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Abstract

Antarctic ice shelves, by restraining ice streams and affecting the discharge of
grounded ice, play a critical role in the mass balance of the Antarctic ice sheet.
In this study, sub-ice shelf CTD measurements and time series data from an ice
shelf cavity mooring were used to detect subglacial runoff beneath the Filchner
Ice Shelf. CTD measurements from four boreholes across the southern Filchner
Ice Shelf show that subglacial runoff spreads along the shallower eastern and
western flanks beneath the ice shelf. Analysis of the water mass properties
at the easternmost borehole indicates that 32 % of the freshwater content in
the upper mixed layer originates from subglacial runoff. It is hypothesized
that the subglacial runoff observed at this site primarily originates from the
Support Force Glacier, located approximately 182 km upstream of the drill sight.
Between 2016 and 2022, six subglacial runoff events were detected by analysis
of the time series data from the ice shelf cavity mooring. The subglacial runoff
event shows a distinct pattern consisting of two phases. The first phase was
identified through events of low source salinity, containing subglacial runoff.
The events of low source salinity were followed by a rapid increase in source
salinity, indicating phase 2 of the event. Anomalies of velocity, temperature,
source salinity, and backscatter reveal that phase 2 of the subglacial runoff
events result from a meltwaterladen ice shelf plume. These plumes, which
are a result of the discharge of subglacial meltwater at the grounding line,
are expected to contribute to increased basal melting in the deeper areas of
the ice shelf. Analysis of current meter data shows that the meltwater plume
modifies the mean current within the upper mixed layer. This is evident from
increased velocities and a noticeable shift in the current direction. The sub-
ice shelf data were used to approximate the subglacial runoff flux from the
Support Force Glacier. From the CTD profile a subglacial flux of 5.7 m®s~! was
derived. A time series of the subglacial runoff flux was developed based on the
mooring data. This time series shows peaks in the subglacial runoff flux that
coincide with the observed subglacial runoff event detected in source salinity.
This indicates multimonth to interannual variability in the occurrence of the
subglacial runoff events. This study is the first to derive a comprehensive runoff
time series using under-ice shelf ocean moorings data. These findings expand
on the knowledge of the overall circulation beneath the Filchner Ice Shelf and
potential implications for future ice sheet stability.
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Introduction

Antarctic ice shelves, floating extensions of the Antarctic ice sheet, play an
essential role in the mass balance of the Antarctic ice sheet (Paolo et al., 2015).
This is because more than 80% of the grounded ice in Antarctica drains through
its ice shelves (Pritchard et al., 2012). The ice sheet experiences mass gain
through snowfall, while mass loss occurs through meltwater runoff and ice
discharge into the ocean (Shepherd et al., 2018). The ice shelves restrain the
ice streams that feed into the ice shelves (Schoof, 2007; Goldberg et al., 2009).
Ice shelf thinning may reduce the buttressing to inland glaciers and the retreat
of grounding lines toward land (Zeising et al., 2022). Consequently, the ice
streams that feed into the shelves will experience acceleration and thinning,
allowing more grounded ice to reach the ocean (Rignot et al., 2004), potentially
contributing to global sea level rise (Oppenheimer, 1998). The reduction in ice
shelf volume primarily occurs due to two factors: melting at the ice shelf base
or calving at the ice front (Nicholls et al., 2009a). The former is driven by
the heat transfer from the ocean beneath the ice shelf (Pickard and Emery,
1990), while the latter occurs at the ice front due to instabilities within the
ice (Cheng et al., 2021). In recent decades, satellite observations show that
ice-shelf volume loss is accelerating in Antarctica, mainly due to increased
melting at the ice shelf base (Jenkins et al., 2018; Paolo et al., 2015; Adusumilli
et al., 2020) (Fig.2.1). Studies by Paolo et al. (2015) show persistent volume
loss has been observed in West Antarctica since 1994 due to increased basal
melt. Furthermore, the study reveals that from 2003 to 2013, the ice shelves
in East Antarctica also experienced a moderate level of ice loss due to basal
melting. Increased basal melting does not only impact the ability of ice shelves
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to buttress inland glaciers but will also have implications for the formation of
Antarctic Bottom Water (AABW), a dense water mass that plays a key role in
global ocean circulation (Orsi et al., 1999).
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Figure 1.1: Basal melt rates averaged from 2010-2018 of Antarctic ice shelves. The
study area of this thesis, FRIS, is marked with a square (Adusumilli et al.,
2020)

The generation of meltwater at the ocean-ice interface is typically considered
the primary source of buoyancy, driving the stratification of the water column
and overturning circulation within the sub-ice shelf cavity. Jenkins (2011) used
plume modeling to demonstrate how buoyancy resulting from subglacial dis-
charge within an ice shelf cavity can serve as a triggering mechanism that
enhances basal melting in proximity to the grounding line. When lighter fresh-
water from subglacial discharge enters the ice shelf cavity; it creates a buoyancy
force, initializing a rising plume of freshwater (Motyka et al., 2003). This plume
entrains warmer ambient water, which causes melting of the ice shelf base and
an increase of the plume’s volume (Jenkins, 2011). As the plume ascends along
the ice base, it will start generating shear-driven turbulence, further enhancing
the entrainment of warmer water from the underlying layers (Nicholls et al.,
2009a). The process of entrainment transfers salt, heat, and momentum be-
tween a turbulent layer and a non-turbulent layer, normally occurring due to
shear at their interface (Durst et al., 2012). The enhanced melting caused by
the plume can create a basal meltwater channel in the ice shelf base (Drews,
2015).



The Filchner-Ronne Ice Shelf (FRIS) is the largest ice shelf by volume in Antarc-
tica, and it drains both West and East Antarctic ice sheets (Joughin and Vaughan,
2004) (Fig.2.1). On the eastern side of FRIS lays the Filchener Ice Shelf (FIS),
and the study area of this thesis is the ice shelf ocean cavity beneath FIS. At
FIS, the ice stream known as the Support Force Glacier (SFG) feeds into the
ice shelf (Hofstede et al., 2021a). Model findings by Dow et al. (2022) indicate
that subglacial runoff flows into FIS at the grounding line through subglacial
channels within SFG, draining two small channels with a subglacial discharge
of 0.51 and 0.45 m® s~ 1. Subglacial runoff has also been detected at the eastern
flanks of FIS by Huhn et al. (2018), which used noble gas samples of helium
to detect subglacial runoff. The results indicated that 13% of the freshwater
content on the eastern flank below FIS could be traced to subglacial runoff.
Hofstede et al. (2021b) used seismic profiles to identify a basal meltwater chan-
nel within the ice shelf base of FIS. This basal meltwater channel was found to
extend from the grounding line of SFG and 7.7 km upstream, with a ground-
ing line fan located at the same point. These findings imply that subglacial
discharge occurs at the grounding line of SFG, and that this runoff contributes
to basal melting, leading to the formation of the meltwater channel within the
ice shelf base of FIS.

Although some existing models have investigated the plume-driven melting
process resulting from subglacial runoff, the understanding of how subglacial
runoff influences the circulation beneath FIS remains incomplete due to the
limited availability of observational data. Hence, the main objective of this the-
sis is to enhance our understanding of the impacts of subglacial runoff on the
circulation and basal melting processes beneath the FIS. This thesis is based on
the hypothesis that subglacial runoff enters the ice shelf cavity at the grounding
line of the Support Force Glacier (SFG) and subsequently spreads along the east-
ern flanks of FIS. The analysis and interpretation of Conductivity, Temperature,
and Depth (CTD) measurements from 2016 are utilized in this study, focusing
on four boreholes situated beneath the relatively shallower eastern and western
flanks of FIS. Additionally, the analysis includes time series data from an ice
shelf cavity mooring covering the period from January 2016 to December 2022
from the eastern flank. The thesis follows a three-step approach: firstly, detect-
ing subglacial runoff beneath FIS from the CTD measurements and the mooring
time series. This is done by investigating the fraction of subglacial runoff in
the CTD profiles’ upper layers and identifying specific subglacial runoff events
within the time series data. This step is important to quantify the presence of
subglacial runoff beneath the ice shelf. Secondly, once the subglacial runoff
events are detected, the subglacial runoff event influence on the ocean circula-
tion beneath FIS is examined. This investigation aims to understand how these
runoff events affect the flow patterns and dynamics of the ocean currents in the
region. In the final stage of the study, a time series of the subglacial runoff flux
is derived from the mooring data to investigate the magnitude and variability
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of the subglacial runoff. The findings of this thesis provide insights into the
impact of subglacial runoff on the circulation beneath FIS and the dynamics of
ice-ocean interactions beneath FRIS. These insights deepen our understanding
of the processes and characteristics of the formation of a buoyant plume that
is triggered when subglacial runoff is discharged at the grounding line. Addi-
tionally, it can provide insight into the implications for the future behavior of
the Antarctic ice sheet.

1.1 Thesis Outline

In this thesis, the following structure is adopted to present the research find-
ings:

* Section 2: Background: Overview of geographical and oceanographic
settings relevant to the study area, including key features of FRIS, factors
driving circulation beneath the ice shelf, subglacial runoff theory, and
its impact on ocean circulation. Additionally, essential oceanographic
concepts are incorporated to understand the observed dynamics in the
results.

* Section 3: Method: Description of the CTD and mooring instruments
used for data collection. The deployment locations of the instruments and
the drilling site for accessing subglacial environments are specified. The
data processing steps, including calibration and correction procedures,
are explained. The derivation of source salinity, freshwater fraction, and
subglacial runoff flux estimations are detailed, including the mathemati-
cal formulas.

* Section 4: Results: Presentation of the findings obtained from the analy-
sis. This includes the detection of subglacial runoff, time series data from
the mooring sites, showcasing variations in oceanographic parameters
such as temperature, salinity, and current velocities. Anomalies in these
parameters are examined and linked to subglacial runoff. Additionally, a
subglacial runoff model is developed and compared with the observed
data, providing insights into the dynamics and magnitude of the runoff
flux.

* Section 5: Discussion: Interpretation and analysis of the results in the
context of subglacial runoff flux, the characteristics of an Ice Shelf Plume
initiated by subglacial runoff, and the effects this will have on the residual
current. The implications of these findings on ice sheet stability and
future climate scenarios are discussed.
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* Section 6: Summary: Summarization of the main findings from the
analysis and the study’s contributions to the field are highlighted. Finally,
areas for future research are suggested to expand knowledge in this area
further.






Background: Geographical
and Oceanographic Setting

2.1 Geographic Setting

Ice shelves are created when the ice at the oceanic boundary of an ice sheet
does not break off into icebergs at the grounding line but instead remains con-
nected to the grounded ice sheet as a floating extension (Nicholls et al., 2009a).
The grounding line represents the transition point where an outlet glacier tran-
sitions from resting on bedrock to floating over a body of water (Paolo et al.,
2015). The ice in an ice shelf has two possible outcomes: it can either break off
as icebergs from the edge facing the sea, known as the ice front, or it can melt
from the ice shelf’s base due to heat transfer from the ocean (Nicholls et al.,
2009a). According to research conducted by Depoorter et al. (2013), with the
use of satellite radar altimeter measurements and ice-penetrating radar (IPR)
data, the mass loss of Antarctica as a whole is approximately equally distributed
between basal melt loss and calving. Upon closer analysis of FRIS, it was found
that the primary reason for the mass loss is calving at the ice front, accounting
for approximately 83% of the total loss. The remaining 17% is attributed to
basal melt (Depoorter et al., 2013).

Located in the southern Weddell Sea, FRIS is the largest Antarctic ice shelf
in terms of ice volume (Nicholls et al., 2009a) (Fig.2.1). It covers an area of
450,000 km? (Nicholls et al., 2004) and has an average ice thickness of 700 m
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(Lambrecht et al., 2007). The southern Weddell Sea has a distinct topographic
feature where the continental shelf gradually deepens towards the grounding
line (Nicholls et al., 2004). Beneath FIS, a deep trough known as the Filchner
Trough extends over the continental shelf and intersects with the shelf break
to create the Filchner Sill (Nicholls et al., 2009a). At the grounding line, the
Filchner Trough reaches its maximum depth of 1800 m, making it the deepest
point of FRIS. The Ronne Ice Shelf (RIS) is located on the western side of FRIS
Nicholls et al. (2009a). Below the RIS lies the Ronne Depression, a geographical
feature smaller than the Filchner Trough, which only stretches a short distance
north of the ice front. Berkner Island is an Antarctic ice rise between FIS and
RIS (Nicholls et al., 2001). Ice rises are formed when ice shelves are grounded
on an elevated seabed, resulting in small-scale topographic features. The flow-
ing ice shelf is redirected around the grounded region, creating a characteristic
dome-shaped ice sheet (Matsuoka et al., 2015).

