their source (here, Helheim Glacier), from which seasonal variations in freshwater

flux were estimated.

The estimated iceberg freshwater fluxes in Sermilik Fjord vary seasonally in 2017,
peaking across August and September to deliver ~3410 £ 1740 m? d~! of cold freshwater
along the length of the fjord over the course of two months. This peak in iceberg
freshwater flux occurs later in the year than the peak in freshwater delivered by surface
melt-fed subglacial discharge, which occurs in late July. In addition, the total volume of
freshwater delivered to the fjord via the melting of icebergs is comparable to or greater
than the subglacial discharge volume delivered throughout the rest of the year. The
observed seasonal signal in iceberg freshwater flux is primarily driven by increases in
fjord water temperature as autumn approaches, but also results from increased calving
from Helheim Glacier in the months prior (Sulak et al. 2017). It was also estimated that
on average 14% of the ice calved into Sermilik Fjord exits as solid flux; thus a significant
volume of the calving flux is released as freshwater from iceberg melting at depth during

transit along the length of the fjord. These results support previous work on iceberg
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freshwater fluxes in Sermilik Fjord (Enderlin & Hamilton 2014, Enderlin et al. 2016,
Moon et al. 2017), confirming the importance of icebergs to processes occurring in and
proximal to glacial fjords, including local circulation, wider-ocean circulation, fjord
heat budget, nutrient availability and fjord primary productivity. This new, simple
and easily transferable methodology for deriving iceberg meltwater fluxes in glacial
fjords provides an invaluable tool for monitoring freshwater inputs from icebergs across
a range of Greenlandic fjords. It is anticipated that future results derived from this
method can be used by the scientific community to constrain the ice sheet and ocean-
circulation models that are crucial for understanding future changes to the Greenland

Ice Sheet and surrounding ocean basins.

7.2 Implications of findings

The findings presented in this thesis build upon previous research focused on ice-ocean
interactions and submarine melting in both Kangersuneq and Sermilik Fjords, as well
as at other tidewater glacier systems around Greenland. A number of methodologies
already exist for estimating submarine melt rates of both tidewater glacier ice fronts and
icebergs, which have been discussed in detail (along with their limitations) in Chapter
2. The methodologies developed here provide simpler alternatives for estimating the
outcome of a suite of complex processes, a solution necessary for the widespread

estimation and monitoring of ice-ocean processes in glacial fjords.

The submarine melt rates and meltwater fluxes estimated here are of the same order
of magnitude as other estimates of melt rate (e.g., Motyka et al. 2003, Jenkins 2011,
Christoffersen et al. 2012, Inall et al. 2014, Enderlin & Hamilton 2014, Motyka et al.
2017) and freshwater fluxes (e.g., Enderlin et al. 2016, Sulak et al. 2017, Moon et al.
2017) from tidewater glaciers and icebergs in various fjords in Greenland and Alaska.
The magnitude of the estimated winter and spring submarine melt rates (maximum
of ~7 m d~!) beneath the seasonal ice tongue adjacent to KNS demonstrates the
potential importance of winter melting of tidewater glacier ice fronts, likely driven
in part by subglacial meltwater emerging at the grounding line and sourced from basal

frictional melting (Christoffersen et al. 2012) when there is no surface melt contributing
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to subglacial discharge. Submarine melt rates of the ice front are expected to increase
later in the melt season, when the influence of subglacial discharge plumes, sourced
primarily from surface meltwater, is heightened. As the methodology presented here
relies on the presence of an ice tongue or thick ice mélange in the fjord, a limitation
discussed further in Section 7.3, summer melt rates have not been estimated. However,
an approximate increase in submarine melt volume can be projected using one of the
scalings developed between melt volume and subglacial discharge via ocean circulation
models based on plume theory (e.g., Jenkins 2011, Xu et al. 2012, 2013, Sciascia et al.
2013, Cowton et al. 2015, Slater et al. 2016). These studies proposed power law
relationships whereby submarine melting scales with subglacial discharge to a power
ranging from % to %, dependent on several fjord properties including fjord stratification,
the height of the ice front and the distribution of emerging subglacial meltwaters and
their associated plumes along the ice front. Slater et al. (2016) suggests that an increase
in fjord water temperature by 1 °C, a temperature difference observed in glacial fjords
between winter and summer (Mortensen et al. 2013), combined with a 25% increase in
subglacial dicharge, results in an increase in submarine melting by up to ~50%. The
increase in submarine melting is expected to be even higher transitioning into the melt
season at KNS, as subglacial discharge is on average doubled between late-May and mid-
July (see Figure 5.4e). It is, however, important to note that the associated decrease
in plume temperature (i.e., thermal forcing) with increased subglacial discharge may
outweigh the associated increase in plume velocity (which would normally increase
submarine melting), resulting in decreased localised melting surrounding the plume

near the glacier grounding line (Slater et al. 2016).

As predicted for tidewater glacier ice fronts, using theory-based ocean models incorpo-
rating plumes (e.g., Kimura et al. 2014, Cowton et al. 2015, Slater et al. 2015, Carroll
et al. 2016), the spatial pattern of estimated submarine melting beneath the KNS ice
tongue is in part controlled by the subglacial hydrological channel network. Locations
of high submarine melt rates beneath the spring ice tongue coincide with the locations
along the ice front of emerging subglacial channels, as predicted by hydropotential flow

routing and visually confirmed using time lapse camera imagery of the fjord surface. It
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should be noted that the submarine melt rates provided in this thesis are derived for
the sloping winter ice tongue in front of KNS, and not the actual ‘summer’ glacier ice
front itself, whatever that geometry may be; for example, near-vertical, gently sloping
or undercut. Nevertheless, it is argued that the ice tongue melt rates act as a proxy
to ice front submarine melting, at least regarding the spatial pattern of melt, and they
provide valuable information about the hydrological system leading into the mélange
and thus affecting the glacier ice front itself. In addition, the fact that the melt rates
estimated here are of similar magnitude to those estimated elsewhere in Greenland for
tidewater ice fronts (on the order of 1 to 10 m d~!) increases the confidence in the

magnitude of the derived melt rates and in the validity of the method.

The spatial patterns revealed in the observed submarine melt rates can help to improve
our understanding of tidewater glacier terminus behaviour. Numerous studies have
suggested that changes in glacier dynamics are driven by both oceanic and atmospheric
warming, resulting in ice acceleration and augmented mass loss through increased
calving (e.g., Howat et al. 2007, Holland et al. 2008, Nick et al. 2009). Fried et al. (2015)
used direct multibeam sonar measurements of the Kangerlussuup Sermia ice front in
central West Greenland to demonstrate that distributed submarine melting severely
undercuts the terminus, an observation also predicted recently by models (Carroll
et al. 2016, Slater et al. 2017b). When intersected with surface crevasses, undercutting
can promote increased calving and the formation of embayments along the ice front,
often located above larger subglacial outlet channels (O’Leary & Christoffersen 2013,
Chauché et al. 2014, Fried et al. 2015). The pattern of submarine melt rate estimated
for the KNS ice tongue supports this previous observation, as areas of high melting,
connected with subglacial discharge plume outlet locations along the grounding line,
coincide with the location of a calving embayment observed on the western side of the
ice front in 2012 (see Figure S2.6). The spatial patterns and magnitudes of estimated
submarine melting could also be compared with observed terminus retreat over longer
timescales, which would provide additional information about the coupling between

oceanic warming and tidewater glacier behaviour.

Tidewater glacier retreat is expected when ice front submarine melting outpaces
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glacier ice velocity near the grounding line. However, submarine melt rates less than
the glacier ice velocity can still impact the ice front position in a number of ways,
including through the aforementioned promotion of calving via terminus undercutting
and through increased stress potentially leading to the removal of ice front promontories
(e.g., Benn et al. 2007, O’Leary & Christoffersen 2013, Todd & Christoffersen 2014,
Carroll et al. 2016). As many fast flowing tidewater glaciers are retreating faster than
any estimates of submarine melt rate, it is likely that submarine melting acts as a

catalyst to calving and retreat, rather than causing direct changes in terminus position.

The distribution and magnitude of freshwater flux from the melting of icebergs in
glacial fjords (as derived in Chapter 6) has several important implications for fjord
characteristics, including circulation, heat budget, light and nutrient availability and
primary productivity. The input of freshwater in the fjord system at various depths
and locations along the length of the fjord alters both the temperature and salinity
stratification of the water column (Cape et al. 2019), with increased freshwater input
tending to enhance stratification and thus stabilize the upper water column (Smith Jr.
et al. 2013). The introduction of cold meltwater to the fjord from the melting of icebergs
alters the heat content of the waters reaching the head of the fjord (e.g., Enderlin et al.
2016), cooling the water before it reaches the glacier terminus and reducing submarine
melting of the ice front. This in turn influences overall tidewater glacier behaviour, as
the submarine melting of ice fronts has been suggested as a driver of glacier acceleration,
thinning and retreat (e.g., Nick et al. 2009, O’Leary & Christoffersen 2013, Luckman
et al. 2015). Despite this potential reduction in heat reaching their termini, tidewater
glaciers are still retreating all around the ice sheet; this suggests that the reduction
in heat must not be significantly limiting submarine melting of ice fronts, at least not

enough to dominate ice front position change.

