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Abstract

Widespread break up of ice shelves, glacier tongues, and the loss of ice-dammed epishelf lakes on
the northern coast of Ellesmere Island has motivated a need to understand fjord dynamics, yet the
oceanography of fjords here is not well studied. Here, we present ocean profiling and mooring data
collected from 2011 to 2015 in Milne Fiord, the last ice shelf-epishelf lake-glacier tongue fjord in
the Arctic.

The data reveal that seasonal and interannual variations of fjord water properties and circulation
are strongly impacted by the presence of the Milne Ice Shelf. The ice shelf forms a floating dam
that traps surface runoff resulting in strong stratification and an elevated fjord heat content. Water
exchange below the ice shelf is restricted to a narrow basal channel, prolonging the export of fjord-
modified water, including subglacial runoff, by several months. In contrast, intermediate waters
that penetrate to the Milne Glacier grounding line are freely exchanged and respond to offshore
variations, with implications for submarine melting.

Unexpectedly, the depth of the halocline between the epishelf lake and seawater, often used to
infer the thickness of the ice shelf, varied by several meters each year. This variability resulted from
rapid inflow of surface runoff during summer followed by slow drainage under the ice shelf over
winter, which is well modelled as hydraulically-controlled flow through a channel. A mixing event
also abruptly changed the depth of the halocline by 1.5 m in less than 24 hours, indicating caution
must be used when inferring ice shelf mass balance from halocline depth.

Submarine melt rates, estimated by two independent approaches, are strongly dependent on the
vertical distribution of heat in the fjord. Spatial variation of ice thickness resulted in a heterogeneous
distribution of melt. The highest estimated melt rate (4 m a�1) occurred where the glacier was in
contact with warm Atlantic Water at the grounding line, and enhanced near-surface melting is driven
by the elevated heat content of the upper water column. Estimated melt rates are limited by weak
currents (⇠1 cm s�1) in the fjord imposed by the presence of the ice shelf.
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Chapter 1

Introduction

The widespread break up of ice shelves, glacier tongues, and the loss of ice-dammed fjord lakes
(epishelf lakes) along the northern coast of Ellesmere Island, Canada, has motivated a need to un-
derstand the dynamics of fjords here. However, an understanding of how these changes may be
influenced by, or influence, ocean properties and circulation in fjords along this coast is limited by a
scarcity of oceanographic observations. This thesis aims to: 1) describe the physical oceanography
and ice-ocean interactions of a northern Ellesmere Island fjord before the collapse of ice; 2) inves-
tigate factors influencing the seasonal and interannual dynamics of an epishelf lake; and 3) estimate
the magnitude and spatial distribution of submarine melting of an ice shelf and glacier tongue. To
address these goals the thesis presents the results of an extensive oceanographic and glaciological
field study undertaken between 2011 and 2015 in Milne Fiord, the last ice shelf-epishelf lake-glacier
tongue fjord system in the Arctic.

1.1 Background
Since 2000, the northern coast of Ellesmere Island has undergone accelerated loss of ice shelves
(Mueller et al., 2003; Mueller et al., 2008; White et al., 2015a) and the floating termini of glaciers
(Pope et al., 2012; Copland et al., 2015). Ice shelves along this coast differ from those surrounding
Antarctica, which are the seaward extensions of continental ice sheets. Here, ice shelves generally
form in situ at the mouths of fjords from accretion of sea ice below and snow accumulation above,
with additional mass acquired from tributary glaciers and low-elevation ice caps (Jeffries, 2002).
The largely marine origin of ice shelves here also distinguishes them from glacier tongues, the
floating extensions of outlet glaciers at the head of fjords (Jeffries, 2002). From 2000 to 2011 five
of the six remaining major ice shelves on northern Ellesmere Island broke up or calved completely
from the coast, reducing ice shelf area from 1043 km2 to 546 km2 (Mueller et al., 2008; White et al.,
2015a). Over the same period, there has been a widespread loss of multi-year land-fast sea ice (Pope
et al., 2012) and the collapse of glacier tongues (Pope et al., 2012; Copland et al., 2015).
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The breakup of ice shelves on northern Ellesmere Island has resulted in the loss of associated
ice shelf-dammed lakes. Where an ice shelf spans the mouth of a fjord, it can form a floating dam
that can trap surface meltwater runoff inside the fjord down to the draft of the ice shelf, resulting
in a perennial layer of freshwater directly overlying seawater. The freshwater layer Surface ice-
cover at this high-latitude (>80�N) and low tidal action (www.tides.gc.ca) limits mixing of the
fresh surface layer with seawater below and as a result the freshwater layer can last for decades or
longer (Veillette et al., 2008), creating what is known as an epishelf lake. The halocline between
freshwater and seawater can be incredibly sharp, with observed salinity gradients of >10 g kg�1