Three major ice streams, known as the Foundation Ice Stream, the Support
Force Glacier, and the Recovery Ice Stream, contribute to the ice flow into
FIS (Jezek, 1999). Ice streams are high-velocity corridors within an ice sheet
that transport large volumes of ice from the continent’s interior toward the
ice shelf (Bennett, 2003). The flow of the ice streams is primarily governed by
gravitational forces, specifically the downward weight of the ice mass, which
depends on the slope of the ice surface and its thickness (Paterson, 1981). This
thesis specifically focuses on the SFG, located on the southeastern side of FIS.
The grounding line of SFG reaches a depth of approximately 1300 m (Norsk
Polarinstitutt, 2023)
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Figure 2.1: Panel (a) shows a map of the seabed beneath the Filchner Ronne Ice Shelf.
The grounding line of the Support Force Glacier is marked with GL SFG.
Panel (b) map of the Filchner Ronne Ice Shelf and Ice stream feeding into
the Filchner Ice Shelf. The maps are constructed with Quantartica (Norsk
Polarinstitutt, 2023)

2.2 Processes within the ice shelf cavity
2.2.1 Circulation Beneath the Filchner-Ronne Ice Shelf

Several factors, including thermohaline processes, ice shelf-ocean interactions,
and tides, influence the ocean circulation beneath FRIS (Makinson and Nicholls,
1999). The ocean is shielded from atmospheric forcing by the layer of ice cov-
ering it. The main driver of the residual current beneath FRIS is the east-west
density gradient caused by a combination of dense modified Warm Deep Water
(mWDW) on the continental shelf in front of RIF and less dense modified water
masses within the ice shelf cavity (Nicholls et al., 2009a). The term "residual
current" is used to describe the combined effect of the background current and
its associated anomalies.

High Salinity Shelf Water (HSSW) is created in an open water area within
the sea ice, called a latent heat polynya (Nicholls et al., 2009b). The polynya is
located northwest of the RIF (Haid and Timmermann, 2013) and is sustained
by katabatic winds and tides. The polynya allows for large heat loss to the at-
mosphere, facilitating sea ice formation. When sea ice forms, brine is released,
which causes an increase in salinity. The brine rejection mixes with the mWDW
on the continental shelf, resulting in Ronne-HSSW (Nicholls et al., 2009a).
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In polar regions, the salinity of seawater is the primary factor determining
the density (Nicholls et al., 2004). HSSW, with a surface-freezing temperature
(~ -1.9 °C) and practical salinity S>34.62 psu (Orsi and Wiederwohl, 2009),
is denser than surrounding water masses, leading to vertical mixing and con-
vection (Nicholls et al., 2009a). HSSW either descends the continental shelf,
contributing to a bottom water formation or is left as dense water on the shelf.
Because the continental slope deepens towards the grounding line, the dense
water can sink southward down the slope and eventually enter the sub-ice
shelf cavity (Nicholls et al., 2001). Observations suggest that HSSW enters the
sub-ice cavity via the Ronne Ice Front (RIF) (Nicholls et al. (2004, 2001)). The
HSSW inflow at RIF leads to a thermohaline circulation beneath the ice shelf,
generating the background current within the ice shelf cavity (Janout et al.,
2021). The HSSW inflow follows two main pathways: one branch flows into
the Ronne Depression, while the other heads east, reaches the west coast of
Berkner Island, and rounds the southern tip entering the deeper parts of the ice
shelf cavity (Nicholls et al., 2009a). In the deep parts of the sub-ice shelf cavity,
HSSW can melt the ice shelf from below, where the pressure effect lowers the
freezing point by 0.75°C for every kilometer of water depth (Millero, 1978; Fo-
fonoff and Millard Jr, 1983). The HSSW is converted to Ice Shelf Water (ISW)
by mixing with the meltwater. ISW is a less saline and colder water mass, char-
acterized by below-surface freezing temperatures (<1.9 °C) (Nicholls et al.,
2009a). The ISW then emerges at the FIS cavity via the Filchner Trough.

According to Hattermann et al. (2021), two distinct modes are driving the
background circulation beneath FRIS: the Ronne mode and the Berkner mode
(Fig.2.2). These modes vary on an interannual timescale and are determined by
the magnitude of Ronne-HSSW forming during winter. In the Ronne mode, the
Ronne-HSSW serves as the main driver of the background circulation that spans
the entire FRIS cavity (Fig. 2.2b). Conversely, during periods of the Berkner
mode, the production of Ronne-HSSW is reduced, allowing a less saline Berkner-
HSSW, generated north of Berkner Island, to penetrate the ice front of FIS and
circulate within the northern section of the Filchner Trough (Hattermann et al.,
2021) (Fig. 2.2a).

Strong spring tides beneath FRIS have been documented through observa-
tions and model findings (Nicholls et al., 2009a). Additionally, Hattermann
et al. (2021) observed strong tidal currents beneath FIS, with velocities often
exceeding 50 cm s~! during spring tides on the eastern and western flanks.
The tidal currents beneath the ice shelf can influence the thermohaline circu-
lation by inducing vertical mixing (MacAyeal, 1984). The tidal oscillation also
contributes to heat and salt transportation beneath the ice shelf (Makinson and
Nicholls, 1999).
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Figure 2.2: Panel (a) map illustrating the background current during the Berkner
mode, characterized by the inflow of Berkner HSSW into the Filchner
Ice Front. Panel (b) showcases the residual current during the Ronne
mode, where Ronne-HSSW dominates in the circulation beneath FRIS.
Ilustration extracted from Janout et al. (2021)

2.2.2 Basal Melt and Ice Shelf Water Plumes

In this thesis, the phase change from ice to liquid at the ice shelf-ocean interface
is referred to as basal melt or melting. However, the phase change is primar-
ily attributed to the ablation of the ice shelf base caused by a transfer of heat
and salt from the surrounding seawater to the ocean-ice interface (Malyarenko
et al., 2020). The amount of turbulence found in the water column and the tem-
perature and salinity gradient across the boundary layer are the determining
factors for ablation (Nicholls et al., 2009b). Ablation occurs through two ther-
mal regimes, either dissolving or melting (Kerr, 1994; Kerr and McConnochie,
2015; Woods, 1992). In Malyarenko et al. (2020), two examples of the differ-
ent ablation scenarios are described. Firstly, when a glacier terminates in the
water, it melts if the water temperature is warm enough to bring the interface
to the melting-point temperature of pure water (0 °C at surface pressure). In
this scenario, melting occurs as heat is transferred from the surrounding ocean
to the ocean-ice interface. In the case of an ice shelf-ocean interface located
1000 meters below sea level, melting can not occur if the surrounding ocean is
colder than -0.75 °C (the in-situ freezing point of freshwater at 1000m depth).
Instead, a phase change may occur due to dissolving if a salt flux is transported
to the ocean-ice interface. Dissolving occurs due to the relationship between
salinity and the freezing point temperature: as salinity increases, the freezing
point temperature decreases. Consequently, the presence of a salt flux can effec-
tively lower the local freezing point, enabling the occurrence of a phase change.

The production of ISW caused by the formation of a buoyant plume is seen in
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Fig.2.3. When dense HSSW enters the ice shelf cavity and reaches the deepest
parts of the ice shelf, the freezing point temperature is lowered sufficiently
enough for melting to occur due to pressure effects (Nicholls et al., 2009a).
When the basal ice melts, it creates a layer of less dense meltwater which
mixes with HSSW to form ISW. The density difference between the ISW and
the surrounding seawater generates a buoyancy force that causes the ISW to
rise along the sloping ice shelf base, forming a plume that preferably flows to-
wards the thinnest areas of the ice shelf. As it ascends along the ice shelf base,
the ISW entrains warmer, more saline water from below, which causes further
melting of the ice shelf base. As the plume rises, this process continues. Con-
sequently, the volume flux of the plume increases with height (Jenkins, 2011;
Nicholls et al., 2009a). When the ice shelf base is relatively smooth, the friction
coefficient is small. As a result, if the buoyant plume grows in size and its ve-
locity increases significantly, it can transition toward a state of near-geostrophy.
Within this near-geostrophic regime, the plume aligns itself with constant to-
pographic contours, representing the height of the water column (Holland and
Feltham, 2006). The rising plume’s freezing point temperature increases as the
pressure decreases, which can cause supercooling and potential refreezing of
the ISW plume, forming marine ice at the ice shelf base (Nicholls et al., 2009a).
Also, The heat required for ice melting is primarily derived from the ocean thus,
the ocean water can experience a cooling effect as it transfers its heat energy
to melt the ice (Gade, 1979).

Observational analyses are expected to reveal specific characteristics of the ISW
plume. Based on the theory of the ISW plume, it is anticipated that the ISW
plume will exhibit anomalies from the background current, showing northward
anomalies that can be identified by two key features: colder water, indicative
of a cooling effect, and higher source salinity resulting from the entrainment
of more saline water from the lower layers in the ice shelf cavity.
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Figure 2.3: Illustration of an ISW plume forming beneath FRIS, showing the process
of melting and freezing. Illustration extracted from Nicholls et al. (2009a).

2.2.3 Gade Line

When HSSW with temperatures higher than the in-situ freezing point, comes
into contact with the base of an ice shelf, it leads to the melting of the ice. This,
in turn, causes the water column to become fresher (Nicholls et al., 2009b).
The freshening of the water column gives rise to a linear trajectory of the water
mass properties in a temperature-salinity space, passing through the source
water (So, Tp), with a gradient given by Gade (1979):
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Where 0 is the potential temperature at which ice melts at the ice shelf base,
T; is the temperature of the core of the ice shelf; ¢; and c,, are the specific heat
capacities of ice and water (around 2010 J kg~! °C~! and 4000 J kg~ 1°C™1), L
is the latent heat of fusion of ice (3.35 * 10° Jkg™!), and Sy is the source water
mass salinity (Sp > 34.62 for HSSW). In Eq.2.1, the first term on the right-hand
side (~ 2.4) is dominating and explains how much heat is needed to melt a
certain amount of ice; The second term only applies to melting regimes and
approximates the heat needed to warm the ice to freezing temperature; the
third term accounts for the need to cool the seawater to the freezing point
(Nicholls et al., 2009b). Aligning data points with the Gade-line in a T-S space
can indicate the presence of freshwater from basal melting.



16 CHAPTER 2 / BACKGROUND: GEOGRAPHICAL AND OCEANOGRAPHIC SETTING

When computing the Gade line for temperatures (T; > -30° C) appropriate
to FIS (Nicholls et al., 2009b) and when the volume of meltwater is small
relative to the ocean volume, terms two and three in Eq.2.1 are neglected by
assuming that latent heat transfer from the ocean to ice exceeds the sensible
heat transfer from the ocean to ice, hence neglecting the melting term (Wahlin
et al., 2010). The third term, water cooling, is small relative to latent heat trans-
fer and is insignificant (Nicholls et al., 2009b). The temperature and salinity
of the ocean-meltwater mixture will be expressed as follows:

L S
Ti(51) = c_(S_(l) -1)+To (2.2)

Sl(Tl) = 50(1 - CTW(TO - T1)) (23)

Where T; and S; are temperature and salinity resulting from meltwater mixing.
Tp and Sy are the temperature and salinity of the source water mass.

2.3 Subglacial Channels and Discharge

The Antarctic Ice Sheet is polythermal (Greve and Blatter, 2016), meaning the
ice sheet consists of glaciers with different thermal regimes (Knight, 1999). The
glaciers are primarily characterized by cold temperatures due to the cold cli-
mate, with a temperate layer at their base (Greve and Blatter, 2016), causing a
temperature gradient from the glacier base to the glacier surface. The melting
point of the glacier ice is affected by the weight of the ice mass above it (0°C at
atmospheric pressure), where the pressure-dependent melting point decreases
by 0.0073 °C per bar of pressure within the glacier (Hagg, 2022). According
to Pattyn (2010), approximately 55% of the grounded ice of the Antarctic ice
sheet experiences pressure melting. This includes areas such as ice streams
and regions underlain by subglacial lakes (Stokes and Clark, 1999; Wright and
Siegert, 2012). When the ice flows over the bedrock, the friction between the
ice and the underlying bed generates heat, which can melt the glacier base
and form subglacial meltwater (Knight, 1999). The magnitude of the frictional
heat is directly related to both the sliding velocity and the basal shear stress
(Theggersen et al., 2019). In addition to friction-generated heat, subglacial melt-
water can arise from the geothermal heat flux (Knight, 1999). This heat flux
originates from the Earth’s interior and contributes to raising the temperature
of the glacier bed, leading to the melting of the glacier from below. When the
glacier base is below the melting point, the subglacial basal melt is primarily
generated through frictional heating and geothermal heat fluxes. However, as
the bed approaches the melting point, the temperature at the glacier base is
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also influenced by the release of latent heat from melting ice or absorbing la-
tent heat during freezing (Knight, 1999).