The local upwelling driven by iceberg movement and melting in glacial fjords augments
the local nutrient supply and can create hotspots of productivity surrounding large
free-drifting icebergs (Smith Jr. et al. 2013, Meire et al. 2017). In Sermilik Fjord, the
upwelling of warm Atlantic Water found at depth along the fjord, driven primarily by

the input of subglacial discharge at depth, transports substantial amounts of nitrate,
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phosphate and silicate to the upper water column (Cape et al. 2019). These nutrients
are particularly important during the summer, when phytoplankton productivity in the
region is nitrate and phosphate limited (Meire et al. 2016). While there is uncertainty
surrounding the role of icebergs in driving this upwelling (Moon et al. 2017, Cape et al.
2019), it is likely that deep-keeled icebergs reaching into the lower layers of the water
column would be able to drive an upwelling of these nutrients, particularly through
the buoyant rising of meltwater plumes along the submerged sides of the iceberg (e.g.,
FitzMaurice et al. 2017). Productivity can also be limited by the presence of icebergs
in glacial fjords, as dense patches of icebergs decrease the light penetration necessary

for new productivity (Meire et al. 2017).

The monitoring of iceberg distributions and the influx of freshwater to the fjord from
their melting is thus of great significance, and the methodology developed in this thesis
for deriving these variables should be applied to other fjord systems around Greenland
to improve our understanding of the solid-to-liquid transition of ice, and the impacts
that transition has on fjord circulation, heat budget, nutrient cycling and primary
productivity. This is particularly important for economic reasons in Greenland, where

local fisherman rely on productive fjords for their livelihoods (Christensen 2016).

7.3 Limitations

There are a number of limitations associated with the methods presented in the thesis,
including some of the assumptions on which the methodologies are based and the
applicability of these methods to other glacial fjords. The method developed for
estimating submarine melt rates beneath floating ice tongues in Chapter 4 relies on
an assumption of steady state ice tongue geometry, meaning that the thickness at any
one point of the ice tongue is relatively constant through time. As most glaciers around
the Greenland Ice Sheet have experienced thickness changes, typically thinning, over
the past decades (e.g., Pritchard et al. 2009), it is unlikely that many are in a steady
state geometry. For the case of the ice tongue at KNS, which was slowly thickening
between March and May 2013, steady state and non-steady state estimated submarine

melt rates were the same order of magnitude and displayed the same spatial pattern.
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As such, it is argued that submarine melt rates can be reasonably approximated under
the assumption of an ice tongue in steady state. While this is the case for the ice tongue
adjacent to KNS, it is unclear whether the same applies for other tidewater glaciers,

particularly those that are thinning or thickening at a more rapid rate.

The method adopted in Chapters 4 and 5 also relies on the presence of a floating
glacier ice tongue in the fjord system, which is not always the case depending on
glacier-fjord specific properties, including fjord and glacier geometry, sea ice and ice
mélange presence, and fjord water temperature, velocity and circulation pattern. In
fjord systems where no distinct glacier tongue forms, this method could still be used
where there is a thick ice mélange abutting the glacier terminus, from which changes
in freeboard and velocity could still be derived. Radar data have already been used
to derive high resolution maps of ice mélange velocity in Greenlandic fjords (e.g., Foga
et al. 2014, Burton et al. 2018), and ice mélange surface elevation can be derived using
optical or radar satellite imagery, or could be collected at very high temporal and spatial
resolutions using unmanned aerial vehicles (e.g., Bash et al. 2018, Chudley et al. 2019).
Furthermore, the method has potential in fjord systems where the glacier itself reaches
hydrostatic equilibrium and begins to float. For example, this method could be used
to estimate submarine melt rates beneath Petermann Glacier in northern Greenland,
which has a floating tongue that persists throughout the year. In addition, the method
could be applied to large floating ice shelves in line with similar research undertaken

in Antarctica (e.g., Berger et al. 2016, Gourmelen et al. 2017).

One of the main assumptions behind the methodology presented in Chapter 6 to derive
iceberg freshwater fluxes from satellite imagery is a constant rate of change in iceberg
volume with distance down-fjord from the glacier terminus. This assumption holds true
for the majority of months analysed for Sermilik Fjord, with the exception of September
and November. Different iceberg volume distributions during these months are likely
due to increased calving from Helheim Glacier in the months prior to September and
due to less ice overall in the fjord in November. Data from these months were still used
for estimating freshwater fluxes in the fjord, noting that the freshwater fluxes might be

overestimated for September, as the regression slope used for deriving freshwater flux
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is steeper due to increased iceberg volume near the head of the fjord. However, the
method is unlikely to work in fjord systems that display a more irregular distribution
of iceberg volume; for example, when large volumes of icebergs move down-fjord as
flotillas or get stuck temporarily on submarine sills and cause peaks in volume near
the middle or mouth of the fjord. In addition, this methodology excludes freshwater
flux from the icebergs in the ice mélange, which contribute a significant amount of
freshwater flux into the fjord system (e.g., Enderlin et al. 2016). The omission of the

ice mélange is discussed below as a future research direction.

7.4 Future research directions

Despite recent advances in the field, and as discussed throughout the thesis, there are a
number of significant challenges to overcome in order to gain a fully comprehensive un-
derstanding of ice-ocean interactions at tidewater glaciers. One of the key priorities go-
ing forward should be better estimates and constraints on submarine melt rates of tide-
water glacier termini, ice mélange and icebergs. This priority was identified as one of the
main research gaps by members of the ice-ocean research community in attendance at
the GReenland Ice Sheet-Ocean interactions (GRISO) Network Greenland Freshwater
Fluxes Workshop in December 2018 (https://griso-network.org/events/2018-pre-agu-
workshop/). The methods discussed for estimating submarine melt rates, including
heat flux changes from hydrographic profiles, plume-based ocean circulation models,
and iceberg freeboard differencing, could all be improved to provide better estimates of
melt rate. For example, submarine melt rate estimates from fjord hydrographic profiles
could be improved by measuring fjord water properties more densely and closer to the
glacier terminus, and ideally for much longer time periods. Autonomous underwater
vehicles could be used to sample properties beneath floating ice tongues and ice shelves
(e.g., Dowdeswell et al. 2008), and multibeam sonar systems can be used to obtain
direct observations of submarine terminus faces (e.g., Kimball et al. 2014, Fried et al.
2015). Unmanned aerial vehicles could be used to obtain very high spatial and tempo-
ral resolution floating ice tongue or ice mélange elevation data, a technique currently

used over grounded ice (e.g., Ryan et al. 2015, Gindraux et al. 2017, Bash et al. 2018,
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Chudley et al. 2019); submarine melt rates beneath the floating ice could then be es-
timated following the methodologies developed here. These field-based improvements
would however be logistically complex and very expensive to install and maintain over

time.

Plume-based ocean circulation models have made great advances in our conceptual
understanding of submarine melt processes and patterns along tidewater glacier termini.
Estimates of melt rate magnitude, however, remain uncertain due to the largely
unknown turbulent transfer coefficients used in these models, which were developed
based on heat transfers beneath ice shelves and sea ice (Holland & Jenkins 1999).
Ideally, these coefficients would be tuned to match observed submarine melt rates;
however, as direct observations of melt rates are rare, little progress has been made
on constraining these coefficients. Using improved estimates of observed melt rates
(from improved fjord hydrographic measurements, direct observations of changes to
termini faces, or from the new methodology presented here) to tune turbulent transfer
coefficients would substantially increase the confidence given to modelled submarine
melt rates. In addition, the melting of ice mélange has largely been overlooked in most
of these models, and could be included in the future to better examine the importance
of the ice mélange (and its melting) to fjord circulation and hydrography, as well as to

tidewater glacier calving mechanisms (e.g., Todd & Christoffersen 2014).

Remote sensing techniques for estimating iceberg submarine melt rates and fluxes could
be improved by using machine learning to fully automate iceberg identification, thereby
speeding up the process and reducing user bias during iceberg delineation. This would
be particularly useful for identifying icebergs in the ice mélange close to glacier termini,
which are currently either hand-delineated by the user or identified using edge detection
software (e.g., Sulak et al. 2017), the latter being a somewhat arbitrary, trial-and-
error process. Full automation of these techniques would allow for more numerous
estimates of submarine melt rate and freshwater flux from icebergs over larger spatial
areas and longer timescales, therefore enabling more detailed monitoring of icebergs

and an improved understanding of the associated implications for fjord processes.
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Both of the methodologies developed as part of this thesis should be applied more widely
to other fjord systems around Greenland to continue to improve our understanding
of the coupling between oceanic changes and ice dynamics. These methods can be
applied very easily and therefore could be used to generate estimates of these important
and poorly known processes across a range of ice-ocean margins. If applied along a
north-south transect using key glaciers, it would be possible to derive a transect of
margin wide submarine melt rate estimates that could be used by ice sheet and ocean
modellers. For example, estimated submarine melt rates of floating ice tongues and
ice mélange could be compared between northern and southern tidewater glaciers on
the east coast of Greenland. Current knowledge would support that the more northern
glaciers sit in colder water (Figure 2.2b) and experience colder air temperatures (Seale
et al. 2011, Walsh et al. 2012, Cowton et al. 2018), which leads to decreased ice surface
melting and runoff. This decrease in surface runoff, as delivered to the glacier bed via
crevasses, would decrease subglacial discharge plume velocity and volume, leading to
reduced submarine melting. The same expectation applies to derived iceberg freshwater
fluxes, and the method could easily be applied in a fjord farther north than Sermilik,
for example in the Scoresby Sund fjord system in east Greenland, where Daugaard
Jensen, Charcot and Graah Glaciers terminate, and where lower freshwater fluxes are

anticipated due to colder air and ocean temperatures.