m�1 (Veillette et al., 2008), and its depth is thought to be determined by the draft of the impounding
ice shelf (Vincent et al., 2001). The existence of the epishelf lake is entirely dependent on the
integrity of the ice shelf dam, and the breakup of ice shelves along this coast has resulted in the loss
of several epishelf lakes (Veillette et al., 2008), including the catastrophic drainage of the Disraeli
Fiord epishelf lake caused by the fracturing of the Ward Hunt Ice Shelf between 2000 and 2002
(Mueller et al., 2003). The breakup of ice shelves can therefore cause dramatic changes to fjord
stratification.

The collapse of coastal ice along northern Ellesmere Island has been linked to recent atmo-
spheric warming (Copland et al., 2007; Copland et al., 2015). Since 2000, annual mean air temper-
atures in the Canadian Arctic Archipelago (CAA) rose by 1-2�C (Sharp et al., 2011) resulting in a
sharp increase in mass loss from the ⇠146 x 103 km2 glaciated area in the region (Gardner et al.,
2011; Sharp et al., 2011; Lenaerts et al., 2013). The increased meltwater runoff meant the CAA was
the single largest contributor to sea level rise outside of Greenland and Antarctica from 2007-2008
(Gardner et al., 2011). This meltwater runoff is funnelled through fjords where it is transformed by
fjord processes before being exported to the open ocean.

Growing evidence from other regions suggests that ocean forcing can also be an important factor
in the loss of coastal ice. Submarine melting driven by the ocean accounts for three quarters of the
mass loss via ablation from Antarctic ice shelves (Rignot et al., 2013). In Greenland, up to 80% of
the mass loss of glacier tongues has been attributed to ocean driven melting (Rignot, 1998; Rignot
and Steffen, 2008), and submarine melting of outlet glaciers has been identified as a plausible mech-
anism contributing to the both the retreat and increased flow rate of tidewater glaciers and collapse
of glacier tongues (Holland et al., 2008b; Motyka et al., 2011; Joughin et al., 2012; Straneo et al.,
2012). A regional rise in air temperatures over the Greenland Ice Sheet has increased surface runoff,
much of which enters the ocean at the bed of tidewater glaciers, leading to enhanced convectively
driven circulation and melting at the ice-ocean interface (Straneo and Cenedese, 2015). The rate of
submarine melt and the release of freshwater, from both surface runoff and submarine discharge,
to the coastal ocean is dependent on the dynamics of fjords, which are generally poorly understood
even in the few fairly well-studied Greenland fjords (Straneo and Cenedese, 2015). It is very likely
that many of the same ocean-driven processes that have influenced changes in Greenlandic fjords,
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and below Antarctic ice shelves, could be driving the changes occurring along the northern coast of
Ellesmere Island.

Several characteristics set the fjords of northern Ellesmere Island apart from fjords in other
regions and justify focused study. First, very little oceanographic data has been collected in fjords
along this coast, so further observations are a valuable contribution to the literature. Second, fjord
water properties here appear to be strongly linked to the presence of ice, yet the interactions between
the ocean and ice are not well understood. How the loss of ice affects fjord properties, or the role
of the ocean in driving these changes, is hampered by the lack of observations from systems prior
to the loss of ice. Third, the ongoing dramatic loss of ice means the opportunity to study ice-
ocean interactions is limited. Fourth, source waters for fjords here come directly from the Arctic
Ocean, which may alter fjord processes compared to other ocean basins with different water mass
characteristics and circulation. Finally, the geophysical features of the region, particularly the once
widespread ice shelves and associated epishelf lakes, are, to the best of the author’s knowledge,
unique in all the Arctic. This may be the last opportunity to study such a system before its collapse.