The movement of subglacial meltwater is mainly determined by hydraulic po-
tential, which drives subglacial meltwater originating in high-pressure zones
to flow along the glacier bed towards regions of lower pressure (Knight, 1999).
The height of the ice surface controls the pressure and influences the direction
and dynamics of subglacial meltwater flow (Alley (2011); Fountain and Walder
(1998)). Typically, this leads to the subglacial meltwater following the same
pathways as the ice, flowing from the ice sheet’s interior toward the grounding
line. When the water flows downstream, it transports sediment from the un-
derlying bedrock, leading to erosion of the glacier base. Moreover, the flowing
meltwater contains sensible heat that can be transferred to the glacier base,
which can enlarge subglacial channels within the glacier base (Shroder et al.,
2021). Channels within the glacier base are often called Rothlisberger chan-
nels (R-channels). Channels may also develop within the subglacial sediment
bedrock, referred to as Nye-Channels (Knight, 1999). The subglacial meltwater
will eventually be discharged at the grounding line into the ice shelf ocean
cavity. At this point, the subglacial meltwater typically exhibits zero salinity
and a temperature corresponding to the pressure-dependent melting point of
freshwater. Upon discharge at the grounding line, the subglacial runoff under-
goes a buoyancy-driven ascent, driving convective-driven melting close to the
grounding line (Motyka et al., 2003). This upward movement results from the
low density of the subglacial runoff relative to the surrounding water within
the ice shelf cavity. Once the subglacial runoff initiates upward movement, it
will gradually entrain the warmer and more saline HSSW, initiating basal melt-
ing. According to the findings presented by Jenkins (2011), the melting rate in
the immediate downstream region of the grounding line exhibits a direct rela-
tionship with the cube root of the freshwater flux. This indicates that a change
in flux by approximately an order of magnitude doubles the melt rates. Thus
the subglacial runoff can potentially act as a triggering mechanism for forming
an ISW plume. As the plume rises, it will generate shear, entraining more of the
ambient ocean. This process enhances both the melt rates and the buoyancy of
the plume. Consequently, the importance of the subglacial runoff flux on the
melt rate diminishes as the initial flux gradually becomes less important in de-
termining the overall buoyancy of the plume (Jenkins, 2011). Subsequently, the
ISW plume will ascend as illustrated in Fig.2.3. The transition from convection-
driven melting to shear-driven melting occurs smoothly, enabling a gradual
and uninterrupted transition between these two regimes (Jenkins, 2011).

Estimating the magnitude of subglacial discharge at the grounding line is chal-
lenging due to the difficulty in obtaining direct measurements. In Antarctica,
glacial basal melting primarily drives subglacial discharge, making seasonal
discharge unlikely (Dow et al., 2018). There are instances where meltwater
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accumulates in subglacial lakes (Siegert et al., 2005), typically forming where
there is a depression in the bedrock topography (Tabacco et al., 2006). Sub-
glacial lake growth and drainage are driven by the change in hydraulic poten-
tial within the ice stream (Dow et al., 2018). When the pressure within the
subglacial lake reaches a threshold, it can trigger drainage through subglacial
channels (Dow et al., 2016). Eventually, the drainage from the subglacial lakes
will reach the grounding line, leading to a greater discharge of subglacial runoff
into the ice shelf cavity(Dow et al., 2022). Subglacial lakes can take months
to years to fill and drain, and the process is often unsteady and characterized
by unpredictable episodic discharge events (Fricker et al., 2007; Stearns et al.,
2008). Subglacial lakes have been identified upstream of the SFG with Land
Elevation Satellite (ICESat) (Fricker et al., 2016). The presence of these sub-
glacial lakes raises the anticipation of increased subglacial runoff drainage at
the SFG due to potential lake drainage events. The glacial meltwater carries
substantial amounts of glacially-eroded sediment that are deposited near the
grounding line (Powell, 1990; Drews et al., 2017). Suspended sediment in the
meltwater can also be a useful indicator for identifying buoyant plumes in-
duced by subglacial runoff (Schild et al., 2016). In contrast with Antarctica,
Arctic Greenland subglacial channels are dominated by surface meltwater, re-
sulting in a strong seasonal cycle (Chandler et al., 2013; Washam et al., 2019).

2.4 Oceanographic Concepts
2.4.1 Geostrophic Currents and Thermal Wind Relation

A geostrophic current is an oceanic current characterized by the balance be-
tween the Coriolis force and the pressure gradient force (Pickard and Emery,
1990). An equilibrium state is achieved in the free ocean when boundary layer
friction is negligible and the Rossby number is much less than one. In this state,
the Coriolis force is the dominant driving force for large-scale flows, and inertial
effects can be neglected (Klinger and Haine, 2019). The geostrophic balance
results in a current flow parallel to the isobars (lines of constant pressure).
In the Southern Hemisphere, the current flow is to the right of high pressure.
Differences in mass distribution determine the horizontal pressure gradient in
the ocean. This occurs due to two main factors. Firstly, variations in sea-surface
height create sloping profiles where there is an accumulation of water in cer-
tain areas compared to others. This occurs in barotropic conditions, where
surfaces of constant pressure and density are parallel. Secondly, horizontal
density gradients contribute to mass distribution, with regions of denser water
exhibiting higher mass and, consequently, higher pressure (Pickard and Emery,
1990). This is particularly relevant in baroclinic fluids, where the isobars are
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inclined relative to the isopycnals (lines of constant density). Thus, the pres-
sure component of the geostrophic current in the ocean can be decomposed
into two terms: a barotropic term and a baroclinic term The decomposition
is derived from the hydrostatic balance equation, £ = —pg, which describes
the equilibrium between the vertical component of the pressure gradient force
(%‘3—};) and the gravitational acceleration (g) (Talley, 2011). The geostrophic
balance in the ocean can thus be expressed as :

barotropic baroclinic
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Where f is the Coriolis parameter (2w sin 6), v (positive northward) and u (pos-
itive eastward) are velocity vector components, —y and 1s the horizontal
pressure gradient in x and y direction, 7 1s the drsplaced sea surface height, g is
the gravitational constant (9.81 m s 1) Em and 22 . represent horizontal density
gradient in x and y direction, z is the water colurnn depth, py is the reference
density applied with the Boussinesq approximation, assuming that the ocean is
incompressible the density remains constant despite any variations in pressure
(except in the hydrostatic equation) (Talley, 2011).

The thermal wind expresses the relationship between a vertical velocity shear in
a horizontal geostrophic current and the horizontal density gradients (Klinger
and Haine, 2019). The thermal wind relation is only relevant in baroclinic flu-
ids because the misalignment of isolines causes the pressure gradient force to
change with depth. Therefore, the geostrophic current will also vary with depth.
A barotropic fluid has no vertical shear because the isobars and the isopycnals
align. Consequently, the flow remains unaffected by variations in depth within
the water column (Talley, 2011). The thermal wind relation can be derived in
terms of the baroclinic geostrophic balance term:
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In the Southern Hemisphere, denser water is situated to the right of the thermal
wind, while lighter water is positioned to the left. Fig.2.4 shows an example of
a vertical velocity shear caused by horizontal density differences in a stratified
fluid. Lighter water is found to the right (East) of the geostrophic current
(p3 > p2 > p1) (5 ’0 < 0), there is no sea surface slope (barotropic conditions
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negligible) and f < 0 on the Southern hemisphere. These conditions result in
a geostrophic baroclinic current in the northward direction, decreasing from

the bottom toward the sea surface (% < 0).
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Figure 2.4: A scenario of vertical velocity shear in a baroclinic geostrophic current
in the Southern Hemisphere. Lighter water is situated to the right (east)
while dense water is situated to the left (west) (ps > p2 > p1) decreasing
from the bottom. Z represents the depth where z3 > z; > z;. The ocean
current flows toward the north and decreases towards the surface.



Method

3.1 Filchner Ice Shelf CTD and Mooring Stations

The data studied in this project were obtained from four sub-ice shelf conduc-
tivity, temperature, and depth (CTD) measurements and one ice shelf cavity
mooring stationed on FIS between Berkner Island and the mainland. The CTD
measurements and mooring deployment were conducted collaboratively by
the Alfred Wegener Institute and the British Antarctic Survey in late December
2015 and early January 2016. The mooring’s observations extended until 2022,
providing valuable long-term data on the studied region (Alfred Wegener In-
stitute, 2023).

An SBE 49 fast-cat CTD was used to collect data at the four stations located on
the western and eastern flank of FIS. The stations, namely FSW1, FSW2, FSE1,
and FSE2 are listed in Tab. 3.1, while Fig.3.1a provides a visual representation
of their geographical locations within the study area.

Table 3.1: Field Sites, geographical coordinates, date of casts, amount of casts, and ice
shelf thickness from each field site.

Field Site | Latitude | Longitude Date of cast Amount of casts | Ice thickness

80.48°S 44.18°W January 20th, 2016 3
80.97°S | 41.44°W January 11th, 2016 2 891m
81.07°S | 40.82°W January 4th, 2016 4
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80.43°S 44.43°W | December 27th, 2015 1 853m
872m

837m
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The location of the ice shelf cavity mooring studied in this project was in the
same position as the FSE2 CTD profile. The FSE2 mooring was deployed on Jan-
uary 6th, 2016, and has available data until December 30th, 2022. The mooring
was equipped with six Seabird SBE37 MicroCATs, measuring conductivity, tem-
perature, and depth of the seawater every second hour. The MicroCATs were
located at 750m, 840m, 930m, 1006m, 1080, and 115m depths. Four Nortek
Aquadopp acoustic current meters (ADCP), measuring current velocity and
back-scatter every second hour, were attached alongside the two upper and
lower MicroCATs. The ADCP data is only available until July 2020. The mooring
is not possible to recover but is transmitting data to a data logger at the ice
shelf’s surface. A drawing of the mooring setup can be seen in Fig.3.1b. The
measurements are used to study the temperature, salinity, backscatter, and ve-
locity distribution beneath the ice shelf and to understand how these properties
vary with depth and time.

a 50°W 40°W 30°W 20°W 10°W

data logger i@

current speed
and direction

60°WA_ temperature

salinity depth

70°W,
450m water
depth

Figure 3.1: Panel (a) shows the position of the field sites FSW1, FSW2, FSE1 and FSE2,
and the mooring position at FSE2 on FIS. Panel (b) shows the sub-ice shelf
mooring setup on FIS. Attached to the mooring are six Seabird SBE37
MicroCATs (at 1150 m, 1080 m, 1006 m, 930 m, 840 m, and 750 m) and
four Nortek Aquadopp acoustic current meters (at 1150 m, 1080 m, 840 m,
and 750 m). Graphic by Alfred Wegener Institute (2023).

3.1.1 Calibration and Data Processing

The CTD measurements were calibrated and processed by Hattermann et al.
(2021). Initially, the measurements were grouped into a common vertical grid.
Subsequently, the average of the measurements from each station was com-
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puted, resulting in a single CTD profile for each station.

To account for the challenges posed by the inability to recover the mooring and
potential instrument drift, post-calibration of the MicroCAT data was carried
out following the CTD profile at FSE2. This approach allowed for adjustments
and calibration of the MicroCAT measurements to ensure accuracy and relia-
bility. When the mooring was deployed, measurements were conducted every
10 seconds for the first hour. The calibration was done by calculating the mean
temperature and conductivity for the first 30 minutes of all six MicroCAT in-
struments. Then the difference between the means and the temperature and
conductivity at the corresponding depths in the CTD profile was determined.
Further, the offset was subtracted from the MicroCAT raw data. A temperature-
conductivity space displaying the calibration is seen in Fig.3.2.

Before smoothing the data, outliers were removed and replaced with NaN
values. To maintain the continuity of the time series, the NaN values were
interpolated to fill in the missing data points with the interp function from the
Python library NumPy. This function performs linear interpolation, estimating
the values at the missing points based on the known data points surrounding
them. The data was smoothed using a 56-day Hanning window convolution
filter implemented with the multidimensional image processing package from
the SciPy library in Python. The selection of a 56-day window was motivated
by the aim to eliminate the influence of highly variable tidal currents beneath
FIS, as observed in earlier studies Nicholls et al. (2009a); Hattermann et al.
(2021). This filter effectively reduces short-term fluctuations in the data while
preserving long-term variability. A convolution filter with a Hanning window
acts as a moving average, where each data point is replaced with the average of
its neighboring values within a specified window size (Rossant, 2018; Drentea,
2010). The Hanning window, constructed using the scipy.signal.windows.hann
function from the SciPy signal processing package in Python ensures a smooth
transition and helps avoid abrupt changes in the signal near the window bound-
aries. Applying the Hanning window reduces potential artifacts that can occur
with other types of window functions (Drentea, 2010). Detailed information
on the application of a Hanning Window can be found in App.7.1.
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Figure 3.2: Temperature-Conductivity diagram displaying the calibration of the FSE2
mooring from the FSE2 CTD (black line). The red stars show the mean of
the first 200 data points (approximately 30 minutes) for each instrument;
the blue stars show the mean of the first 200 data points after calibration.
The first 200 data points are also displayed for each instrument (blue,
orange, green, and red dots).
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The conductivity and temperature measurements obtained from the CTD and
mooring were converted to practical salinity and potential temperature using
the Python implementation of the Gibbs SeaWater (GSW) Oceanographic Tool-
box based on the Thermodynamic Equation Of Seawater - 2010 (TEOS-10). The
choice of practical salinity as a parameter was motivated by the possibility of
comparing it with data from previous studies. The temperature was converted
to potential temperature due to its ability to accurately represent the thermal
characteristics of the water because it removes the effects of pressure and depth
(McDougall et al., 2013).