Another key priority for future research is to improve our understanding of the solid-
to-liquid transition of icebergs in glacial fjords, which has important implications for
fjord and wider ocean circulation (e.g., Sutherland et al. 2014a), fjord heat budget and
thus glacial dynamics (e.g., Mortensen et al. 2011, Enderlin et al. 2016, Jackson &
Straneo 2016), and primary productivity (Smith Jr. et al. 2013, Meire et al. 2017).
To better understand this transition, variations in iceberg size and distribution need
to be analysed over longer timescales and in more glacial fjords, resulting in better
estimates of iceberg residence times around the ice sheet. An improvement and full
automation in the remote sensing techniques used for identifying and analysing icebergs
over large spatial areas will certainly help achieve this much needed research. In

addition, connections need to be made between these iceberg distributions and residence
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times and the potential factors controlling them, including air temperature, fjord water
temperature and velocity, fjord bathymetry and glacier calving dynamics. Improving
our estimates and the understanding of the connections between these properties is
critical for a better understanding of current and future ice sheet wide behaviour (Carr

et al. 2013, Straneo & Cenedese 2015, Truffer & Motyka 2016).

7.5 Concluding remarks

The research presented in this thesis has contributed to our understanding of ice-
ocean interactions at tidewater glaciers and in fjord systems around Greenland. It has
developed two novel methodologies for estimating submarine melt rate beneath floating
ice tongues and for deriving freshwater fluxes from the melting of icebergs in glacial
fjords. Both of these methodologies have provided simple, easily transferable techniques
for estimating glacier and iceberg properties that have to date proven both difficult
and expensive to measure directly or model. The application of these methodologies
throughout the thesis has shed light on some of the key controls on submarine melting,
including fjord water temperature stratification, floating ice draft, and subglacial
discharge plume location and velocity. An empirical link between submarine melting
and subglacial discharge was demonstrated, a connection that has been modelled
previously but only observed in a limited number of locations. Finally, estimations
of iceberg freshwater fluxes demonstrate the importance of iceberg meltwater volume,
location and timing to the fjord system, a result that supports previous analyses in

Sermilik Fjord (Enderlin et al. 2016, Sulak et al. 2017, Moon et al. 2017).

Two of the remaining key challenges for improving our understanding of ice-ocean
interactions along the margins of the ice sheet include improved and widespread
estimates of submarine melt rates of both tidewater glacier ice fronts and icebergs, and a
better understanding of the solid-to-liquid transition of ice in glacial fjords. Answering
both of these challenges relies on more detailed in-fjord observations and improved
methodologies. The methodologies presented in this thesis provide a simple, inexpensive
and reliable way forward for obtaining improved ice sheet wide estimates of submarine

melting and the consequent release of freshwater into fjord systems, estimates that are
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likely to be critical for more accurate predictions in the behaviour of the Greenland Ice

Sheet in response to future climatic change.
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Chapter S1

Supporting information for
‘Estimating Spring Terminus
Submarine Melt Rates at a
Greenlandic Tidewater Glacier

Using Satellite Imagery’

This chapter contains the supporting figures cited in Chapter 4.
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Figure S1.1: Ice speed derived from feature-tracking of TerraSAR-X imagery in Kanger-
suneq Fjord from (a) average velocities between 12 February and 19 April and (b) 30 April
to 11 May 2013. Location of the flowlines (E = eastern, W = western) on the floating ice

tongue are also shown.
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Figure S1.2: Sample plots showing smoothed ice speed (m d~!) with distance from the
inferred KNS grounding line, as averaged from velocities between 12 February and 19 April
for the (a) eastern and (b) western flowlines. Note limit of y-axes is approximately 2 m

d-1.
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Figure S1.3: ICESat and Operation IceBridge (OIB) Airborne Topographic Mapper
(ATM) tracks (08 April 2011) used for calibrating the TanDEM-X DEMs and for correcting

a secondary tilt, respectively. The background image is Landsat 8 band 8, acquired on 03
April 2013.
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Figure S1.4: Ice Bridge ATM (2011, 2012 and 2014) and detrended TanDEM-X elevation
profiles in Kangersuneq Fjord. TanDEM-X elevations are from 17 March 2013, detrended
using IceBridge ATM elevations from 08 April 2011 between 20 and 25 km down-fjord of

the KNS terminus (segment line).
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Figure S1.5: Impact of a varying hydrostatic equilibrium on sample submarine melt rates
(SMR, m d™1) for 17 March 2013 using the following initial ratios for the above to below
waterline ice volume: 1:8 (hydrostatic equilibrium, green), 1:7 (orange), 1:6 (red) and 1:5
(blue). Solid lines are means from all flowlines and dashed lines are trendlines fit to the

mean melt rates.
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Figure S1.6: Impact of temporal variability in ice tongue velocity on sample submarine
melt rates (SMR, m d=!) for 17 March 2013 estimated using 12 - 23 February velocity
(green), 8 - 19 April velocity (red) and a linear regression between the two velocities (blue).
Solid lines are means from all flowlines and dashed lines are trendlines fit to the mean melt

rates.
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Chapter S2

Supporting information for
‘Spatio-temporal variations in
seasonal ice tongue submarine
melt rates at a tidewater glacier

in southwest Greenland’

This chapter contains additional details regarding the methods presented in Chapter

5, six supporting figures and two tables.

S2.1 Estimating ice tongue surface melt rates

To assess potential changes in surface mass balance (SM B), ice tongue surface melt
rates were estimated using a simple positive degree day approach, using degree day
factors for snow and ice of 4.5 and 11.9 mm d~! °C~!, respectively (Slater et al. 2017a),
and a threshold temperature for snow melt of 0 °C. Surface melt rates were averaged
over a two week period before the date of each DEM, as surface melt occurring only

on the day of the DEM is unlikely to be representative of spring surface melt rates. As

141
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the air temperatures at the PROMICE station are recorded 550 m above sea level, we
applied a lapse rate of 0.5 °C per 100 m (Slater et al. 2017a) to adjust temperatures to

sea level.

Total surface snow melt and precipitation as snow over the ice tongue were low during
the two weeks prior to the date of each of our DEMs (see Table S2.1). We acknowledge
that there will be differences between precipitation recorded in Nuuk (approximately
105 km west) and that falling over the KNS ice tongue. Abermann et al. (2017)
estimated differences in spring average precipitation between coastal (16 km SE of
Nuuk and 7 km from the coast) and inland (75 km from the coast and 34 km NW of
the KNS terminus at Kapisillit) weather stations in western Greenland. Using monthly
averages from 2008 to 2014, a maximum precipitation gradient of 2 mm per km towards
the coast was found for September and a minimum gradient of ~0.3 mm per km was
found for February. Gradients between March and June (when we use the Nuuk station
data) range from approximately 0.5 to 0.8 mm per km towards the coast. We would
therefore expect snowfall to be less over the ice tongue when compared to that recorded
in Nuuk, given the low elevation of the ice tongue and the rain shadow effect of the
coastal mountains. If anything therefore, we likely overestimate the spring snowfall
by using estimates of precipitation from Nuuk. Regardless, the recorded precipitation
estimates (in terms of water equivalent) are orders of magnitude smaller than our
estimated submarine melt rates, and we do not therefore expect snow to significantly
impact estimated changes in ice tongue freeboard. Our estimates of spring surface melt
rate, which reach a maximum of 0.050 m d~! in June 2014, are two orders of magnitude
less than our estimated submarine melt rates for the same periods, and thus considered

negligible.

S2.2 Estimating basal meltwater flux for the grounded
portion of KNS

To assess the potential influence of basal frictional melting on driving winter and spring
plumes, we estimated basal meltwater flux for the entire KNS catchment (approximately

30,700 km?, as delineated by hydraulic potential flow routing). We assume that basal
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drag (7) at KNS is of a similar magnitude to that estimated for Jakobshavn Isbree,
approximately 200 kPa, and as used for Kangerdlugssuaq Glacier by Christoffersen
et al. (2012). We adopt a simplified equation (Christoffersen et al. 2012) for estimating

basal melt rate, m:

TU

m= oL (S1)
where U (m d=1) is grounded ice velocity, p (900 kg m~3) is ice density and L (334
kJ kg~!) is the latent heat of fusion. We use ice velocities in the lower portion of the
catchment derived from feature tracking of Landsat 7 imagery for May 2012 (Rosenau
et al. 2015), TerraSAR-X imagery for March and May 2013, and Landsat 8 imagery for
May 2014 (see below). Ice velocities in the upper portion of the catchment are from
the MEaSUREs Greenland Ice Sheet Velocity Map, as derived from InSAR data for the
winters of 2012-2013 and 2014-2015 (Joughin et al. 2010, 2015). We merge the different
velocity datasets ~13 km up-glacier from the grounding line for 2012 and 2013, and
~50 km up-glacier for 2014, as dependent on the extent of the satellite data used for

velocity generation.

In order to estimate catchment-wide basal meltwater flux in 2014, ice motion between
27 May and 12 June 2014 was derived from cross-correlation between a pair of
Landsat 8 Operational Land Imager (WRS2 path 6, row 15) band 8, Level-1 Precision
and Terrain (L1TP) corrected images. Prior to image cross-correlation, a high pass
Gaussian filter with a standard deviation equivalent to three 15 m pixels was used to
isolate the surface features that are advected with ice flow (e.g., crevasses). Cross-
correlation was carried out using a modified version of the PIVSuite MATLAB code
(https://uk.mathworks.com/matlabcentral /fileexchange/45028-pivsuite written by Jiri
Vejrazka, Institute of Chemical Process Fundamentals, Academy of Sciences of the
Czech Republic, Prague). We used a multi-pass approach with final image Interrogation
areas (IAs) of 32 x 32 pixels (480 x 480 m) and a step between IAs of 8 pixels, resulting
in velocity postings of 120 m. Sub-pixel displacements were calculated using nonlinear

optimization and matrix-multiply discrete Fourier transforms (Guizar-Sicairos et al.