This thesis investigates the ocean properties of Milne Fiord (82�35’N; 81�W), the site of the last
remaining ice shelf-epishelf lake system in the Arctic (Veillette et al., 2011a). The Milne Ice Shelf
(205 km2) spans the mouth of the fjord and is the last intact ice shelf along the northern coast of
Ellesmere Island. The ice shelf dams an epishelf lake that occupied an area of approximately 52.5
km2 as of 2009 (Mortimer, 2011). At the head of Milne Fiord the Milne Glacier terminates in a
16 km long glacier tongue. Previous work in the fjord has included glaciological studies of the ice
shelf and glacier tongue (Jeffries, 1985; Jeffries, 1986b; Narod et al., 1988; Mortimer et al., 2012),
remote sensing analysis of the extent of the fresh epishelf lake ice (Mortimer et al., 2012; Veillette
et al., 2008), sampling of the freshwater ecosystem of the epishelf lake (Veillette et al., 2011a), and
shallow hydrographic profiles focusing on the depth of the epishelf lake (Jeffries, 1985; Veillette
et al., 2008; Veillette et al., 2011a). The oceanography of the fjord has not previously been studied.

In the following section relevant literature is reviewed to provide background on the topics
addressed in the thesis, and to place the work in the context of the current state of knowledge.

1.2 Review of relevant literature

1.2.1 Northern Ellesmere Island

The coast of northern Ellesmere Island is characterized by numerous fjords (narrow, deep inlets,
carved by glaciers, often with a sill at the mouth) that open to the Arctic Ocean (Fig. 1.1). Although
the fjords of northern Ellesmere Island vary substantially in geometry (the largest being the Nansen
Sound fjord system extending 340 km inland), a typical fjord along the northern coast is 30-50 km
long and 4-8 km wide. The bathymetry in this region is in general very poorly constrained, but
existing observations suggest fjords here are typically a few hundred meters deep with sill depths
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between 50-350 m (Ford and Hattersley-Smith, 1965). Bathymetric soundings collected along the
coast show the continental shelf is relatively shallow (⇠250 m) and the shelf break lies ⇠100 km
offshore where it slopes steeply to depths over 2000 m (Jakobsson et al., 2012).

Due to its high-latitude, the northern coast of Ellesmere Island receives no solar radiation dur-
ing the polar night from mid-October through February, and continual solar radiation from April to
September. This results in low annual average air temperatures (⇠ -18�C at Alert between 1971-
2000; www.ec.gc.ca) but with large amplitude seasonal temperature cycle (varying up to 50�C be-
tween winter and summer). Surface temperatures over ice masses exceed the freezing point during
only two to three months of the year. The Canadian High Arctic receives low amounts of precipita-
tion (<0.5 m w.e. a�1; Braithwaite, 2005), so regional surface mass balance of ice caps and glaciers
is largely governed by the high variability in melt production which is strongly correlated with
summer surface air temperatures, which in turn, are highly dependent on local synoptic conditions
(Gardner et al., 2011 and references therein).

Long-term glacier mass balance records from the Queen Elizabeth Islands (QEI: Ellesmere,
Devon, and Axel Hieberg Islands) indicate that prior to the 1980s the ice masses in this region
were largely in balance (Sharp et al., 2011; Van Wychen et al., 2014), however since 2005 changing
summer atmospheric circulation patterns have led to increased surface melt and longer melt seasons
(Gardner et al., 2011; Sharp et al., 2011; Lenaerts et al., 2013). Consequently, surface mass loss has
increased sharply in recent years (averaging -7 ± 18 Gt a�1 between 2004 and 2006, and -61 ± 18 Gt
a�1 between 2007 and 2009; Gardner et al., 2011). Flow speeds of glaciers in the QEI are relatively
slow, with maximum velocities of tidewater glaciers of 30-90 m a�1 along their main trunks, rising
to <300 m a�1 at their termini in 2012 (Van Wychen et al., 2014). Dynamic discharge of glaciers
into the ocean was estimated as 2.6 ± 0.8 Gt a�1, indicating that iceberg calving accounts for a
small proportion of total mass loss, with surface melt and runoff responsible for the majority of mass
loss of glaciers of the QEI. However, only two marine-terminating glaciers (Trinity and Wykeham
glaciers on the east coast of Ellesmere Island) accounted for 62% of the total dynamic discharge
for all glaciers of the QEI in winter 2015 (Van Wychen et al., 2016), suggesting that variations in
flow of just a few tidewater glaciers could dramatically alter the total dynamic discharge from the
QEI. Changes in glacial hydrological forcing, the buttressing effects of sea ice/melange at the glacier
terminus, and ocean-driven melt rates, could lead to increased mass loss at tidewater glacier termini,
leading to glacier acceleration and increased contribution to sea level rise (Straneo and Cenedese,
2015). The nature and causes of tidewater glacier variability have not been well investigated in the
Canadian Arctic.