For the velocity data, the magnetic declination was adjusted using the MATLAB
toolbox for the International Geomagnetic Reference Field (IGRF) model, fol-
lowing the approach described by Hattermann et al. (2021). The velocity and
backscatter data were smoothed with a 56-day Hanning window convolution
filter. Additionally, when displayed as a time series and vertical velocity shear,
the smoothed velocity data were averaged in 2 week-bins with the re-sample
function from the Pandas library in Python.

3.1.2 Anomalies and 2D histograms

2D histograms were constructed to analyze the relationship between systematic
velocity anomalies and systematic anomalies of potential temperature, source
salinity, and back-scatter. First, the MicroCAT data and the ADCP data were
interpolated on the time vector of the velocity data with the NumPy interp
function. The anomalies of the different variables were calculated using a con-
volution filter from the multidimensional image processing package from the
SciPy library in Python. A one-year Hanning window was subtracted from a
28-day Hanning window to filter out the background trend and the tidal cycles,
resulting in a filtered signal that highlights localized variations or anomalies
in the data. An example of the filtering of potential temperature is displayed
in Fig.3.3a.

To construct the histograms, the Python library SciPy stat package function
binned_statistic 2d was used (Lilly, Jonathan, 2023). The function constructs
a 2D velocity diagram by dividing the space into bins and provides the count
of velocity observations within each bin. All velocity observations less than
ten are neglected. Further, the function calculates the mean of potential tem-
perature anomalies, source salinity, and back-scatter within each bin for the
corresponding velocity anomaly.

In order to investigate the magnitude and direction of variability within the
velocity anomalies, variance ellipses were constructed for each histogram. The
derivation of variance ellipses relies on the covariance matrix. A detailed ex-
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planation of the method, including the necessary equations, can be found in
App.7.2 and 7.3. This method involves computing the eigenvalues and eigen-
vectors of the covariance matrix. From these eigenvalues and eigenvectors, the
semi-minor axis (a), semi-major axis (b), and orientation angle (6) of the vari-
ance ellipse can be derived. The magnitude of the semi-major and semi-minor
axes align with the variance, representing the extent of the data dispersion,
where a larger axes coincide with a larger spread in the data. The orientation
of the ellipse indicates the direction of maximum variability in the flow field.
The variance ellipse, denoted by z, is represented by a collection of complex
numbers that define its boundary:

z=exp’?(a cos(¢) — jbsin(¢)) (3.1

Where ¢ represents an array of angles ranging from 0 to 27, a and b are the
semi-major and semi-minor axis (Eq.7.8) and @ is the orientation (Eq.7.9). The
velocity histogram and the associated variance ellipse are displayed in Fig. 3.3b.
The histogram visually represents the distribution of velocity anomalies, while
the variance ellipse overlays the histogram, illustrating the orientation, shape,
and size of the data distribution.
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Figure 3.3: Panel (a) shows raw potential temperature (blue), the 28-day Hanning
window filter of potential temperature (orange), and a one-year Hanning
window of potential temperature (green). Panel (b) shows a 2D-histogram
of velocity anomalies between 17.05.2019 - 20.07.2020. Observations of
less than ten are removed and a variance ellipse is overlaid to display the
data anomaly distribution.
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3.1.3 Time Lags in backscatter

Two methods were used to compute the time lags in the backscatter signal
between 750 m and 1150 m depths. First, the time lags were calculated by man-
ually comparing peaks in the two-time series. The peaks were chosen based on
the point where the graph stopped increasing rapidly. The time lags between the
two signals were also calculated using cross-correlation with different Hanning
windows to show how the filtering impacts the time lag results. The correlation
coefficients measure the relationship between the two backscatter signals. The
cross-correlation was calculated with the correlation coefficient function in
the Python library NumPy. This function returns the Pearson Product-Moment
Correlation (a measure of the strength of a linear association between two
variables) in terms of a correlation coefficient matrix (R) of the variables and
is expressed as: R;; = \/C:_CU, where C is the covariance matrix (Eq.7.5). The
value of R ranges from -1 to 1. A value closer to +1 indicates a stronger linear
relationship, while a value closer to -1 indicates a negative correlation between
the variables (Mitchell, 2022). When computing the cross-correlation, the max-
imum time lag was chosen to be 30 days. Further, the mean value and the
stander deviation of the time lags found by cross-correlation were calculated
to measure the spread of the data distribution. The standard deviation was
found with the NumPy std in the Python library, which calculates the square
root of the variance. The stander deviation of the time lags represents how
much the individual time lag differs from the average (see App.7.2) (Mitchell,
2022).

Assuming that increased sediments in the water cause the backscatter peaks, a
falling velocity of the sediment can be found by dividing the time lag between
the two backscatter signals by the vertical distance between the instruments
at 750 m and 115 m. To calculate the falling velocities of the sediments, the
time lag was used as the time it takes for the sediments to sink from 750 m to
1150 m, and the vertical distance between 750 m and 1150 m was used as the
displacement. From the falling velocity the grain size can be determined from
Fig.27 in Soulsby (1997)

3.2 Gade Line and Source Salinity

The Gade line makes it possible to determine the salinity of the source water
due to the constraints of how seawater properties evolve in contact with the ice
shelf base (Nicholls et al., 2009b). Assuming that the source water temperature
equals the surface freezing point, the source salinity can be found where the
Gade line intersects with the surface freezing point. From Eq.2.2 combined
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with linear function theory, the rate of increase, a, is given by SOLC and the
w

y-axis interaction for T(S = 0), b, can be expressed as —fv + Ty. The freezing
point of water is dependent on salinity. Hence a linear surface freezing point
function can be expressed as:

AT
_freeze * S+ TOfreeze(S =0) (3.2)

freeze ASfreeze
Where ATfreeze and ASgyeeze are chosen from values of freezing point tempera-
tures of potential temperatures found with the TEOS-10 GSW package (-1.63°C
and -1.89 °C) for particular salinities (30 psu and 34.6 psu) and Ty freeze (S = 0)
is ~ 0°C). By linear function theory, the intersection of Egs. 2.2 and 3.2, hence
the source salinity can be expressed as:

(TOfreeze(s:O) - (é + TO))

L ATfree‘ze‘)
cwSo ASfreeze

3.3)

Ssource =

L is the latent heat of fusion of ice (3.35 * 10° Jkg™1), Sy and T is the salinity
and temperature of the source water mass, c,, is the specific heat capacity of
water (4000 J kg=1°C™1).

When determining the source salinity of ISW using potential temperature, it
is essential to understand the impact of this method on temperature measure-
ments. Fig.3.4 illustrates that when tracing ISW back to its source water when
using potential temperature, a net temperature change of 0.004°C will be lost.
This temperature loss is because the mixing process from the source water to
ISW in the ice shelf cavity occurs at a higher pressure, which is not considered
when calculating the potential temperature at zero pressure. A temperature
loss of 0.004°C does not significantly affect the calculations of the source salin-
ity of ISW. Thus, this factor is not considered further in this study.
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Figure 3.4: Illustration showing the transformation from source water to ISW when us-
ing potential temperature. The difference between source water measured
in in-situ temperature and source water converted to potential tempera-
ture is -0.024 °C. When source water is converted to ISW by mixing with
freshwater (temperature and salt change form TS-diagram Fig. 4.2b) and
then converted to in-situ temperature, the temperature difference is 0.02
°C. The net temperature change when converting the ISW from 0 pressure
back to its source at zero pressure, and the net temperature change of
0.004 °C will be lost.
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3.3 Freshwater Content Estimations

To determine the fraction of subglacial runoff in relation to the total fresh-
water fraction within a CTD profile, an initial step involves calculating the
fraction of freshwater within the observed profile and the fraction of freshwa-
ter caused by basal meltwater. The freshwater fraction, denoted as FWy, could
be found using a simple conservation assumption, where the total unit volume
1 = FWy + W is the mixture of a source water fraction Wy of salinity Sp and
a fraction of freshwater FWy, and S denoting the salinity of the mixture. The
fraction of freshwater is given as FWy = FW,, + FW,, where FW}, is the frac-
tion of basal meltwater and FW, is the fraction of subglacial runoff. Applying
salt conservation principles makes it possible to determine the fraction of the
freshwater, FWy. Fig.3.5 illustrates three systems: box 1 contains only source
water, box 2 includes freshwater from basal melt, and box 3 contains both basal
melt and subglacial runoff. The principle of salt conservation states that the
mass of salt in box 1 is the same as in boxes 2 and 3. This can be expressed
as: poSoWo = poS(FWy + Wp). Following the Boussinesq approximation, a
constant reference density rhog is used and drops out of the equation (Satoh,
2004). Thus, the fraction of the source water, Wy, can be expressed as: Wy = s%
This leads to the expression for the total freshwater fraction:

FWy = (1- N (3.4)
So

Where Sy is the salinity of the source water, and S represents the salinity of the
mixture of the source water and freshwater. To further separate the freshwater
fraction into contributions from basal melting and subglacial runoff, the CTD
profiles are analyzed in a temperature-salinity (TS) space. In Fig.3.6, Box 3
represents a hypothetical CTD profile that includes subglacial runoff and basal
meltwater. The CTD profile is represented as a mixing line in the TS-diagram,
illustrating the combined influence of subglacial runoff and basal melt on the
temperature and salinity from the reference water mass (Syef, Tref), to the
freshwater mixture (Spix, Tmix)- EQ.3.4 determines the total freshwater fraction
within this theoretical CTD profile using S, = So and Spix = S. The fraction of
basal meltwater of the total freshwater can be derived from computing the Gade
line (eq.2.2) from the reference water mass to a salinity S; and temperature
Tp. It can be assumed that Ty, = T,,;x. This is because the temperature change
from T,.f to Tpi, indicates the amount of heat that has been used to melt
ice (considering that the effect of subglacial runoff on temperature is small
because of the small relative amount of the freshwater that has been added < 1%
Tab.4.1), which then is converted via the Gade-line relation into the amount of
freshwater that has been added due to the melting. The corresponding salinity
can be expressed as:

L
Srefcw

L
Sp = (Tmix + C_ - Tref)( )_1 (3.5)
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Where L and C,, are defined in Eq.3.3, the fraction of basal meltwater, FW;;,
in the modified freshwater mixture, can thus be calculated with Eq. 3.4 with
S = Sp and So = Syef. Thus, the fraction of basal melt in the total freshwater
content is expressed as

_ FWhior Sref = Sb

Fw, =
FWf Sref = Smix

(3.6)

By FWy = FW, + FW,, and assuming that FW; = 1, the subglacial runoff
fraction of the total freshwater content can be expressed as:

FW, =1 - FW, (3.7)

Calculating the subglacial runoff fraction within the upper layers of the CTD
profiles involved selecting S,.r and T, as the salinity and temperature mea-
sured in the bottom layer. Additionally, S,,;, and T,,;, were chosen as the
salinity measured at the ice shelf base. The subglacial freshwater fraction has
also been calculated by tracing the water mass back to its original source via
the Gade line, with defining the source water mass by Eq.3.3 for salinity and
Eq.3.2 (~ —1.9 assuming the source water is HSSW) for temperature.

FW, S
waasal melt s Shasal melt] run off # 2run off

waasal melt s Sbasal melt]

Wo, So<

Box 1 Box 2 Box 3

Figure 3.5: The system used to describe the derivation of freshwater content in the
upper layer. Box 1 contains only source water, box 2 contains source water
and freshwater from basal melt, while box 3 contains source water, basal
melt, and subglacial runoff. FW; marks the volume of the freshwater layer,
Wy and Sy mark the volume and salinity of the layer containing source
water, and S marks the salinity in the upper layer when freshwater is
added.
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Figure 3.6: TS-diagram showing a theoretical CTD profile containing subglacial runoff
and basal meltwater (box 3 in Fig. 3.5). S, and T, are the salinity and
temperature of the source water mass, Spasq; and Tpusqr are the salinity
and temperature of the source water mass when following the Gade line
(Eq.2.2), and S;;;x and T,,;, is the salinity and temperature of the fresh-
water mixture.