CHAPTER S2. SUPPORTING INFORMATION FOR CHAPTER 5 144

2008). The resulting velocity field was filtered using a signal-to-noise ratio threshold
of 5 between the peak correlation and the mean value for areas outside the 3 by 3 cell
region of the highest peak. Remaining spurious correlations were filtered using a two-
dimensional histogram of the easting and northing displacements (Adrian & Westerweel
2011) and by removing velocities > 30 greater than the median of a 3 x 3 neighborhood.
The geolocation information for Landsat 8 OLI imagery is accurate to approximately
half a pixel (Storey et al. 2014); therefore we calculated the mean offset over stationary
bedrock regions (Fahnestock et al. 2015) to quantify the residual velocity error for our

image pair, deriving a value of 27 m yr—.

S2.3 Supporting figures and tables

This section contains the additional supporting figures and table cited in Chapter 5.
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Figure S2.1: IceBridge ATM (2011, 2012 and 2014) and uncorrected and corrected
TanDEM-X elevations for profiles in Kangersuneq Fjord from 17 March 2013. TanDEM-X
profiles are detrended using lceBridge ATM elevations from 08 April 2011 between 20 and

25 km down-fjord of the KNS terminus (segment line).
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Figure S2.2: Ice velocity maps derived from the feature tracking of (a) Landsat 8 image

pair: 6 and 13 May 2012 (underlain by Landsat 7 image from 25 July 2012), (b) TerraSAR-

X image pairs: 12 and 23 February and 8 and 19 April 2013 (underlain by Landsat 8 image

from 1 May 2013), (c) TerraSAR-X image pair: 30 April and 11 May 2013 (underlain by

Landsat 8 image from 1 May 2013), and (d) Landsat 8 image pair: 27 May and 12 June

2014 (underlain by Landsat 8 image from 12 June 2014). Black dashed lines are grounding

line positions hand-digitized from Landsat 8 imagery.
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Figure S2.3: Comparison between March (black) and May (blue) 2013 steady state
(SS, solid line) and non-steady state (NSS, dashed line) along-fjord submarine melt rate

estimates, derived from averaged across-fjord melt rate estimates for the full ice tongue.
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Figure S2.4: Across-fjord profiles of (a) submarine melt rates (m d=!) and (b) freeboard
(m) 150 m down-fjord from the KNS grounding line, moving from west to east, for 2012-
2014.
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Figure S2.5: (a) BedMachine v3 bed topography for KNS, used in hydropotential analyses

for predicting subglacial flow routing with f-values of (b) 1.0, (c) 0.9, (d) 0.8, (e) 0.7, and

(f) 0.3.
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Figure S2.6: Grounding line positions for KNS terminus from June to August 2012,
showing the creation of an embayment due to calving on the western side of the ice front.

The background image is a Landsat 7 image from 25 July 2012.
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Table S2.1: Ice tongue surface melt rates (m d—1) for two weeks prior to the date of each

DEM; maximum and mean submarine melt rates (SM R, m d=!) per DEM.

DEM Surface melt (m d7!) | Max. SMR (m d~!) | Mean SMR (m d™1)
13/05/2012 0.048 7.3+ 2.3 1.3+ 0.6
17/03/2013 0.0036 3.1 £0.8 0.8 £0.3
27/05/2013 0.020 3.8+ 1.0 0.8 + 0.3
14/05/2014 0.044 5.8 £ 1.6 0.9 & 0.4
05/06/2014 0.050 57+ 1.6 1.1+ 0.4

Table S2.2: Acquisition dates of satellite imagery used for detecting the surface presence

of plumes driven by subglacial discharge (as found in Figure 5.3a,c).

Acquisition date | Satellite / Sensor
30/06,/2012 Landsat 7
16/07/2012 Landsat 7
25/07/2012 Landsat 7
01/08/2012 Landsat 7
17/08/2012 Landsat 7
28/07/2013 Landsat 7
04/08/2013 Landsat 7
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Oceanic forcing of the Greenland Ice Sheet is believed to promote widespread thinning
at tidewater glaciers, with submarine melting proposed as a potential trigger of increased
glacier calving, retreat, and subsequent acceleration. The precise mechanism(s) driving
glacier instability, however, remain poorly understood, and while increasing evidence
points to the importance of submarine melting, estimates of melt rates are uncertain.
Here we estimate submarine melt rate by examining freeboard changes in the seasonal
ice tongue of Kangiata Nunaata Sermia (KNS) at the head of Kangersuneq Fjord (KF),
southwest Greenland. We calculate melt rates for March and May 2013 by differencing
along-fiord surface elevation, derived from high-resolution TanDEM-X digital elevation
models (DEMs), in combination with ice velocities derived from offset tracking applied
to TerraSAR-X imagery. Estimated steady state melt rates reach up to 1.4 &+ 0.5m d~'
near the glacier grounding line, with mean values of up t0 0.8 +£ 0.3 and 0.7 = 0.3m d "
for the eastern and western parts of the ice tongue, respectively. Melt rates decrease
with distance from the ice front and vary across the fjord. This methodology reveals
spatio-temporal variations in submarine melt rates (SMRs) at tidewater glaciers which
develop floating termini, and can be used to improve our understanding of ice-ocean
interactions and submarine melting in glacial fjords.

Keywords: submarine melt, ice/ocean interactions, tidewater glaciers, remote sensing, TanDEM-X

INTRODUCTION

Acceleration of marine-terminating glaciers in Greenland in recent decades has significantly
increased the contribution of the ice sheet to sea level (Enderlin et al., 2014). Many of these glaciers
are in contact with relatively warm ocean water (Holland et al., 2008; Straneo et al., 2012; Carr et al.,
2013; Motyka et al.,, 2013), and submarine melting at the ice-ocean interface has been proposed
as a potential trigger of glacier calving, retreat and acceleration (Nick et al., 2009; O’Leary and
Christoffersen, 2013; Luckman et al., 2015). The spatial distribution of submarine melting along
an ice front can impact grounding line stability and influence ice front shape by undercutting,
overcutting, and creating embayments (Straneo et al., 2012; Carroll et al., 2015; Fried et al., 2015).
These changes in ice front shape likely affect calving processes and can create locations along the
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ice front where calving preferentially occurs (Chauché et al,
2014; Luckman et al., 2015). The dynamic coupling between
glacier margins and upstream ice enables oceanic forcing of
tidewater glaciers to promote widespread thinning, increased
glacier retreat, calving and velocity, and consequent mass
loss (e.g., Joughin et al, 2004; van den Broeke et al,
2009; Vieli and Nick, 2011; Carr et al., 2013; Goelzer
et al, 2013; Sundal et al., 2013; Straneo and Cenedese,
2015).

Despite their potential importance for ice dynamics,
submarine melt rates (SMRs) are poorly constrained, because
collecting in situ measurements near actively-calving glacier
termini is both difficult and dangerous (e.g., Mortensen et al.,
2011, 2013; Lea et al.,, 2014). Numerous studies have instead
used hydrographic profiles from glacial fjords to estimate the
net heat flux available for melting ice, resulting in SMRs up
to 16.8 £ 1.3m d~! in Alaska (Motyka et al., 2003, 2013) and
ranging from 0.7 £ 0.2 to 10.1m d~! in Greenland (Rignot
et al.,, 2010; Sutherland and Straneo, 2012; Inall et al., 2014).
Other studies have used general circulation models or plume
theory to estimate SMR (e.g., Jenkins, 2011; Christoffersen
et al., 2012; Sciascia et al.,, 2013; Xu et al,, 2013; Slater et al.,
2015), resulting in melt rates ranging from 0.12 to 3.6m
d~! in Greenland. However, most measurements used to
estimate SMR from heat flux methods or to constrain model
parameters are taken far from the grounding line (15-80km
away) (e.g., Johnson et al, 2011; Christoffersen et al., 2012;
Sutherland and Straneo, 2012; Inall et al., 2014), and are
therefore integrating all the processes that will affect the heat
flux between the measurement site and the terminus, including
heat lost to the melting of icebergs, sea ice, and mélange
at considerable distances from the grounding line. SMRs
estimated from fjord heat flux are also uncertain due to the
temporal variability in fjord circulation, so that it is not clear
how representative an estimate is of the longer term mean
(Jackson and Straneo, 2016).

Alternative approaches to estimating glacier submarine melt
rate utilize remotely sensed observations. Several studies have
quantified SMR by accounting for ice flux divergence and
surface mass balance of floating ice shelves and tongues (e.g.,
Rignot and Jacobs, 2002; Depoorter et al., 2013; Enderlin and
Howat, 2013; Rignot et al., 2013; Gourmelen et al., 2017). This
approach has generated SMRs up to 0.11m d~! beneath ice
shelves in Antarctica (Rignot and Jacobs, 2002) and ranging
from 0.03 4 0.02 to 2.9 & 0.65m d~! beneath floating glacier
tongues in Greenland (Enderlin and Howat, 2013). Enderlin
and Hamilton (2014) also used remotely sensed observations
to estimate submarine melt, using changes in iceberg freeboard
derived from high-resolution digital elevation models (DEMs) to
estimate iceberg volume loss, which was then used to estimate
area-averaged iceberg SMRs. During the summers of 2011 and
2013, estimated iceberg SMR was 0.39 4 0.17m d~! in Sermilik
Fjord, east Greenland. Here we also employ a remote sensing
approach, using satellite radar data to estimate near-terminus
SMR from spatial and temporal changes in seasonal ice tongue
freeboard adjacent to a large tidewater glacier in southwest
Greenland.