Where oceanographic surveys have been conducted on northern Ellesmere Island, including of
the Nansen Sound fjord system (Ford and Hattersley-Smith, 1965; Hattersley-Smith and Serson,
1966), Tanquary Fjord (Keys and Seibert, 1969), Disraeli Fjord (Keys et al., 1968; Keys, 1977),
d’Iberville Fjord (Lake and Walker, 1973) and Taconite Inlet (Ludlam, 1996), they show stratifica-

4



tion of water masses that reflect those of the adjacent Arctic Ocean, subject to modification from
sills, fresh water runoff during the melt period, and interaction with ice shelves and glaciers. Typ-
ical stratification consists of three layers distinguished by temperature and salinity characteristics.
At the surface is a fresh, well mixed layer, modified by glacial meltwater runoff and local surface
processes. Below is relatively fresh (<34.4 PSU), cold (<0�C) Polar Water (PW), extending down
to about 200 m depth, derived from river runoff around the margins of the Arctic Ocean and Pa-
cific Ocean inflow through Bering Strait (Aagaard et al., 1981; Steele and Boyd, 1998). PW lies
above a layer of warm (0-3�C), saline (>34.7 PSU) modified Atlantic Water (AW). AW originates
as an initially warm (>3�C) water mass at the surface of the North Atlantic that is cooled by the
atmosphere as it is transported poleward through Fram Strait, and submerges to depth, slowly los-
ing heat as it is transported around the Arctic, to eventually reach the northern coast of Ellesmere
Island. Separating PW and AW is the main Arctic halocline, a layer of low temperature (<-1�C)
and salinity between ⇠ 30.4 and 34.4 PSU, and arguably the most important feature of the Arctic
Ocean (Carmack, 1990), due to its effect of limiting convective cooling to the surface ⇠50 m of the
water column and preventing upward flux of heat from the underlying warm AW, processes which
allow sea ice to form.

The actual characteristics of ocean waters reaching the fjords of northern Ellesmere Island are
dependent on pathways and variability of regional ocean circulation, which are not well constrained
by observations. High-resolution model simulations (Aksenov et al., 2010; Jackson et al., 2014a),
geostropic calculations (Steele et al., 2004), and observations of ice island and sea ice drift (Copland
et al., 2007; Pope et al., 2012), indicate surface waters in the Arctic Ocean typically flow westward
along the Canadian continental shelf. Hydrographic analyses of water masses in the western Lincoln
Sea, to the northeast of Ellesmere Island, indicate that surface waters found there originate from the
Canada Basin (Jackson et al., 2014a), are circulated around the Beaufort Gyre and advected by the
Transpolar Drift from the Chukchi Sea (Steele et al., 2004). An eastward flowing boundary under-
current appears to exist along the continental slope from the base of the mixed layer (30 – 75 m)
to the bottom (Newton and Sotirin, 1997) likely an extension of the Arctic Circumpolar Current
(Rudels et al., 1999; Aksenov et al., 2010). AW in the Lincoln Sea generally shares characteris-
tics with that of the southeastern Canada Basin (i.e. a cold (<0.5�C Atlantic layer below 350 m
depth; Steur et al., 2013) further supporting the likelihood of an eastward flowing shelf break cur-
rent. Model results indicate North Ellesmere shelf currents are weak (<10 cm s�1) and baroclinic
(Aksenov et al., 2010).