3.4 Freshwater Flux

Using the CTD data and the mooring data at FSE2, an approximation of the
freshwater flux from SFG entering the sub-ice shelf cavity can be found. This is
done by assuming that both the basal melt rate and the current velocity within
the ice shelf cavity are constant, that a basal meltwater channel extends from
the grounding line to the position of FSE2, and that the width of the channel
is half of the distance between FSE2 and FSEI. These assumptions give rise to
estimations of the volume of freshwater due to basal melt within the meltwater
channel, which can be determined by:

A pl

. p p
Vomelr = // m(t,A) « —~ dtdA=m 1t * A% — (3.8)
Adty i

Where m is the average basal melt rate of 0.25 ma~! of the meltwater channel
at FIS ice shelf, extracted from Zeising et al. (2022); p,, and p; are the density
of freshwater (997 kg m~3) and sea ice (917 K gm_g) ; A is the total surface (dA
= y dx) of the meltwater channel, where length (182 km) and width (15 km) of
the meltwater channel is measured in Qgis (Fig. 3.8); t is the time it takes for a
water mass to be transported from the grounding line of SFG to FSE2. The time
is determined from mean velocity measurements at FSE2 and the length of the
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meltwater channel (t = 50 days). A 56-day Hanning-window convolution filter
of the velocity and the mean of the filtered velocity at all depths are displayed
in Fig. 3.7. The 750 m and 840 m instruments are situated near the ice shelf
base, making them prone to turbulence, which can reduce the mean velocity.
The travel time from the grounding line to the FSE2 station is estimated to be
318 days and 287 days at depths of 750 m and 840 m, respectively, which is
considered excessive. Therefore, velocities at greater depths are more accurate
for representing the approximation of the overall flow. The mean of the filtered
velocity at 1008 m is further used in the approximation, resulting in a travel
time of 50 days.

The flux of basal meltwater, Fly,.1;, can be obtained by dividing by the time
(t) on the volume of basal meltwater (Eq. 3.8). The division by time excludes
the time variable, rendering the choice of mean velocity at a certain depth
irrelevant to the flux estimation. The basal meltwater flux is thus expressed
as:

Fly oy =msAs 22 (3.9)

pi
The total flux of freshwater can be determined by combining equations 3.9
and 3.6. By calculating the basal meltwater flux as a percentage of the total
freshwater flux, it is possible to ascertain the overall flux of freshwater. Hence,
the total freshwater flux can be expressed as:
Sref = Smix

Flior = Flymerr * m (3.10)

When the total volume of freshwater and basal meltwater is known, it becomes
possible to determine the flux of subglacial runoff Fl,,,, ¢ passing FSE2 via
the meltwater channel

Flsrunoff = Flior — Flymelr (3.11)

To demonstrate the variability in the calculations, three source water masses
of potential temperature and salinity were chosen in Egs. 3.10 and 3.11 when
applied to the mooring data. The first source water mass was selected at 1150
m depth, the second source water mass as the mean values of 1550 m and 1080
m, and the third source water mass as the mean values of 1550 m, 1080 m,
and 1006 m. Measurements at 750 m depth were used as the final salinity, S.
The data were interpolated on the same time vector before a cross-correlation
between 750 m and the source water masses was done. The cross-correlation
analysis indicated the highest correlation coefficient at the beginning of the
time series, indicating that no time shift was required between the two-time
series.
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Figure 3.7: Low pass filtered velocity data from the FSE2 mooring. Filtered with a 52-
day Hanning-window convolution filter. The mean velocity of each filtered
time series is displayed as the dashed line. X-axis showing dates yy-mm.
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Figure 3.8: Map of the meltwater channel (blue area) from the SFG to FSE2, with
glacier runoff flowing from the grounding line to FSE2 within the channel.
The length (182322 m) and width (15796 m) of the channel are measured
in Quantartica (Norsk Polarinstitutt, 2023).






Results

4.1 Freshwater Content

The CTD profiles taken at FSW1, FSW2, FSE1, and FSE2 all show a two-layer
stratification, characterized by a deep layer containing a less modified ISW
(salinity of 34.61) and a fresher upper layer containing strongly modified ISW
(Fig. 4.1). The FSE2 profile stands out from the others due to a less saline and
warmer upper layer. The Gade lines, computed using Eqs.2.2 and 2.3, show that
the potential temperature and salinity profiles of FSW2 and FSEI are close to
the Gade lines, while in FSW1 and FSE2, the potential temperature and salinity
deviate from the Gade lines in the upper layer. Notably, FSW1 and FSE2 profiles
were located in areas of a thinner ice shelf, with an ice base pressure of 751 m
at FSW1 and 735 m at FSE2. Despite both FSW1 and FSE2 deviating from the
Gade lines, the profile of FSE2 demonstrates the most distinctive features.

37
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Figure 4.1: Vertical profiles of potential temperature (red) and practical salinity (blue).
From left to right: FSW1, FSW2, FSEI, FSE2. The dashed red and blue lines
represent the theoretical Gade lines for potential temperature and salinity,
respectively, and are calculated by Eq. 2.3 and Eq. 2.2. The horizontal
upper lines mark the ice base pressure, and the horizontal bottom lines
mark the depth of the seabed.

To further investigate the freshwater content in the FSE2 system, a TS-diagram
comparing the FSE2 and FSE1 CTD profiles and their corresponding Gade lines
(estimated with Eq.2.2) is presented in Fig.4.2. Consistent with the vertical
CTD profiles, FSE2 is found to exhibit a fresher profile compared to FSE1. Ad-
ditionally, FSE2 exhibits a clear fresher deviation from its Gade line, indicating
a substantial influence of freshwater in this region. With the use of Egs.3.4,
3.6 and 3.7 and considering the salinity properties of the deep layer as the
source water and the salinity at the ice shelf base as the freshwater mixture,
the fractions of freshwater within the upper layer was obtained. The percent-
age of total freshwater content and its breakdown into contributions from basal
melt and subglacial runoff at FSE1 and FSE2 are summarized in Tab. 4.1. The
analysis indicated that at FSE1, the freshwater fraction was 0.34%, with 96.49%
attributed to basal melt and 3.51% contributed by subglacial runoff. Similarly, at
FSE2, the freshwater fraction was 0.38%, with 68.39% attributed to basal melt
and 31.50% contributed by subglacial runoff. Fig. 4.2b provides insights into
the source water of the water masses in FSE1 and FSE2 via the Gade line. The
intersection of the Gade line and the freezing point temperature corresponds to
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a source salinity of 34.74 for FSE1 and 34.75 for FSE2, falling within the range
of HSSW salinity. Calculating the freshwater content with the source salinity
as a reference reveals a total freshwater content of 0.73% in FSE1 and 0.78%
in FSE2. In FSEI, basal melt contributes to 98.32% of the total freshwater con-
tent, while subglacial runoff accounts for 1.67%. In FSE2, basal melt accounts
for 84.43% and subglacial runoff accounts for 15.56% of the total freshwater
content.

Table 4.1: Total percentage of freshwater, and how much of this stems from basal
melt and subglacial runoff at FSE1 and FSE2. The local system refers to
percentages calculated using the deep layer salinity as source water mass.

FSE1 FSE2
Total freshwater (local system) 0.34% | 0.38 %
Basal Melt (local system) 96.49% | 68.39%
Subglacial Runoff (local system) 3.50% | 31.51%

Total freshwater (source water as reference) 0.73% | 0.78%

Basal Melt (source water as reference) 98.32% | 84.43%

Subglacial Runoff (source water as reference) | 1.67 % | 15.56%
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Figure 4.2: Panel (a) displays a TS-diagram of the CTD profiles of the local systems

of FSEI1 (red) and FSE2 (blue). A theoretical Gade line for each profile is
calculated with Eq. 2.3 and used to determine the fraction of freshwater
in the profiles. Panel (b) displays a TS-diagram of the CTD profiles of the
water masses in FSE1 and FSE2, which are traced back to the source water.
The intersection of the Gade line and the surface freezing point line gives
the source salinity of 34.74 for FSEl and 34.75 for FSE2. A mixing line
(blue and red line) from the source water to the freshwater mixture in
the upper layer is used to determine the fraction of freshwater with the

source salinity as the source water mass.
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4.2 General Conditions at FSE2

Fig.4.3 provides an overview of the temporal evolution of potential temperature,
salinity, source salinity, velocity, and backscatter at FSE2 from January 2016 to
December 2022. A two-layer stratification can be observed in potential temper-
ature, salinity, and source salinity. Consistent characteristics of denser water
were observed at 1150 m, 1080 m, and 1006 m depths. The water exhibited
warmer temperatures, higher salinity, and higher source salinity values than
the upper layer, indicating the presence of less modified ISW. The salinity and
source salinity at 1080 m and 1006 m are higher than at 1150 m. This difference
results from instrument drift or other measurement artifacts. The measure-
ments at 930 m, 840 m, and 750 m indicate colder water with lower salinity
and source salinity values than the bottom layer, indicating the presence of a
strongly modified ISW. The potential temperature, salinity, and source salinity
at 1150 m and 1080 m have an increasing trend from January 2017 to June
2020 before stabilizing. The middle two instruments, 1006 m and 930 m, show
more variability over time. Furthermore, an increasing trend in source salinity
is observed at 840 m and 750 m from July 2018 to June 2019, accompanied by
fluctuations that can be traced back to events of subglacial runoff, which are
further analyzed in the next section.

The mean current velocity measured at 1150 m and 1080 m is consistent in
a northeast direction and becomes stronger from December 2018 until July
2020. The mean current velocity at 750 m and 840 m is more varying and
flows northward from January 2016 until May 2018 and switches to a south-
ward mean current from May 2018 until July 2020. There is a varying, but the
same signals can be seen for all depths. The strongest signal is at 1150 m, and
the weakest is at 750 m.
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Figure 4.3: Time series from 06.01.2016 - 31.12.2022 ( 20.07.2020) (dd.mm.yyyy) of
potential temperature [6], salinity [psul, source salinity [psul, velocity
[cm s~ 1], and backscatter [dB] at FSE2 from 750 m, 840 m, 930 m, 1006
m, 1080 m, and 1115 m depths. The y-axis on the velocity panels displays
instrument depth in meters. Dates on the x-axis show yy-mm

4.3 Subglacial runoff events at FSE2

Fig.4.4 illustrates the relationship between pulses of subglacial runoff events
and time series of potential temperature, source salinity, velocity, and backscat-
ter, at 750 m and 840 m depths. In this thesis, the subglacial runoff event refers
specifically to events detected in the source salinity, where the source salinity
first rapidly decreases (phase 1), followed by a rapid increase in source salinity
(phase 2).

Six subglacial runoff events were detected from January 2016 until Decem-
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ber 2022. The minimum in source salinity during the subglacial runoff event
marks the end of phase 1. Phase 1 is characterized by a lower source salinity,
associated with a peak in potential temperature and backscatter. Phase 2 is
characterized by a sharp increase in source salinity following phase 1. This
increase in source salinity coincides with a decrease in potential temperature
and backscatter. The maximum source salinity in the subglacial event marks
the end of phase 2. Tab. 4.2 presents the start- and end time of each subglacial
runoff event, determined by when the rapid decrease start in source salinity
and from when the rapid increase of source salinity within the event stops. The
date of minimum source salinity marking the end of phase 1 and maximum
source salinity marking phase end of phase 2 is also presented in the table.
From January 2016 to May 2018, the mean velocity of the current is consistent

Table 4.2: Number of subglacial runoff events, starting and ending date of each event, date
of minimum source salinity (phase 1), and maximum source salinity (phase 2)
within each event.

Event Starting Date Ending Date Minimum Source Maximum Source
Salinity (Phase 1) Salinity (Phase 2)
1 Unknown 07.04.2016 06.01.2016 07.04.2016
2 07.04.2016 19.10.2016 25.07.2016 19.10.2016
3 21.12.2017 24.04.2018 12.03.2018 26.04.2018
4 11.05.2019 28.03.2020 05.09.2019 28.03.2020
5 28.03.2020 04.02.2021 08.08.2020 02.01.2021
6 04.02.2021 09.02.2022 27.08.2021 09.02.2022

in a northward direction. Local variation is observed, which coincides with the
subglacial runoff event. An increase in current velocity was observed for both
depths during phase 2, when the source salinity rapidly increased, accompa-
nied by a change in the current direction towards the northeast at 750 m. At the
same time, a stronger northward current was observed at 840 m. In May 2018,
as the source salinity started to have an increasing trend, the mean current
changed direction towards the south. The southward propagation of the mean
current stayed consistent until July 2020 (the end of the velocity time series).
During a subglacial runoff event in this period, the southward mean current
weakened during phase 2.
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Figure 4.4: Time series of potential temperature [0], source salinity [psul, velocity
[cm s~1], and backscatter [dB] at FSE2 from 750 m and 840 m depths.
The y-axis on the velocity panels displays instrument depth in meters.
Grey lines mark minimum values of source salinity, and black lines mark
maximum values of source salinity followed by a minimum value. The pink
shade marks the two intervals: 06.01.2016 - 18.10.2016 and 17.05.2020 -
20.07.2020 (dd.mm.yyyy). Dates on the x-axis show yy-mm.

Further investigation of how the subglacial runoff event affects the mean cur-
rent is done in two different time intervals. The first interval is characterized by
a northward propagation of the mean current, and the second interval shows
southward propagation in the upper layer. The first period spans from the 6th
of January 2016 to the 18th of October 2016, while the second interval spans
from the 17th of May 2020 to the 20th of July 2020 (highlighted in pink in Fig.
4.4).