STUDY AREA

Located at the head of Kangersuneq Fjord (KF), Kangiata
Nunaata Sermia (KNYS), the largest tidewater glacier in southwest
Greenland, drains ~2% of the ice sheet (Sole et al., 2011;
Figure 1). The ice front is ~4.5km wide with a maximum
grounding line depth of ~250m below sea level (Mortensen
et al., 2013). KNS has retreated at least 22 km from its Little Ice
Age maximum extent, following increased air and sea surface
temperatures (Lea et al, 2014). For the past 15 years, with
the exception of 2011 and 2015, a thick seasonal ice tongue
contiguous with the glacier forms by mid-winter and advances
down-fjord prior to rapid break-up in late-spring (Motyka et al.,
2017; Figure 2). The floating ice tongue flows directly across the
glacier grounding line (e.g., with no gap or calving processes
occurring between the grounded and floating ice) with near
spatially consistent velocity (see Supplementary Figures 1, 2). On
average, the ice tongue has a length between 2 and 3 km, and
decreases in freeboard with distance from the grounding line
(Figure 2). The fjord waters adjacent to the front of the ice tongue
are typically packed with dense ice mélange (i.e., mixture of sea
ice, bergy bits, and icebergs) during the winter and spring months
before breaking up in late spring.

Mortensen et al. (2011, 2013) performed detailed analyses on
the characteristics of the waters and heat sources entering KF
and reaching to within ~4km of the KNS terminus. Classical
two-layered buoyancy-driven circulation operates in the fjord
primarily during the spring and summer, where circulation is
driven by subglacial meltwater plumes (Figure 3). Subglacial
discharge exits the glacier at the grounding line, rises buoyantly
along the ice front due to its lower density relative to the
ambient fjord water, and flows down-fjord once neutral buoyancy
is reached (Motyka et al., 2003; Jenkins, 2011; Cowton et al,,
2015). In fjords with shallow glacier grounding line depths
(<500m) like KNS, summer discharge meltwater plumes often
reach neutral buoyancy and horizontally enter the fjord within
the upper 100m of the water column (Carroll et al., 2016).
The outflow forced by the subglacial discharge establishes an
estuarine circulation cell, drawing in coastal waters from the
shelf, which flow in a layer beneath the fresher outflow (Motyka
et al., 2003; Mortensen et al., 2011). This warm coastal water
is then entrained into the subglacial discharge plume, and
melts the ice front and underside of the ice tongue as it
rises.

DATA AND METHODOLOGY

DEM and Ice Velocity Data Generation

We used TanDEM-X and TerraSAR-X imagery from 2013
to estimate ice tongue freeboard and velocity, respectively.
TerraSAR-X has a repeat period of 11 days and both satellites
have spatial resolution on the order of a meter (Krieger
et al,, 2007; Eineder et al., 2011), thereby providing excellent
temporal and spatial resolution for observing changes in ice
tongue velocity and freeboard. The radar platforms enabled
us to use imagery acquired in non-daylight hours and cloudy
conditions, in contrast to optical platforms. Time lapse camera
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FIGURE 1 | Map of study area, including Kangiata Nunaata Sermia (KNS) and Akullersuup Sermia (AS) glaciers and ice tongue and mélange, from Landsat 8 satellite
image acquired for May 1, 2013 (bottom panel).The red and blue triangles indicate the locations of the University of Alaska Fairbanks (2013) and our (2009) time lapse
cameras, respectively, and the black box indicates the extent of Figures 4A,B. The red and black dots in the fiord scale locator map (top right panel) indicate the
locations of the Danish Meteorological Institute (DMI) and GEUS PROMICE weather stations, respectively.
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imagery near the terminus of KNS (Figurel) every 4h
from January to June 2013 (courtesy of M. Truffer and M.
Fahnestock, University of Alaska Fairbanks) was used to visually
confirm the formation, presence, and break-up of the ice
tongue.

We derived two 2.5 m resolution DEMs dated 17 March and
27 May 2013 from conventional SAR interferometric processing
of bi-static TanDEM-X imagery (Dehecq et al., 2016). GIMPDEM
(Howat et al., 2014) was used as a reference during the
unwrapping stage to minimize unwrapping errors. The DEMs
produced must be correctly aligned, both horizontally and
vertically, using known stable areas (e.g., bedrock outcrops) that
are not covered by ice or snow. To perform this calibration, we
used ICESat elevation data over non-ice terrain as defined by the
GIMP land classification mask (Howat et al., 2014). A horizontal
shift (3.9 and 3.3m in the x and y directions, respectively)
between the TanDEM-X derived DEMs and ICESat over non-ice
covered terrain was calculated by fitting a sinusoidal relationship
between elevation differences and terrain aspect (Nuth and Kaab,

2011). A vertical shift with a linear dependence on location (tilt)
was estimated for each DEM using a least-squares regression:

dh(X,Y) = ag + a1 X + aY (1)

where dh are elevation differences in stable areas, X and Y the
easting and northing and g; the parameters to be estimated. This
shift was then subtracted at each pixel. For this step, which is
more sensitive to outliers, all points with a slope higher than 40°
were excluded. The DEMs were then converted from ellipsoid to
elevation above the EIGEN-EC4 geoid.

Due to the limited coverage of the ICESat lines over non-
ice terrain (see Supplementary Figure 3), an additional tilt
in the DEMs was identified and subsequently corrected for
using Operation IceBridge (OIB) Airborne Topographic Mapper
(ATM) L1B Elevation and Return Strength data (Krabill, 2016).
OIB ATM elevation points were acquired for three springs when
the seasonal ice tongue was present in the fjord (08 April 2011,
25 April 2012, and 15 April 2014). TanDEM-X elevations from
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glacier terminus on 19 July 2009, post-ice tongue disintegration.

FIGURE 2 | Example photographs from our 2009 time lapse camera (see Figure 1 for location) demonstrating (A) the intact ice tongue on 25 May 2009 and (B) the

cool surface layer

warm coastal water

subglacial discharge

thickness) away from the ice front.

FIGURE 3 | Schematic of intact ice tongue showing buoyancy-driven circulation in the fiord, as well as the characteristic decrease in ice tongue freeboard (and thus

17 March 2013 were extracted for spatially corresponding 2011
OIB ATM points and the difference taken over open water where
the OIB data had a slope of near-zero (20 to 25km from the ice
front). The slope of the difference was taken as the trend (or tilt;
~0.45 m height per km distance along-fjord) in the TanDEM-X
elevations and was removed, effectively de-trending the dataset
(see Supplemental Figure 4). The same correction was applied to
elevations from the 27 March 2013 DEM, as the tilt was the same
as that for the 17 March.

Three 20 m resolution ice tongue velocity maps were created
based on conventional feature tracking applied to TerraSAR-X
imagery (Tedstone et al, 2014) for the following 2013 image
pairs: 12-23 February, 8-19 April, and 30 April to 11 May.
Ice velocity on 17 March (Supplemental Figure 1A), the date
of our first DEM, was estimated assuming a linear trend in
velocity between the velocity maps from 12-23 February to 8-19
April, and ranges from 28.5 to 30.5m d ™! over the ice tongue.
The last available velocity map was from 30 April to 11 May
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FIGURE 4 | Eastern (E) and western (W) ice flowlines, overlain on TanDEM-X ice tongue freeboard from (A) 17 March 2013 and (B) 27 May 2013. Refer to Figure 1

for location.

(Supplemental Figure 1B), and throughout the paper, we use this
velocity epoch to correspond with our second DEM, acquired on
27 May. Ice tongue velocities in May range from 20.5 to 23.5m
dL

Ice Flowline Construction

We constructed flowlines along the ice tongue using our ice
velocity results to track flow direction. Ten points near the glacier
grounding line were chosen from both the eastern and western
side of the ice tongue, with ~25m between points in the across-
flow direction (Figure4). To accommodate temporal changes
in ice velocity, two separate sets of flowlines were created, one
for March and one for May, using our velocity maps from 17
March and 30 April to 11 May, respectively. Velocity vectors
were extracted for each initial point, enabling the extraction
of flow direction, which was then taken at points every 50 m
moving down-fjord until the end of the ice tongue. The points
were then connected, creating flowlines of ice moving down-
fjord away from the grounding line (Figure 4). Distance from
the grounding line was averaged for each set of flowlines (i.e.,
eastern and western), using the end of spring terminus position
(Figure 1) digitized from a Landsat 8 image from 10 June 2013.

Estimating Ice Tongue Surface Melt Rates

Observed reduction in ice tongue freeboard as it is advected into
the fjord can be attributed to changes in surface mass balance,
longitudinal and lateral spreading, and submarine melting. To
assess the potential contribution from surface mass balance,
surface melt was estimated using a simple positive degree day
(PDD) model (Hock, 2003) with a degree day factor for snow

(ddfs) of 4.5mm d=! °C7!, as used by Slater et al. (2017)
for KNS. Air temperature (°C) data were acquired from the
nearby Geological Survey of Denmark and Greenland (GEUS)
PROMICE weather station (NUK_L, 550 m a.s.l., 64°28'55.2”
N, 49°31'50.88” W, ~21 km from KNS) (Ahlstrom et al., 2008;
Figure 1), using a lapse rate of 0.5°C per 100 m to adjust the
temperatures to sea level (Slater et al., 2017). Precipitation data
were acquired from the Danish Meteorological Institute (DMI)
weather station in Nuuk (NUUK 4250, 80 m a.s.l., 64°10’0.12" N,
51°45'0” W, ~105 km from KNS) (Cappelen, 2016; Figure 1).