1.2.2 Ice shelves

One of the most notable features of the northern coast of Ellesmere Island is the presence of ice
shelves at the mouths of several fjords. The ice shelves were first observed by a team led by Lieu-
tenant Pelham Aldrich during the 1875-1876 British Arctic Expedition. Aldrich noted a unique
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undulating surface of snow and ice extending along much of the coast (Nares, 1878). Three decades
later, polar explorer Robert E. Peary described a broad glacial fringe that extended from Cape Hecla
westward some 500 km to at least Nansen Sound (Peary, 1907). This floating glacial fringe, un-
officially known as the Ellesmere Ice Shelf, was estimated at 8900 km2 in area (Vincent et al.,
2001). The ice shelves are thought to have formed approximately 4000 years ago during a period of
climatic cooling (Evans and England, 1992; Antoniades et al., 2011) and remained stable for almost
three millenia before undergoing a major fracturing event 1,400 years ago, then reforming 800 years
ago (Antoniades et al., 2011). After the early explorations at the turn of the 20th century the area
became the focus scientific research in the 1950s when it was discovered that massive ice islands
adrift in the Arctic Ocean originated from the northern coast of Ellesmere (Hattersley-Smith, 1957).
The ice islands and subsequent surveys along the coast confirmed that much of the Ellesmere Ice
Shelf had disintegrated since Pearys expedition.

In the past century more than 90% of the area of the Ellesmere Ice Shelf has been lost. At
the turn of the 21st century six major ice shelves remained: the Ayles, Markham, Milne, Petersen,
Serson, and Ward Hunt ice shelves, with a total area of ⇠1043 km2 (Mueller et al., 2006). From that
time several calving events have resulted in significant loss of the remaining ice shelf area (Fig. 1.1),
including a 50% reduction in total ice shelf area, to 563 km2 by 2011 (D. Mueller, pers. comm.).
Reductions included the complete loss of the Ayles Ice Shelf in 2005 (Copland et al., 2007), the
Markham Ice Shelf in 2008 (Mueller et al., 2008) and the majority of the Serson Ice Shelf in 2011,
combined with further breakup and loss from the Ward Hunt and Petersen ice shelves (White et al.,
2015a). In examining the calving of the Ayles Ice Shelf and the breakup of the Petersen Ice Shelf,
Copland et al. (2007) and White et al. (2015a) suggested that the ice shelves were weakened by
thinning due to long-term negative surface mass balance related to an increase in mean annual air
temperatures over the past 50+ years (+0.5�C per decade along the northern coast of Ellesmere
Island between 1948 and 2012), the development of fractures, and mechanical erosion due to the
presence of open water along their fronts. The fracturing and calving of ice shelves along this coast
has led to the loss of associated epishelf lakes.

1.2.3 Epishelf lakes

Epishelf lakes form where ice shelves impose a physical barrier preventing surface meltwater runoff
from flowing freely into the ocean. The ice shelf dam is floating on the ocean, so epishelf lakes
are connected to the sea, and thus are tidally influenced. A schematic of Milne Fiord, including a
representation of an epishelf lake and many other key features and processes discussed in this thesis,
is presented in Figure 1.2.

Epishelf lakes were first described in Antarctica (Heywood, 1977) and have been divided into
two types depending on their connection to the ocean: those that form in depressions on land where
the hydraulic connection to the ocean occurs at a land-ice contact under the ice shelf, or through
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cracks in the ice sheet; and those where the freshwater layer floats directly on seawater and the
thickness of the freshwater layer is thought to be controlled by the thickness of the ice shelf (Gibson
and Andersen, 2002). The former are numerous in Antarctica and are distributed around the margins
of the continental ice sheet (Heywood, 1977; Gibson and Andersen, 2002; Laybourn-Parry et al.,
2006; Smith et al., 2006). The latter, those that float directly on seawater, are not as common
in Antarctica (Wand et al., 2011), but were once relatively numerous along the northern coast of
Ellesmere Island (Vincent et al., 2001; Veillette et al., 2008), dammed by ice shelves at the mouth
of fjords. Perennial ice cover in this region inhibits wind-mixing, and permits the maintenance of a
sharp salinity gradient between the freshwater layer and seawater. Epishelf lakes are known to exist
for decades, allowing the evolution of unique ecosystem types with freshwater and marine biota
contained within the same water column, vertically separated by a sharp salinity and temperature
gradient (Van-Hove et al., 2001; Vincent and Laybourn-Parry, 2008; Veillette et al., 2011a).