For the two phases of the subglacial runoff event during both intervals, a 2-
week binned average of 2-month filtered velocity data is shown for all depths
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in Fig. 4.5. The representation of each phase is chosen close to the minimum
values of source salinity for phase 1 and close to the maximum value of source
salinity for phase 2 (Tab. 4.2). Fig. 4.5a represents phase 1 in a subglacial runoff
event in the first interval. The velocity is a binned average from the 29th of
May to the 12th of June, 2016. The analysis shows a vertical velocity shear that
rotates counterclockwise with height, decreasing velocities from the bottom
toward the ice shelf base. Phase 2 of the subglacial runoff event in interval 1
is shown in Fig. 4.5c and is a binned average of the velocity from the 2nd to
the 16th of October 2016. A vertical velocity shear rotating counterclockwise is
observed between 1115 m, 1080 m, and 840 m, where the velocity decreased
from the bottom toward the ice shelf base. However, the mean current at 750 m
deviates from this vertical velocity shear by increased velocity and a changed
direction towards the northeast. Phase 1 of the subglacial runoff event in the
second interval is seen in Fig. 4.5b, showing a binned average from the 7th to
the 21st of July 2019. A vertical velocity shear rotating counterclockwise with
height is also observed. The velocity shear initially decreases with height but
then reverses direction and starts to increase again. Phase 2 within interval 2 is
illustrated in Fig. 4.5d, displaying a binned average from the 27th of October to
the 10th of November 2019. The mean current direction at 750 m diverges from
the vertical velocity shear observed during phase 1 of this interval. Additionally,
this deviation is accompanied by a decrease in velocity at 750 m.

The histogram in Fig. 4.6 presents the relationship between velocity anomalies
and anomalies of potential temperature, source salinity, and backscatter during
the two intervals at 750 m (marked in pink Fig. 4.4). In the first interval, strong
northeast velocity anomalies are linked to negative potential temperatures, pos-
itive source salinity, and negative backscatter anomalies. These anomalies are
indicative of an ISW plume. Slower northwest and southwest velocity anomalies
are associated with positive potential temperatures, negative source salinity,
and positive backscatter anomalies, indicating subglacial runoff. The variance
ellipse displays the strongest anomalies in the northeast direction. The anoma-
lies in interval 2 show the same features as in interval 1. The variance ellipse
is slightly towards the southwest.
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Figure 4.5: Vertical velocity shear between 750 m, 840 m, 1080 m, and 1115 m depth
from a 2-week binned average of a 2-month lowpass filtered velocity data.
(@) and (b) show an instance of low source salinity (marked with a grey
dashed line in Fig.4.4), where (a) represents the first pulse observed in
interval 1 (29.05.2016-12.06.2016) and (b) represents the observed pulse
on interval 2 (07.07.2019-21.07.2019). (c) and (d) shows an instance of
increased source salinity, where (c) represents the second peak in interval
1 (02.08.2016-16.08.2016) and (d) represents the first peak in interval 2
(07.07.2019-21.07.2019).
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Figure 4.6: 2D histograms of velocity anomalies where each velocity bin contains
the mean of potential temperature (left panel), source salinity (middle
panel), and backscatter (right panel) anomalies. The upper row displays
the anomalies from interval 1, and the lower row show anomalies from
interval 2 (marked with pink in 4.4). All histograms have a variance ellipse
showing the velocity anomalies’ distribution.

4.4 Time Lag of backscatter

Fig. 4.7 presents the time lag observed between 750 m and 1150 m of the
backscatter signal. The delayed back-scatter signal with depth indicates that
the signal originates from a material falling vertically from the ice shelf base to
the bottom. The time lag determined by identifying the peaks is displayed in
the left panel. In contrast, the right panel shows the time lag calculated using
cross-correlation with three different filtering windows. In the left panel, a
time lag between the two depths is found to be 13 days and 22 hours (interval
1 in Fig. 4.4), and the second peak (interval 2 in Fig. 4.4) show a delay of 15
days. Assuming that sediments cause the backscatter peaks, the falling velocity
of the sediment in peak one is 0.032 cm s~* and 0.030 cm s~! for peak 2. The
falling velocity of 0.030 cm s~! corresponds to a grain size of 0.02 mm (Soulsby,
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1997)

Using cross-correlation (right panel), the 1-month, 2-month, and 3-month filters
show time lags of 15 days, 14.4 days, and 13.5 days. The average time lag of all
three filters is 14.3 days with a standard deviation of 0.61, which gives a falling
velocity of 0.032 cm s~ !
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Figure 4.7: The left panel shows time series of backscatter [dB] at 750 m and 1150
m depth at FSE2. The black line marks the peak at 750 m, while the blue
line marks the peak at 1150 m. The right panel shows the time lag calcu-
lated with cross-correlation with filtering windows of 3, 2, and 1 month.
Maximum correlation is chosen to be 30 days.

4.5 Freshwater Flux

By Eq.3.9, the basal meltwater flux within the meltwater channel was calculated
to be 12.4 m® s~1. The subglacial runoff flux determined from the freshwater
content (Tab.4.1) is found to be 5.72 m® s~! and a total freshwater flux of 18.13

m3 s L.

Fig. 4.8 displays a time series of freshwater content (calculated by Eq. 3.4),
subglacial runoff percentage (calculated by Eq.3.7), and subglacial runoff flux
at FSE2 (calculated by Eq.3.11), calculated using three different reference salini-
ties and potential temperatures (lower instruments in Fig. 4.3). The time series
reveals six distinct events characterized by increased freshwater content, sub-
glacial runoff percentage, and enhanced freshwater flux, which align with the
identified subglacial runoff events in Fig.4.4. The peaks of freshwater content
and subglacial runoff coincide with the minimums source salinity during the
subglacial runoff event, as indicated in Table 4.2. The choice of source water
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mass influences the magnitude of the percentage of glacier runoff and sub-
glacial runoff flux. Specifically, the source water mass obtained from a depth of
1115 m yields the lowest values for these variables. On the other hand, taking
the mean values of 1150 m, 1080 m, and 1006 m as the source water mass results
in the highest values for the percentage of glacier runoff and subglacial runoff
flux. Additionally, the source water mass derived from the mean values of 1150
m and 1080 m exhibits the highest freshwater content.

The analysis of freshwater content reveals fluctuations ranging between 0.32%
and 0.45%, encompassing all reference water masses. Additionally, an over-
all increasing trend is observed from January 2017 to August 2018. Similarly,
both the subglacial runoff percentage and subglacial runoff flux exhibit similar
patterns. An increasing trend is observed from January 2017 to August 2018
and a decreasing trend from April 2018 to April 2019. The subglacial runoff
percentage varies between 20% and 42%, while the peaks of the subglacial

runoff flux range between 3 and 9 m> s~1.
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Figure 4.8: Time series of percentage of freshwater content (upper panel), percent-
age of subglacial runoff (middle panel), and subglacial runoff flux (lower
panel). Grey dashed lines indicate minimum source salinity within a sub-
glacial runoff event, and black dashed lines indicate maximum source salin-
ity during a subglacial runoff event marked with black lines (as marked
in Fig.4.4, Tab.4.2).



Discussion

5.1 Impacts of Subglacial Runoff on Water
Transformation at the Eastern and Western
Flanks beneath Filchner Ice Shelf

CTD analysis confirms that freshwater from subglacial runoff spreads on the
western and eastern flanks beneath FIS (Fig.4.1). The subglacial runoff de-
tected at FSE2 is proposed to originate from the grounding line of SFG. The
subglacial runoff, having a lower density than the surrounding seawater, ex-
periences buoyancy forces that cause it to ascend along the sloping ice shelf
base, forming a buoyant plume. The buoyant freshwater plume preferentially
flows towards the thinnest areas of the ice shelf. Since the ice shelf gradually
thins towards its edges, the buoyant subglacial runoff naturally moves upward,
primarily towards the east. The Coriolis effect will further constrain the buoy-
ant plume’s pathways if the plume’s volume and velocity grow large enough
(Holland and Feltham, 2006). Consequently, the plume exhibits geostrophic
characteristics as it ascends along the ice shelf base, aligning with geostrophic
flow patterns. In Hattermann et al. (2021) (updated based on Nicholls et al.
(2009a)), the analysis of water column thickness contours and gradients re-
veals the presence of geostrophic flow directions towards the northeast. This
flow pattern guides the plume to follow the topography on the eastern side
of the Filchner Trough toward the north. Subsequent sections will provide a
more comprehensive examination of the plume formation and its implications
on the circulation observed at FSE2. The subglacial runoff observed at FSWI1 is

51
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hypothesized to originate from a different source, suggesting a different path-
way for this subglacial runoff component which will not be further discussed.

The assessment of the subglacial runoff fraction at FSE2 involves considering
both the local system and the reference water mass (Tab.4.1). In one case, it is
examined how ISW that is present in the lower layer at FSE2 is further modified
by basal melting and subglacial runoff in the local system, in the other case,
the properties of the upper layer at FSE2 are compared to the HSSW source
water outside of the ice shelf cavity. When examining the local system, the
temperature and salinity properties in the bottom layer are assumed to be the
source water mass of the transformed water mass observed in the upper layer.
The source water mass is assumed to originate from areas further upstream
within the cavity, consisting of HSSW that has experienced modifications due
to basal melting along the Gade line, forming a less modified ISW. By analyzing
the percentage of subglacial runoff from a water mass originating from areas
further upstream in the cavity, the estimations reflect the extent of transfor-
mation along its pathway. Considering that the water mass in the lower layer
at FSE2 is representative of the source water mass at the grounding line, it is
demonstrated that the water mass in the upper layer at FSE2 has been modified
by an admixture of 0.38% of freshwater that originates from basal melt and
subglacial runoff. The deviation of the water mass transformation from the
Gade line further indicates that subglacial runoff accounts for 31.50% of the
freshwater content that has been added during this transformation. In contrast,
when the water mass is traced back to its source, the analysis accounts for
any basal melt mixed with the HSSW throughout its entire journey, starting
from its entry into the ice shelf cavity at RIF and ending at the upper layer at
FSE2. This approach indicates that the water mass has been transformed by
an admixture of 0.78% of freshwater due to the combined effects of subglacial
runoff and basal melt during this pathway. This approach indicated that 15.6
% of the freshwater could be attributed to subglacial runoff. This estimate is
close to the previous measurements conducted in January 2016 by Huhn et al.
(2018), who estimated subglacial runoff to be 13% of the freshwater content
at FSE2 from noble gas samples. Hence, supporting the validity of the results
in this study.

5.2 Subglacial Runoff Dynamics and Flux
Variability

The subglacial runoff flux estimates obtained in this study show a range be-
tween 3 and 9 m>®s~!, which represents a higher discharge compared to the
model results reported by Dow et al. (2022). The model findings by Dow et al.
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(2022) indicated a discharge of 0.51 and 0.45 m>®s~! from two small subglacial
channels at SFG. Although the numerical values differ, the order of magnitude
remains consistent. Both studies emphasize the persistent nature of the sub-
glacial channels draining water beneath the ice streams and glacier catchments.
As highlighted in Dow et al. (2022), these channels exhibit consistent size and
distribution, remaining resistant to changes in sensitivity tests. Similarly, this
study indicates a constant presence of subglacial runoff at FSE2. This is sup-
ported by the stratification in source salinity, with fresher source salinity in
the upper instruments compared to the lower instruments at FSE2 (Fig.4.3),
suggesting distinct origins or different mixing processes occurring within the
ice shelf cavity system. Additionally, the approximation of the subglacial runoff
flux at FSE2 further proposes the presence of a consistent subglacial runoff
flux. The formation of subglacial basal melt, driven by geothermal heating at
the glacier ice base and frictional heating from ice sliding over the bedrock, is
a plausible explanation for this consistent discharge.

The time series analysis of the freshwater flux model reveals the occurrence
of six distinct subglacial runoff events in a period of seven years. The events
typically last for 264 + 90.74 days, and the average time between individual
events is 235+193 days. The extended duration and high standard deviation
of the subglacial runoff event can be attributed to the challenge of precisely
defining its start and end time. The occurrence of pulses does not follow a dis-
tinct seasonality, and the temporal variability in event occurrence ranges from
mutilmonth to interannual timescales. Instead, it is expected that the timing
is related to the drainage of subglacial lakes related to the dynamics of the
subglacial hydraulic system within SFG and the Antarctic ice sheet. Subglacial
lakes upstream of the SFG have been identified with Land Elevation Satellite
(ICESat) (Fricker et al., 2016). When the water pressure in these subglacial
lakes reaches a critical threshold, the meltwater can escape, leading to a larger
discharge at the grounding line of SFG. Dow et al. (2022) proposed that the
Foundation Ice Stream (southwest of SFG) system contains a network of ex-
tensive channels interconnected with subglacial lakes, providing a plausible
pathway for increased discharge resulting from lake drainage, as evidenced by
a significant discharge of 24 m3s™! at the grounding line. Considering the in-
clusion of lake drainage in the smaller channels at SFG, a maximum discharge
of 9 m3s~! during a lake drainage event is well within the realm of feasibility.