Estimating Submarine Melt Rate (SMR)

SMR for all ice flowlines were estimated for both steady and
non-steady state scenarios. A steady state scenario assumes ice
thickness at a fixed location does not change in time, whereas
a non-steady state scenario allows for changes in ice thickness
at a fixed location (e.g., thinning due to high submarine melting
exceeding the delivery of ice across the grounding line or changes
in the thickness of ice being advected across the grounding
line). As estimating a non-steady state scenario requires at least
two elevation estimates, a steady state (i.e., dH/dt = 0) is often
assumed due to lack of data (e.g., Jenkins and Doake, 1991; Smith,
1996; Johnson et al, 2011). The two scenarios are presented
here for comparison purposes, in part to test the validity of our
method for years with only one DEM, when determining SMR by
assuming a steady state scenario would be the only option. For a
steady state scenario (SS), elevation values along each ice flowline
were extracted from both the 17 March and 27 May 2013 DEMs.
To reduce the impact of short-length scale elevation changes,
including crevasses, in the fractured tongue (see Figure 2) on our
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melt rate estimates, flowline elevations were smoothed using a
two-sided moving average with a 625 m window (see Figures 5A,
6A). Elevation data were then converted to ice thickness using
ocean water (1,027 kg m~3; Ribergaard, 2013) and ice (900 kg
m~? following Enderlin and Hamilton, 2014) densities, assuming
the ice is floating in hydrostatic equilibrium; an assumption
supported by both the best available bathymetry (Mortensen
et al., 2013; Motyka et al., 2017) and the observation of the rapid
and total disintegration of the ice tongue within just a 4-h time
window on 15 June 2013.

SMRgs were calculated for both March and May, accounting
for thinning due to stretching in both the flow direction (second
term on right-hand side of Equation 2) and perpendicular to flow
(third term on right-hand side of Equation 2):

oH A vy
SMRgs = —vy— —H— —H— (2)
0x ox ady

where H is the ice thickness (m), v and v, are the ice velocity
(m d™!) in the along- and across-flowline direction, and x and y
represent distance in the along- and across-flowline direction.

Note that a term representing across-flow thinning, —v, %,
does not contribute because, by definition of a flowline, v, =
0 on the flowline. The final term in Equation (2) does however
make a small contribution due to the convergence or divergence
of different flowlines. Derivatives in Equation (2) are evaluated
using conventional finite differences with a spacing Ax = 50 m
and Ay =25m.

For a non-steady state scenario (NSS), a linear trend of
thickness change between 17 March and 27 May 2013 was
assumed at each point on the flowlines and accounted for by
subtracting a daily rate of change (m d~!) from the estimated

SMRgs (Rignot et al., 2013):

AHNss
At

SMRyss = SMRgs — (3)
where AHpgs (m) is the difference in ice thickness between the
two dates and At (d) is the time between the two dates.

Melt rates were then averaged to produce a mean SMRgs and
SMRyss for the western and eastern flowlines. To capture the
general trend in melt rates, lines of best fit were applied to both
steady and non-steady state estimates.

Error Analysis

Potential errors were traced throughout the analysis and standard
error propagation methods were used to calculate the effect of
errors in both elevation and ice velocity on estimated SMR. Errors
in elevation values are from three primary sources: (1) DEM
construction (including correction using ICESat), (2) correcting
TanDEM-X elevations using OIB ATM data, and (3) smoothing
the elevations for melt rate calculations. Error resulting from
DEM construction is £2 m, a general error for the TanDEM-X
derived DEMs over areas with a slope <12° (Rizzoli et al., 2012),
which is likely an overestimate over the relatively low-sloped ice
tongue (<0.15°). As our calculations utilize the elevation gradient
and not the absolute elevation, we instead account for a gradient
error of +0.35m over the nearly 2 km ice tongue. This gradient
error was estimated over 2km segments (the same length over
which SMRs were estimated) of a section of very thin ice mélange
where successive OIB ATM flights show near-constant slope.
The gradient error was estimated as the largest difference in
slope between the corrected TanDEM-X elevation flowlines and
the OIB ATM lines. Fitting the TanDEM-X elevations to the
OIB ATM elevations results in a root mean square error of
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from 10 flowlines (Figure 4) and dashed lines are moving averages (MAVs) of the mean; (B) Steady state estimated submarine melt rate (SMRgg) for eastern flowlines,
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£0.38 m, and smoothing the flowlines results in maximum mean
squared errors of +0.86 and +0.47 m for the eastern and western
flowlines, respectively. The maximum total error for any one
point in elevation along the eastern and western flowlines is +1.4
and £0.64 m, respectively.

Following Paul et al. (2015), error in ice velocity was estimated
as £0.09m d~!, resulting from the feature tracking process
applied to stable areas of the ice tongue, where crevassing is
easily trackable and ice deformation is low. Errors in velocity at
locations within 150 m of the original position of the previous
end of summer vertical ice-front (which likely corresponds to
the grounding line) and at the edge of the ice tongue are not
considered, as we did not use any velocities from these regions
in our SMR estimations.

While the error estimates cited alongside our SMRs account
for errors in the DEMs and ice velocity maps, there are
several additional sources of error that, although difficult to
quantify, must be considered. The assumption of both steady
and non-state state scenarios for ice tongue thickness likely
introduces error in our SMR estimates. We know the ice
tongue is not in steady state between March and May 2013,
as the glacier is slower and the ice is thicker in May than in
March for any given point. Since we have only two DEMs,
we can only assume a linear thickening trend over the time
period (see Equation 3). Any deviation from this trend would
affect our melt rate estimates. For example, if the ice tongue
was thickest in April, this would imply the ice tongue was
thinning between April and May, increasing NSS melt rates
estimated using Equation 3. Thus, if the tongue was thickest in
April, our May melt rate estimates would be an underestimate;
however without additional DEMs we cannot address this

possibility.

Another potential source of error derives from smoothing
the ice freeboard near the glacier grounding line, where pre-
smoothed freeboard values decrease sharply, as compared with
smoothed values (see Figures 5A, 6A). While smoothing out
fracturing associated with large crevasses on the ice tongue helps
to reduce noise in the SMR estimates, the resultant reduction
in freeboard gradient significantly lowers our SMRs near the
grounding line, which should therefore be considered minimum
estimates of melt rate in this location.

RESULTS

SMR Estimates in Kangersuneq Fjord

The reduction in smoothed ice freeboard (and thus thickness)
with distance down-fjord from the grounded KNS terminus
in the March DEM (Figures 5A, 6A for eastern and western
flowlines, respectively), combined with the interpolated ice
velocities, results in SMRgg for the eastern and western flowline
sets of up to 1.4 + 0.5m d~! (mean = 0.7 = 0.4m d~!) and
1.0 £ 02m d~! (mean = 0.5 + 0.2m d~!), respectively (see
lines of fit in Figures 5B, 6B). Due to thickening of the ice
via advection, estimated SMRyss for each set of flowlines (not
shown) are less than those estimated for the steady state scenario,
with mean decreases in melt rate of 15 and 28% for the eastern
and western flowlines, respectively. For all flowlines, melt rates
broadly decrease with distance from the KNS grounding line and
moving from east to west across the ice tongue.

SMRgg estimated in May are similar to those in March, with
eastern and western flowline SMRs of up to 1.4 &+ 0.2m d~!
(mean = 0.8 £ 0.3m d ') and 1.0 + 0.1m d~! (mean = 0.7
+ 03m d1), respectively (see lines of fit in Figures 5B, 6B).
Estimated SMRyss for each set of flowlines are again less than
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those estimated for the steady state scenario, decreasing by 3 and
10% for eastern and western flowlines, respectively. SMRs in May
show the same spatial variability as seen in March.

While the heavily crevassed nature of the ice tongue itself
is not unphysical, it leads to unphysical noise in our melt rate
estimates. For example, the rapid decrease in thickness between
two adjacent points over a crevasse (one on the ice tongue
surface and one at the bottom of the crevasse) is interpreted as
thinning using our method, and thus the estimated SMR would
be erroneously high (e.g., the peak in March SMR ~570 m from
the grounding line, Figure 5B). In contrast, the rapid increase in
thickness between a point at the bottom of the same crevasse and
ice tongue surface on the other side is interpreted as thickening
of the ice, resulting in a negative melt rate (e.g., negative March
SMRs, Figure 5B). To exclude these anomalous melt rates, we
use the lines of best fit as seen in Figures 5B, 6B to interpret the
broader trends in estimated SMR. As they are the same order of
magnitude as the non-steady state scenario, we use our steady
state scenario melt rates in our subsequent analyses, which allows
for comparison to melt rates estimated in years when only one
DEM is available (i.e., assumed steady state). In addition, we
note again that our melt rates near the grounding line should
be considered minimum estimates, as the smoothing of crevasses
greatly reduces freeboard gradient here.

Surface Melt Estimates over the Ice

Tongue

For the study period, between 17 March and 27 May 2013,
total surface snow melt over the ice tongue was 0.48 m water
equivalent and total precipitation as snow was 0.23 m. We expect
precipitation to be less over the ice tongue than that recorded
in Nuuk, given the low elevation of the ice tongue and the
rain shadow effect of the coastal mountains. A previous study
estimated spring average precipitation decreases between coastal
and inland weather stations in western Greenland between ~0.5
and 0.8 mm per km inland (Abermann et al., 2017). Therefore,
if anything, by using the estimates of precipitation from Nuuk
we overestimate spring snowfall. Regardless, the estimates of
precipitation are still orders of magnitude lower (in terms of
water equivalent and impact therefore on freeboard) than our
estimated SMRs. The resultant mean surface melt rate, 0.004 m
d~1, taken over the 71 days of the study period, is approximately
two orders of magnitude less than the rate of change in ice
thickness over the same time period, and thus considered
negligible. As the PDD sum for 2013 during our study period
(16.3°C day) is ~75% lower than the mean for the last decade
(mean from 17 March to 27 May for 2008 to 2016 of 69.4°C day),
2013 should be considered a low spring surface melt and runoft
year.

DISCUSSION
Spatial Variability in SMR

Submarine melt rates show along-fjord variability, generally
decreasing with distance down-fjord from the KNS grounding
line. This variability is likely driven by both the velocity and
temperature of subglacial meltwater plumes, with SMR scaling

with velocity and ambient fjord temperature (e.g., Holland and
Jenkins, 1999; Jenkins, 2011). Mortensen et al. (2013) investigated
winter circulation and water properties in 2009 in KE finding
a cool surface layer (ranging from —1.4 to 1.0°C at 0 and 40 m
depth, respectively) overlaying a warmer intermediate-depth
layer (increasing from 1.3 to 1.8°C at 50 to 90 m depth), below
which temperature was relatively constant (1.8°C) with depth.
Motyka et al. (2017) investigated summer fjord water properties
in 2011, ~22km from the KNS ice front, again finding a cool
surface layer (ranging from 0 to 1.0°C at 0 and 40m depth,
respectively) overlaying an even warmer intermediate layer
(increasing from 2.0 to 2.5°C at 50 to 150 m depth). Therefore,
the ambient fjord water entrained by any subglacial plumes will
be cooler with increasing distance from the grounding line, as
the thinning ice tongue, and shallower draft, will be submerged
in shallower, colder surface water. Plume velocity also decreases
with distance from the ice front as the plume loses buoyancy
(Jenkins, 2011). For these reasons, and as expected, our estimated
SMRs approach 0m d~! down-fiord of the grounding line.
The presence of thick sea ice down-fjord of the end of the ice
tongue supports this expectation, suggesting the surface waters
are very cold, resulting in little or no submarine melting (or else
there would be no sea ice). This result is dissimilar to summer
melt rates derived from icebergs found tens of kilometers from
glacier grounding lines in other Greenlandic fjords (Enderlin and
Hamilton, 2014), which we would expect to be higher, due to
deeper iceberg keel depths (as compared to the shallow ice tongue
depth) and stronger buoyancy-driven circulation from higher
subglacial discharge in the summer (Sciascia et al., 2013).

SMRs also show across-fjord variability, with higher melt
rates in the eastern section of the main ice tongue, compared
to the western part. Across-fjord variability may be driven by
water temperature, both in the ambient water column and thus
the plume, and by the strength (i.e., velocity) of any buoyant
runoff plume present. The eastern part of the ice tongue had the
highest March surface elevation, and thus the greatest thickness
and deepest keel depth (Figure 5A). Reaching over 80 m beneath
the fjord surface near the grounding line, ice along the eastern
flowlines is exposed to relatively warm, intermediate-depth
waters, which promote more rapid submarine melting (Enderlin
and Hamilton, 2014; Enderlin et al., 2016). In comparison, ice in
the western part of the tongue has a keel depth near the ice front
of <70 m, which could explain, in part, the lower SMR in this area
of the fjord, as the shallower ice keel is exposed to slightly cooler
waters than the eastern part of the tongue.

Across-fjord variability in SMR may also reflect the strength
and location of any subglacial meltwater plumes emerging at
the glacier grounding line. Uniform across-fjord ice tongue
SMR would be expected, if keel depths are constant, where
spatially well-distributed meltwaters emerge at the grounding
line (Slater et al., 2015). Conversely, spatially-focused, high SMRs
near the ice front may indicate a locally dominant subglacial
meltwater channel, which in this case could be emerging
preferentially under the eastern part of the ice tongue. Slater et al.
(2017) inferred KNS subglacial runoff distribution using plume
observations from summer 2009 time lapse imagery, suggesting
that runoft likely exits under the grounding line via spatially
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distributed channels, with sporadic focusing resulting in visible
surface plumes. During the mid- to late melt season, plumes
typically reach the surface to the west of the grounding line
center, with infrequently visible plumes emerging on the eastern
side of fjord (Slater et al., 2017). However, as the presence of
the ice tongue and surrounding thick ice mélange prevents the
expression of plumes on the surface, it is difficult to interpret
subglacial meltwater distribution during the winter and spring
months.

In addition, rotational circulation in the fjord should be
considered, which could impact the across-fjord distribution of
surface meltwater and water entering the fjord at depth (Cottier
et al., 2010; Straneo and Cenedese, 2015), and thus the heat
available for melting ice. Using data from Mortensen et al.
(2013), we assume a 30 m thick fresh surface layer of sea ice/ice
tongue/glacier meltwater overlaying transitional layers of ice melt
and fjord source water, which gives an internal Rossby radius of
~6km. As the fjord width varies between 4 and 6 km, rotational
effects are unlikely to have a primary role in controlling fjord
circulation. However, they may have a secondary effect, focusing
the flow of water toward and away from the glacier terminus to
the right hand side in the direction of flow (e.g., Cottier et al,,
2010; Sutherland et al., 2014).

Temporal Variability in SMR
Estimated mean SMRs do not show significant temporal
variability, potentially due to the fact that all melt rates are
estimated in the spring, prior to the on-set of substantial surface
melt. While estimated monthly total surface snow melt from
degree day modeling was higher in May (0.26 m) than in March
(0.11m), we do not expect or see significant differences in
SMRs given how small these early spring surface melt rates are.
However, increased surface melt later in the melt season and the
associated enhanced subglacial meltwater plumes, combined with
increased intermediate depth water temperatures (Mortensen
et al., 2013; Motyka et al., 2017) would be expected to amplify
local SMR considerably compared to winter melting (Jackson and
Straneo, 2016). Such estimates would however not be possible
using our method as the ice tongue breaks up in early June each
year, and is thus absent during the summer and autumn months.
Seasonal stratification and water temperature at depth are
highly dependent on the mode of circulation in KF (Mortensen
et al.,, 2011). In the spring, when we estimate SMR, circulation is
mainly driven by dense coastal inflows and tidal mixing, which
act to cool and slightly freshen waters at intermediate depths.
The presence of subglacial meltwater plumes sourced from
frictional basal meltwater emerging at the glacier grounding line
(Christoffersen et al., 2012) likely also play a role in controlling
fjord circulation and submarine melting in the winter and early
spring. In the summer, however, tidal mixing and subglacially-
driven circulation, via surface-derived meltwater plumes, are
dominant and act to freshen and significantly warm the upper
intermediate water layer (Mortensen et al., 2013). Temperature
differences of nearly 2°C were seen at intermediate depths
(between 120 and 150 m) between April and September 2010
(Motyka et al., 2017), an increase which would have a significant
impact on the melting of submerged ice.

In order to investigate the potential role that basal frictional
meltwater could play in driving plumes in winter, we estimate
basal meltwater flux for the area of KNS between the grounding
line and ~11km up-ice from the grounding line. As basal drag
is unknown for KNS, we assume drag is of a similar magnitude
to that estimated for Jakobshavn Isbree, ~200 kPa (Iken et al.,
1993; Funk et al., 1994), as used for Kangerdlugssuaq Glacier
by Christoffersen et al. (2012). Using our TerraSAR-X derived
velocities for March and May for the lower 11 km of the glacier,
an ice density of 900 kg m~3, and a latent heat of fusion of 334 kJ
kg1, basal meltwater flux was estimated as 3.2 m? s~!, for both
March and May. Although producing weak plumes, subglacial
discharge of this magnitude can generate point source SMRs of
between 2 and 4m d~—! (Slater et al., 2015). Due to their lower
velocity, weak plumes, such as those expected via basal frictional
melting, reach neutral buoyancy before reaching the fjord surface
(Christoffersen et al., 2012; Slater et al., 2015; Carroll et al., 2016).
However, close to the glacier grounding line, where ice tongue
keel depth is greatest, weaker plumes will likely still reach and
melt the base of the ice tongue. In comparison, higher subglacial
discharge (between 50 and 100 m? s~!), as might be expected
later in the melt season, can result in point source SMRs up to
7m d~! (Slater et al., 2015). These stronger plumes may reach
the fjord surface before reaching neutral buoyancy, thus allowing
for melting of the full ice front depth (Slater et al., 2015).

Comparison with Previous SMR Estimates

from Greenland

Submarine melt rates estimated in this study are greater than, but
of the same order of magnitude, as those estimated for icebergs
during summer in Sermilik Fjord, southeast Greenland. Using
repeat high-resolution satellite imagery, Enderlin and Hamilton
(2014) estimated SMRs of 0.39 4 0.17 m d~! for icebergs located
up to 60km from the terminus of Helheim Glacier between
August 2011 and July 2013. Using our lines of best fit, our
estimated SMRs (up to 1.4m d~1) are more than double those of
Enderlin and Hamilton (2014). Given the close proximity to the
grounding line, our estimated SMRs may reflect the influence of
melting by plumes enhanced by emerging subglacial meltwater
sourced from frictional basal melt (e.g., Christoffersen et al,
2012); such plumes will clearly have a diminished influence
60km from the ice front, where plume velocity has decreased.
Estimated SMRs for icebergs stuck in ice mélange in Sermilik
and Tlulissat fjords range from 0.1 to 0.8 m d~!, and increase
with iceberg draft and submerged ice area (Enderlin et al., 2016).
These melt rates are more similar to ours near KNS, due both
to the relatively similar distance from the grounding line to
the icebergs (from 0 to 20 km away) and our estimates (150 to
2,400 m away), as well as the comparable summer intermediate
ambient water temperatures in Ilulissat (up to 2.2°C) (Mernild
etal., 2015), Sermilik (up to 2°C) (Straneo et al., 2010, 2011), and
Kangersuneq (up to 2.5°C) fjords.