This analysis enables the determination of the precise timing of the arrival
of the subglacial runoff freshwater flux at FSE2. By subtracting the travel time
(t = 50 days) required for a water mass to travel from the grounding line to
the FSE2 location from the starting date of the subglacial event, the discharge
timing of these subglacial runoff events at the grounding line can be approxi-
mated. Hence, the discharge times at the grounding line of the observed pulses
can roughly expected to occur: early November 2015 (starting date unknown,
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based on minimum source salinity), mid-February 2016, mid-November 2017,
late April 2019, early February 2020, mid-December 2020. By using satellite
imagery detection of subglacial lakes, it is now possible to investigate the poten-
tial relationship between discharge time and the drainage of subglacial lakes
within the ice sheet in future studies. However, it is important to notice that
the velocity used in the calculations is the mean current at 1080m. However,
this does not consider the change in the direction of the mean current from
north to south in the upper layer during the period. The tidal current is also
filtered out, which is expected to influence the current velocity greatly

The freshwater flux model obtained in this study may have certain limitations
arising from the simplifications made in the calculations. The assumption of a
constant basal meltwater flux is not valid for the entire basal meltwater channel.
The changes in ice shelf water plume dynamics due to the freshwater input
will feed back on the melt rates. Generally, the flux estimates should be con-
sidered as a scale estimate rather than an exact quantification. The increased
percentages of freshwater content from January 2017 to August 2018 can result
from the delayed increasing trend in source salinity between the source water
mass of the ISW and the 750 m measurements. The estimation of freshwater
content is determined by the fraction between the source water mass and the
salinity measured at 750m depth. Because the increasing trend in salinity is
later observed in the upper layer, the fraction in Eq.3.4 will be larger, which
may explain the increasing freshwater percentage. Although the approxima-
tions may overestimate, it is still a good illustration that pulses of increased
subglacial runoff flux are occurring and that these pulses coincide with the
subglacial runoff pulses observed in the other oceanic properties

5.3 Characterizing Subglacial Runoff Events and
the Formation of an Ice Shelf Water Plume

Earlier observations below FRIS show that the background circulation is mainly
driven by large-scale density gradients inside the cavity, giving rise to geostrophic
currents that follow the topographic contours inside the cavity (Hattermann
et al., 2021; Nicholls et al., 2009a), illustrated in Fig. 5.1a. The time series anal-
ysis reveals that the characteristic pattern observed during subglacial runoff
events interacts with and influences the background flow, potentially altering
its dynamics and magnitude. Specifically, the subglacial runoff events exhibit
a distinct pattern that can be described in two phases. During the early phase
(phase 1), the source water salinity decreases, temperature increases, and south-
ward velocity anomalies are observed in the upper layer. This phase is followed
by a second phase (phase 2), where the source water salinity rapidly increases,
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temperature decreases, and northward velocity anomalies are present. It is hy-
pothesized that this evolution is caused by distinct subglacial runoff pulses and
the formation of an ice shelf water plume generated by these events (Fig.??b,c).

During phase 1, the water within the upper layer exhibits lower source salin-
ity and warmer characteristics, indicative of the direct influence of the fresh
subglacial runoff (illustrated in Fig.5.1b). The backscatter signal also increases
during this phase. Research conducted by Powell (1990); Drews et al. (2017)
demonstrated that subglacial discharge is known to transport glacially-eroded
sediments, making it highly possible that the observed increased back-scatter
signal is a cause of sediments deposited by the glacier. Also, because the sig-
nal is delayed with depth, the backscatter signal is not a result of increased
ice crystal presence, as ice crystals would ascend, and the signal would be ob-
served from the seafloor towards the surface (Oraltay and Hallett, 1989). This
indicates that the increased signal is caused by increased sediments within the
subglacial runoff event and that phase 1 is most relevant for transporting sedi-
ments. Building upon the findings of Schild et al. (2016), it becomes evident
that the increased back-scatter signal can be used as a indicator of a plume
resulting from subglacial runoff. During phase 2, there is a transition to colder
water masses containing higher source salinity (illustrated in Fig.5.1c). This
shift in water properties proposes an increased contribution from basal melt-
water, aligning with enhanced basal melting in the deeper regions of the ice
shelf. When subglacial runoff enters the ice shelf cavity at the grounding line,
a catalytic effect is initiated, facilitating the entrainment of relatively saline
ISW (Fig.5.1b) (Jenkins, 2011). Typically confined to the bottom layer of the
ice shelf cavity, this less modified ISW exhibits higher salinity and temperature
than the stronger modified ISW above. Through the process of entrainment,
the less modified ISW is transported to the ocean-ice shelf interface, which
will potentially drive melting. This leads to an additional buoyancy input that
surpasses the initial buoyancy contribution from the limited volume flux of the
subglacial runoff, ultimately accelerating the plume velocity (Fig.5.1c). The up-
per layer during phase 2 is hypothesized to contain a mixture of the entrained
less modified ISW with higher source salinity and the basal meltwater result-
ing from the plume interactions with the deep ice shelf base, which brings the
temperature down and increases the source salinity.

The observed smooth transition between the two phases at FSE2 is consistent
with a gradual transition in the driving mechanism of the plume, described
by Jenkins (2011). The melting near the grounding line is initially driven by
convection caused by the subglacial discharge, leading to the first phase. Sub-
sequently, the plume is initialized and further accelerated by shear-driven melt
and the entrainment of less modified ISW. This progression leads to the second
phase, where it appears that the subglacial runoff discharge at the grounding
line no longer serves as the dominant source of buoyancy. This unique gene-



56 CHAPTER § / DISCUSSION

sis of the plume has not yet been directly observed but is anticipated to have
implications for the intensity of basal melting near the grounding line. Under-
standing these processes is important for assessing ice shelf thinning and land
ice discharge (Reese et al., 2018). Detailed modeling will be necessary to fully
understand the plume’s dynamics and the precise reasons for basal melt pulses
following the subglacial runoff pulses.
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Figure 5.1: Different scenarios of the mean current beneath FIS based on observa-
tions at FSE2. (a) illustrate a normal state where the background current
dominates the residual current. (b) Show subglacial runoff discharged at
the grounding line of SFG, which results in a plume facilitating the en-
trainment of warmer and more saline water from the deeper parts of the
ice shelf cavity, initiating phase 1 of the subglacial runoff event. And (c)
shows the evolution of the plume, inducing melting of the ice shelf base
and continued entrainment of warmer and more saline water resulting in
an altering of the water masses properties within the plume and a larger
volume flux, forming phase 2 of the subglacial runoff event.
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5.4 Background Current and Local Circulation
Variations beneath Filchner Ice Shelf

The current beneath FIS is a superposition of a highly variable tidal current,
a slow background current from the west driven by Ronne-HSSW, and local
variations in the current (Hattermann et al., 2021; Nicholls et al., 2009a). In
the previous analysis in Chapter 5.3, it was discussed that the observed local
variations in the upper layer are consistent with an ISW plume triggered from
subglacial runoff discharged at the grounding line of SFG. In addition, the
analysis of the time series data indicates the existence of variations in the back-
ground current, with the runoff events superimposed upon them.

From January 2016 to May 2018, the background current was directed north-
ward in the upper and bottom layers, with higher velocities observed in the
bottom layer. In this analysis, the oscillating effects from the tidal current are
intentionally removed to focus on assessing the residual flow. Therefore, the
northward mean current observed is solely attributed to the residual current,
which refers to the background current and anomalies. The mean current in
the bottom layer is directed in the northeast and is considered geostrophic.
Consequently, the background current from the west, which follows the topog-
raphy contours, dominates the bottom layer. When considering only the effects
of baroclinicity, water with lower density indicates low pressure within the
water column. In the Southern hemisphere, the low pressure is to the right of
a geostrophic current, indicating lighter water masses to the east of FSE2 for
the geostrophic current to flow northward. The east-west horizontal density
gradient, combined with the stratified water column leading to an incline in
the isopycnals, results in a changing pressure gradient force with depth. Con-
sequently, a vertical velocity shear is observed, decreasing from the bottom
toward the surface, following the thermal wind relation (% < 0). From the
thermal wind shear (Eq.2.5a), a wind shear decreasing with height indicates
that larger horizontal density differences are found in the bottom layer com-
pared to the upper layer.

During phase 1, which corresponds to the early stage of the subglacial runoff
event (as discussed in Chapter 5.3), a vertical velocity shear is observed, de-
creasing from the bottom towards the ice shelf base (% < 0). The vertical
velocity shear is also observed to rotate counterclockwise, progressing from
the bottom toward the ice shelf base. A deflection to the west is observed in
the upper layer, illustrated in Fig5.2a. The deflection cannot be explained by
the theory of the Ekman spiral in an under-ice boundary layer because the fric-
tional forces from the ice shelf base act in the opposite direction of the mean
current. Thus the mean velocity would be expected to have a frictional-induced
component down the pressure gradient, influencing the current in the upper
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layer to be deflected towards the east (Marshall and Plumb, 2007). Small fric-
tion coefficients at the ice base (Holland and Feltham, 2006) may explain the
minor importance of the Ekman layer, suggesting that the westward deflection
of the velocities at the uppermost current meter is dominated by other effects
than boundary layer friction. The underlying reasons for the rotation remain
unclear but may be related to ageostrophic convergence/divergence or be as-
sociated with the conservation of potential vorticity when there are variations
in the thickness of the water column beneath the ice shelf. The height changes
can induce the relative vorticity to adjust to uphold the conservation princi-
ple. In the Southern Hemisphere, the counterclockwise motion observed can
be attributed to negative relative vorticity (Rohli and Vega, 2011), consistent
with a decrease in water column height along the flow path. The dominance
of the rotating vertical velocity shear within the water column during phase 1,
driven by horizontal density variations, proposes that the background current
is dominant in driving the flow dynamics during this stage of the subglacial
runoff event.

In phase 2 of the subglacial runoff event, the later stage of the plume which
contains basal meltwater (as discussed in Chapter 5.3), the mean current in the
upper layer undergoes alterations (Fig.5.2c), with the mean current at 750 m
shifting towards the northeast and an increase in velocity at 750 m and 840 m.
These alterations are consistent with a developed buoyant meltwater plume.
If the plume gains enough volume and velocity, it will approach geostrophic
balance and ascend under the ice base with a component aligning with the
topographic contours (Holland and Feltham, 2006). Hence, the plume gradu-
ally dominates the mean current in the upper layer during phase 2, shaping its
overall circulation.

Between May 2018 and July 2020, the background current exhibited a south-
ward direction in the upper layer. The change in direction observed in the upper
layer can be attributed to variations in the large-scale density structure within
the cavity during the transition into the Ronne mode. Notably, the timing of
this Ronne mode transition, as documented by Hattermann et al. (2021), aligns
with the observed shift in the background flow direction. During this period of
dominant Ronne mode, higher source salinity propagates through the cavity
from west to east. This increased salinity leads to denser water in the center of
the Filchner Trough, thereby contributing to a larger east-west density gradient,
which increases the thermal wind shear. This is consistent with an increase of
the bottom intensified northward velocities, while the reversal of the flow at
the uppermost current meters may be a response to the increased vertical shear
through baroclinic adjustments. During this interval, when a subglacial runoff
event occurs, the dominant feature within phase 1 is the pronounced vertical
velocity shear resulting from the shift to Ronne mode (Fig.5.2b). This proposes
that the background current continues to dominate in phase 1, similar to phase
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1 during interval 1. During phase 2 of the subglacial runoff event, the gene-
sis of the meltwater event acts on top of the vertical velocity shear observed
in phase 1. This interaction between the plume and the background current
leads to similar anomalies as those observed in the first interval, however, being
superimposed to a different background flow. The meltwater plume opposes
the mean current, which now flows from the north, opposing the background
thermal wind shear, leading to a weakening of the southward component at
the uppermost current meter (Fig.5.2d).

The distinction between phase 1 and phase 2 of the subglacial runoff event
in terms of their impact on the current within the upper layer is assumed to be
attributed to the structural characteristics of the plume and the degree of en-
trainment of HSSW into the plume during its ascent. The lower source salinity
and warmer temperature within phase 1 indicate that the subglacial discharge
has undergone less entrainment of HSSW compared to the plume generated
in phase 2. In phase 2, where the plume is more developed, the plume exhibits
a higher level of entrainment, resulting in increased basal melting and sub-
sequent input of buoyancy. This accelerates the plume, ultimately becoming
geostrophic, thus influencing the circulation patterns in the upper layer.
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Figure 5.2: Panels (a) and (b) illustrate the vertical velocity shear profiles beneath FIS
during phase 1 of the subglacial runoff event. Panels (c) and (d) illustrate
the vertical velocity shear profiles during a phase 2 of the subglacial runoff
event. The (X) is oriented towards the northeast and the (o) is oriented
towards the southwest
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5.5 Implications for Ice Shelf Stability

This study has identified subglacial runoff, and for the first time, a time series of
runoff from under-ice shelf ocean mooring data has been derived. Furthermore,
this study shows that the subglacial runoff induces a basal melt plume, which
is observed to alter the residual ocean current in the upper layer, regardless of
the direction of the background current.