Estimated SMRs for the KNS ice tongue in spring 2013 are
one to two orders of magnitude larger than SMRs estimated
between 2000 and 2010 for the floating tongue at Petermann
Glacier (0.07 £+ 0.035m d~!) (Johnson et al.,, 2011; Enderlin
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and Howat, 2013). The difference in melt rate magnitude in
this case is likely due to both the difference in ambient ocean
temperatures at ice keel depth between the two fjords as well as
meltwater plume dynamics. The ambient water temperatures in
northwest Greenland are much lower at keel depth than those
in southwest Greenland, peaking at 0.2°C at nearly 500 m depth
in Peterman Fjord (Johnson et al,, 2011), where keel depths in
the first few km of the fjord reach ~480 m (Wilson et al., 2017).
In contrast, ambient water temperatures at keel depth for KNS
(~80m near the grounding line) fall between 1.3 and 2.0°C,
depending on the season (Mortensen et al., 2013; Motyka et al.,
2017). Plume dynamics may also fundamentally differ, with the
weak melt-driven convective plumes beneath Petermann (which
has a ~70km long permanent ice tongue) more akin to those
at large Antarctic ice shelves, and strong subglacial discharge-
driven plumes beneath the short ice tongue at KNS giving rise to
convection-driven melt as observed at tidewater glaciers in mid-
summer (Jenkins, 2011). In addition, the difference in velocity
between KNS and Petermann glaciers may play a secondary
role in controlling estimated SMRs. The average winter velocity
for KNS is ~8km a~!, eight times that of Petermann Glacier
(Johnson et al., 2011). A faster-flowing, warm based glacier will
create more basal friction and thus more basal melt (e.g., Holland
et al., 2008; Christoffersen et al., 2012), producing more vigorous
subglacial meltwater plumes and inducing higher SMRs even in
winter (Carroll et al., 2015; Cowton et al., 2015; Slater et al.,
2015).

Utilizing summer hydrographic observations between ~35
and 88 km from the Kangerdlugssuaq Glacier terminus, Inall et al.
(2014) estimated heat delivery to the calving front equivalent
to 10m d~! of ice melt. Motyka et al. (2017) used parameters
derived from models and hydrographic measurements 12km
from the KNS ice front to estimate a near-terminus late-summer
SMR of ~3-7m d~!. Our empirically-derived SMRs are nearly
an order of magnitude lower than those estimated by Inall et al.
(2014) and the upper range estimates of Motyka et al. (2017),
despite similar ambient fjord water temperatures (up to 2.25°C at
depth for Kangerdlugssuaq Fjord; Inall et al., 2014). It is unlikely
that hydrographic estimates taken more than 30 km from the
terminus realistically represent the heat energy used for melting
the ice front, as a large portion of this energy might be lost
to melting of any ice mélange and icebergs in the fjord before
reaching the glacier (Enderlin et al., 2016). In fjords like Helheim,
where icebergs are large enough to cover the full fjord depth
(Enderlin and Hamilton, 2014), deep water could also be cooled
by the melting of icebergs at depth. Heat transport to the ice front
can also be reduced through vertical mixing of the water column
via wind-driven internal seiches (e.g., Arneborg and Liljebladh,
2001; Cottier et al., 2010) or by the convective overturning of
water due to the release of brine from sea ice formation (Cottier
et al., 2010). In addition, the presence of shallow sills in the
fjord alter the fjord circulation and may prevent deeper, warm
water from reaching the ice front (e.g., Mortensen et al., 2011,
2013). This suggests that terminus melt rates derived from distal
along-fjord heat flux values may be too high unless the heat lost
to mid-fjord melting, vertical mixing, and fjord bathymetry are
considered.

Freshwater Flux from Submarine Melting

of the Ice Tongue

Given the potential importance of meltwater generation to fjord
water properties and nutrient productivity (Meire et al., 2017), we
here estimate the spring freshwater flux from submarine melting
of the ice tongue. Using grounded terminus width (~4,500 m),
depth (~250m), and average velocity from March to May 2013
(~6.9km a™!), spring ice flux across the KNS grounding line was
estimated to be 246 m> s~!. Assuming a simplified rectangular
submarine configuration of the ice tongue with a width of
~1,800m and a length of ~2,500 m, total basal submerged area
is ~4.5 km?. Using spatially averaged SMRss from our western
and eastern fjord flowlines, meltwater flux derived from the
ice tongue ranges from 26 to 36 m> s~! (11 to 15% of spring
grounding line ice flux) in March, and from 36 to 42 m> s~
in May (15 to 17% of spring grounding line ice flux). This
partitioning of freshwater flux entering the fjord is comparable
to that estimated by Xu et al. (2013) for Store Glacier in western
Greenland, where submarine melting accounted for 20% of
August 2010 glacier influx. In contrast, our flux partitioning is
much lower than that estimated by Motyka et al. (2003, 2013) for
LeConte Glacier in Alaska, where submarine melting accounts
for 50-67% of summer frontal ablation. Differences in flux
partitioning are likely due to seasonality and fjord temperatures,
and to terminus geometry (Truffer and Motyka, 2016).

While ice tongue melt only accounts for ~11-17% of the
overall spring grounding line flux, it provides a significant
amount of freshwater to the fjord in spring months, when
surface runoff is largely absent. As such, the associated inputs
of freshwater into the fjord at different depths from submarine
melting may have a major impact on fjord water stratification,
circulation and associated productivity (e.g., Motyka et al., 2013;
Sciascia et al., 2013; Sutherland et al., 2014; Meire et al., 2017).

Potential Applications

We have derived SMRs using changes in the freeboard of a
seasonally floating ice tongue as it advances down-fjord during
the spring, building upon earlier work using freeboard and
ice flux divergence to estimate SMRs of floating ice tongues
in Greenland (e.g., Motyka et al.,, 2011; Enderlin and Howat,
2013). This technique has considerable potential to further our
understanding of ice-ocean interactions and submarine melting
in glacial fjords. Using both satellite and time-lapse imagery,
seasonal differences in SMR could be evaluated by estimating
melting throughout the year, as long as an ice tongue is present
in winter and spring, and icebergs are present in summer and
autumn sufficiently close to the ice front (following methods of
Enderlin and Hamilton, 2014). In addition, analysis of seasonally
floating ice tongues presents the opportunity to derive SMR
estimates much nearer to glacier calving fronts (when compared
with estimates using hydrographic profiles), in the precise
location where the key processes controlling calving dynamics
and retreat are not well resolved. We anticipate that our estimates
of SMR, and others derived using this methodology, will be
used to tune fjord circulation and plume models, which in
turn will soon be used to force ice sheet models predicting
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the future of the Greenland Ice Sheet and its contribution to
sea level rise.

Our submarine melt rate estimates are derived from an ice
tongue that is already floating, thus they do not affect the annual
mass balance of the grounded portion of KNS. Nevertheless, the
submarine melting of the ice tongue may affect its ability to
buttress the winter ice flux and discharge across the grounding
line (e.g., Motyka et al., 2011; Krug et al., 2015), with potential
negative consequences for annual mass balance. If SMRs increase
in the future as is expected under climate projections, the
residence time of seasonal ice tongues like that at KNS will
decrease, effectively extending the length of the calving season
and allowing for greater mass loss from the grounded portion
of the ice sheet. In addition, quantifying ice tongue melt rates
can tell us a lot about calving front melt processes. For example,
the spatial distribution of ice front SMRs (for which our ice
tongue SMRs are a proxy) can influence the morphology of the
calving front through spatially heterogeneous undercutting, with
potential implications for calving frequency and style (Straneo
et al., 2012; Chauché et al., 2014; Carroll et al., 2015; Slater et al.,
2017), and ultimately glacier retreat, velocity and ice flux. A better
understanding of spatial variations in submarine melting of the
ice front may lead to the development of a relationship between
melt distribution and calving, which is poorly understood but
likely of critical importance for controlling tidewater glacier
dynamics.

CONCLUSIONS

Improved estimates of SMR are essential to gain a better
understanding of the processes controlling ice dynamics at
tidewater glacier termini, and in particular, the potential
relationship between submarine melt and tidewater glacier
acceleration and retreat. Using high-resolution TerraSAR-X and
TanDEM-X satellite imagery, we have estimated SMRs of a
seasonal floating ice tongue adjacent to the grounding line of
KNS. Changes in freeboard of the ice tongue, both with distance
from the grounding line and across the fjord, have been used to
estimate spatial variations in melt rate.

Our estimates of spring steady state SMR near the grounding
line of KNS reach 1.4 4 0.5m d ™!, and decrease with distance
down-fjord from the glacier grounding line, with mean rates up
to 0.8 £ 0.3 and 0.7 & 0.3m d~! for the eastern and western
parts of the ice tongue, respectively. There is also considerable
across-fjord variability in SMR which may be driven by variation
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