As demonstrated by Jenkins (2011), the subglacial runoff can act as a trigger,
amplifying the formation of a meltwater plume. Discovering a plume with
the characteristics of subglacial runoff in front (phase 1) followed by a pulse
of basal meltwater (phase 2) 182 km away from the grounding line supports
the theory of a subglacial runoff-induced meltwater plume. A larger pulse of
subglacial runoff within phase 1 of the subglacial runoff event corresponds
to a larger magnitude of phase 2, suggesting that the discharge of subglacial
runoff intensifies the melting of the ice shelf base. Consequently, the increased
melting caused by subglacial runoff can lead to larger meltwater channels in
the ice shelf base (Hofstede et al., 2021a). According to (Millgate et al., 2013)
larger meltwater channels can shield other ice shelf areas from the sub-ice shelf
plumes. Thus, meltwater channels can reduce average melt rates because they
are a topographical focus for the plumes (Dutrieux et al., 2013; Alley et al.,
2016). On the other hand, the contribution of subglacial runoff to increased
melt rates can have implications for the vulnerability and mass loss of the ice
shelf. The enhanced meltwater plume resulting from subglacial runoff can lead
to intensified melting, particularly in the deeper regions of the ice shelf. This
dynamic melting process is significant for the loss of grounded ice (Reese et al.,
2018). The intensification of cold meltwater outflow at FSE2 during phase 2
provides evidence of this process in action. Additionally, the timing of runoff
pulses, which exhibit monthly to interannual variability, impacts the temporal
variability of melt rates near the grounding line. This aspect is important to
consider when interpreting time series of melting from satellite remote sensing
(Adusumilli et al., 2020).

As shown in this study, subglacial runoff-induced meltwater plume impacts
the current in the upper layer. In the case of larger meltwater channels, the
plumes are likely to exhibit a larger volume flux of meltwater, potentially domi-
nating the flow in the upper layer over a longer period. The upper layer will also
be fresher due to more basal meltwater and experience more vertical mixing
of heat, which can change the stratification of the water column and induce
higher melt rates. Changes in stratification in one area can induce horizontal
density gradients, impacting the baroclinic geostrophic current beneath the ice
shelf.

As climate change continues to affect Antarctica, the impact of subglacial runoff
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may evolve. With rising air temperatures, more surface meltwater is likely to
accumulate in basins within the ice sheet and eventually reach the ice sheet
base, increasing subglacial discharge at the grounding line (Dow et al., 2022).
It is possible that the larger subglacial runoff pulses, which are currently not
seasonal, could become seasonal in the future. This is similar to what is ob-
served in glaciers in Greenland (Washam et al., 2019). Increasing subglacial
discharge at the grounding line will lead to increased formation of ISW plumes
beneath FIS, hence a thinning of the ice shelf. Furthermore, reduced buttressing
to the ice sheet can cause ice streams to accelerate, resulting in more frictional
glacial basal melt (Pritchard et al., 2012). This phenomenon is not limited to
FIS but is expected to occur across all ice shelves in Antarctica. Incorporating
subglacial runoff into ice sheet models could improve the understanding of ice
sheet dynamics and help to make more accurate future predictions of ice sheet
stability.



Summary

This study has expanded our knowledge of the general circulation beneath FIS.
Previous studies show that the current in this region is a combination of various
components, including a highly variable tidal current, a slow background cur-
rent from the west driven by Ronne-HSSW, and local variations (Hattermann
et al., 2021; Nicholls et al., 2009a). This study shows that these local variations
observed beneath FIS result from an ISW plume caused by subglacial runoff
discharged at the grounding line of SFG.

This study shows that freshwater from subglacial runoff spreads over the shal-
lower regions of the western and eastern flanks beneath FIS. The observed
distribution is consistent with the buoyancy-driven ascent of subglacial runoff
along the inclined ice shelf base and the effects of the Earth’s rotation, causing it
to flow with constant topographic contours. The stratification in source salinity
throughout the time series suggests a consistent presence of subglacial runoff
at FSE2, which can be caused by a constant discharge of subglacial runoff due
to geothermal heating or melting from ice sliding over the bedrock. The occur-
rence of six larger events of subglacial runoff in the upper layers is assumed to
be due to the drainage of subglacial lakes, which contain accumulated glacial
basal meltwater within the ice sheet. A time series of the subglacial runoff have
been derived from the under-ice shelf ocean mooring data for the first time.
The time series reveals that the pulses of subglacial runoff are not seasonal and
exhibit multimonth to interannual variability.

The analysis reveals a notable pattern within the subglacial runoff event: every
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larger pulse of subglacial runoff (phase 1) is followed by a larger pulse of basal
meltwater (phase 2), indicating increased melting in the deeper regions of the
ice shelf. When the subglacial runoff is discharged at the grounding line, it gen-
erates a buoyant plume that rises along the ice shelf base, entraining warmer
water masses and facilitating basal melting at the ocean-ice shelf interface. The
presence of subsequent pulses of basal meltwater has been observed to alter
the mean current within the mixed layer, influencing the background thermal
wind shear within the background current. This suggests that the pulses of
basal meltwater influence the flow dynamics, leading to changes in the current
patterns located 182 km upstream of the grounding line. The results further
deepen our understanding of the intricate interactions between subglacial pro-
cesses, basal melting, and ocean current beneath FIS. It highlights the role of
subglacial runoff in driving increased melt rates, possibly impacting the vul-
nerability and mass loss of the ice shelves.

As climate change progresses, the influence of subglacial runoff may evolve.
Rising air temperatures are expected to increase surface meltwater accumu-
lation, which can lead to greater subglacial discharge at the grounding line,
as observed in Greenland (Washam et al., 2019). This could result in larger,
possibly seasonal, subglacial runoff pulses and more pronounced basal melt-
water plume formation beneath FIS. Subglacial runoff at grounding lines is
not limited to FIS but is anticipated to occur across all ice shelves surrounding
the Antarctic ice sheet. This study shows the importance of incorporating sub-
glacial runoff into ice sheet models to improve our understanding of ice sheet
dynamics and enhance future ice sheet stability predictions.

6.1 Future Work

To further investigate the effects of subglacial runoff, it would be recommended
to incorporate subglacial runoff flux into various models. Integrating subglacial
runoff into an ocean circulation model, specifically applied to the ocean cavity
beneath the FIS, can achieve a more comprehensive understanding of the ef-
fects on the larger circulation pattern beneath the ice shelf. This approach will
provide valuable insights beyond examining a single point, such as FSE2, en-
abling a more detailed assessment of subglacial runoff’s influence on the overall
circulation. In addition, examining the impacts of subglacial runoff from the
Foundation ice stream on the ocean circulation beneath FIS, situated southwest
of SFG, would be of interest. The Foundation ice stream is expected to exhibit
an even greater magnitude of subglacial discharge at the grounding line (Dow
et al., 2022).

To better comprehend the dynamics of the observed ISW pattern, where two
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different phases are detected at FSE2, it would be recommended to conduct
further investigations into the plume dynamics generated by the subglacial
discharge. The models should be run with different magnitudes of subglacial
runoff flux. This approach will explore how larger discharges, which may be
experienced in the future, impact melt rates and circulation patterns. By quanti-
fying the relationship between subglacial flux magnitude and its consequences,
valuable insights can be gained to assess the potential implications of future
scenarios.

It would be interesting to investigate the missing data in the current meter
dataset to gain a complete time series from 2015-2023 for all parameters. Fur-
thermore, an investigation should be conducted to determine whether the occur-
rence of larger subglacial pulses aligns with instances of lake drainage within
the ice sheet. Leveraging satellite imagery, we now possess an approximation of
the timing of discharge at the grounding line, making it possible to investigate
this relationship.

Lastly, it is important to prioritize monitoring of ice shelves. In light of the
evident effects of the increased melting of ice shelves in Antarctica Paolo et al.
(2015); Jenkins et al. (2018); Adusumilli et al. (2020), continuous monitoring of
the ice shelves is imperative. These ice shelves greatly impact the Antarctic Ice
Sheet mass balance and contribute to bottom water formation. By ensuring on-
going monitoring, we can gather valuable data to enhance our understanding
of these critical processes and their broader implications.
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Appendix

7.1 Hanning Window

The Hanning window is a type of window function commonly used in signal
processing and data analysis to avoid leakage at the boundaries at the windows.
The Hanning Window is expressed as

w(n) = 0.5 (1 — cos (;jﬁnl )) (7.1

Where the value of the window at a specific index n is represented by w(n),
and N indicates the total number of samples contained within the window
(Drentea, 2010).

7.2 Variance, Covariance, and Stander deviation

The variance of a variable quantifies the average spread or dispersion of its
data points around the mean. A higher variance indicates a greater spread or
variability in the data, while a lower variance suggests a more concentrated
or less variable distribution (Mitchell, 2022). The variance of a variable x is
calculated using the following formula:

1 n
Var(x) = - Z(x,- —p)? (7.2)
i=1
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Where x represents the variable (in this case, either u or v), n is the total number
of data points, x; represents each data point of variable x and y represents the
mean of the data points (Mitchell, 2022).

Covariance measures the linear relationship between two variables. It quanti-
fies how changes in one variable correspond to changes in the other (Mitchell,
2022). A positive covariance indicates that u and v tend to vary in the same
direction, while a negative covariance suggests they vary in opposite directions.
The covariance between two variables X and Y is calculated using the following
formula:

1 n
cov(X,Y) = - Z(xi — px)(yi — py) (7.3)
i=1

Where X and Y represent the variables (u and v in this case), x; and y; repre-
sent the individual data points of variables X and Y. pux and py represent the
respective means of X and Y (Mitchell, 2022).

Standard deviation is a statistical measure that quantifies the variability of
data points from the mean. A larger standard deviation indicates a greater
amount of variability or dispersion from the mean. Conversely, a smaller stan-
dard deviation suggests that the values are closer together, with less variability
around the mean. The stander deviation is expressed as the square root of the
variance:

1 N
- Z(xi - p)? (7.4)
i=1
Where the variable is expressed in Eq.7.2 (Mitchell, 2022).

7.3 Covariance ellipse

The variance ellipse is a graphical representation used to describe the uncer-
tainty or variability associated with velocity anomalies, which provides informa-
tion about the magnitude and direction of variability in the flow field (Mather,
2004). The derivation of the variance ellipse is based on the work from Lilly,
Jonathan (2023). To construct the variance ellipse, the major and minor axes,
as well as the orientation, have to be determined. This is derived from the eigen-
values and eigenvectors from the Covariance matrix. The covariance matrix,
denoted as C, is a mathematical representation that describes the relationship
between the covariances and variances of variables in a dataset, in this case
the velocity component vectors u and v. It can be expressed as:

var(u) cov(u,v)

cov(u,v) var(v) (7:5)
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In this context, var(u) and var(v) represent the variances of the velocity com-
ponent vectors u and v, cov(u, v) is the covariance of the u and v vectors.

The semi-major axis (a) represents the length of the longest axis and is cal-
culated as the square root of the first eigenvalue (A;) of the covariance ma-

trix:
a=+h (7.6)

Similarly, the semi-minor axis (b) corresponds to the length of the shortest
axis and is calculated as the square root of the second eigenvalue (A5) of the

covariance matrix:
b=+ (7.7)

The eigenvalues is further obtained from deriving the determinant of |C —
AI| = 0, where C is the covariance matrix, I is the identity matrix and A is the
eigenvalues. Solving for the eigenvalues, the semi-minor and semi-major axis
can be expressed as:

(7.8)

Wb \/Tr(C) N \/Tr(C)2 — 4 X Det(C)
T 2 2

Where Tr(C) represents the trace of the covariance matrix, which captures the
total variability, and Det(C) represents the determinant of the covariance ma-
trix, reflecting the overall spread or variability of the data distribution.

The orientation (6) of the variance ellipse is expressed in terms of the eigen-
vectors, (C — Al)e = 0, where e represents the eigenvector. It represents the
angle between the eigenvector corresponding to the semi-major axis and the
x-axis. For two-dimensional data, it can be calculated as:

(7.9)

1 2cov(u, v
G:Earctan( (.0) )

var(u) — var(v)

The variance ellipse could be expressed as a collection of complex numbers
that describe the boundary or outer edge of an ellipse, i terms of the semi axes
(a,b) and orientation (6):

z=exp’’(a cos(¢p) — jbsin(¢)) (7.10)

Where ¢ represents an array of angles ranging from 0 to 2.
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