The best studied of the northern Ellesmere Island epishelf lakes was the Disraeli Fiord epishelf
lake, dammed by the Ward Hunt Ice Shelf prior to its complete drainage between 2000 to 2002.
When first surveyed in 1954, the water column of Disraeli Fiord consisted of a 63 m deep freshwater
layer overlying 300 m of seawater, the freshwater-seawater interface only a few meters thick (Crary,
1956). A number of authors interpreted the depth of the freshwater layer in Disraeli Fiord as being
equivalent to the draft of the ice shelf (Hattersley-Smith, 1973; Jeffries and Krouse, 1984; Keys
et al., 1968; Vincent et al., 2001), as excess freshwater below the minimum draft of the ice would
flow out of the fjord under the base of the ice shelf. Crary (1956) suggested that outflowing brackish
water could freeze to the ice shelf base, thereby influencing ice shelf mass balance. Keys (1978))
observed an outflowing current (9 cm s�1) localized at the base of the freshwater-seawater interface
during the surface melt season and ice cores from the north-east region of the Ward Hunt Ice Shelf
revealed basal accretion of freshwater ice (Jeffries and Krouse, 1984).

Subsequent profiles taken in Disraeli Fiord between 1960 and 1999 revealed the freshwater layer
thinned by 33 m during this interval (Mueller et al., 2003) and the steady decrease in thickness of
the freshwater layer suggested a general thinning of the Ward Hunt Ice Shelf (WHIS). The surface
mass balance of the WHIS was only slightly negative (-1.1 m w.e. from 1967 to 1999; Braun et al.,
2004) suggesting most of the thinning was due to basal mass loss. However, Vincent et al. (2001))
also suggested that the freshwater could have been preferentially draining via a localized conduit
at the base of the ice shelf, and questioned to what extent changes in the thickness of the dammed
freshwater layer are representative of changes in the mean thickness of the entire Ward Hunt Ice
Shelf. The basal mass balance of ice shelves in this region have not been quantified, so the role of
basal freezing or melting remains unknown.

A sinuous fracture running the full north-south extent of the WHIS formed between 2000 and
2002, resulting in the complete drainage of the freshwater layer (Mueller et al., 2003). Subse-
quent profiles in Disraeli Fiord have shown a complete absence of the freshwater layer as continued
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breakup of the ice shelf allowed freshwater to flow unobstructed to the open ocean (Veillette et al.,
2008). Similarly, calving and mass loss from the Petersen Ice Shelf resulted in the drainage of its
associated epishelf lake in August 2005 (White et al., 2015b). From remote sensing data, Veillette
et al. (2008) identified nine ice-dammed or epishelf lakes along the northern coast of Ellesmere Is-
land in 2008. Field measurements at the time confirmed the presence of five of those lakes, however
with the exception of Milne Fiord, all consisted of a freshwater layer <5 m deep.

Apart from the decrease in thickness of the Disraeli Fiord epishelf lake prior to its loss in 2002,
observations from epishelf lakes have revealed short-term and interannual variation in depth of the
freshwater-seawater interface (Keys, 1977; Veillette et al., 2008). Keys (1977) suggested a tidally-
driven internal wave influenced the depth of the halocline in Disraeli Fiord in 1967, and Veillette
et al. (2008) suggest this may have been the cause of some of the interannual variation observed in
other epishelf lakes, although tidal amplitude in this region is generally small (<0.2 m in Disraeli
Fiord; Fisheries and Oceans Canada; www.tides.gc.ca). Veillette et al. (2008) also suggest that fjord
circulation and shear-induced mixing could further alter the depth of the halocline, although these
processes have not been studied.

Antarctica retains numerous, and much deeper, epishelf lakes than those in the Arctic. Examples
include Beaver Lake, with a freshwater layer estimated to be 170 to 260 m deep overlying seawater
to 435 m (Laybourn-Parry et al., 2001), and the epishelf lakes of the southern Bunger Hills, Tran-
skriptsii Gulf, with the deepest having an 85 m deep freshwater layer in 1992 and 2000 (Gibson
and Andersen, 2002). Smith et al. (2006) observed interannual changes in the depth and gradient of
the freshwater-seawater interface in Moutonnée Lake, which varied from 66.5 m in 1973, to 64 m
in 2000, to 68 m in 2001, and suggested this could reflect changes in thickness of the impounding
George VI Ice Shelf, but more likely were the result of either changes in the seasonal supply of
freshwater, tidal fluctuation, or changes in the hydraulic connection to the open ocean. The authors
conclude that further long-term monitoring is required to determine the cause and significance of
these changes, and how epishelf lake depth is related to ice shelf thickness. However, apart from a
90-day tidal record from Beaver Lake, Antarctica (Galton-Fenzi et al., 2012), there are no observa-
tions of the seasonal variation of an epishelf lake.

1.2.4 Fjord oceanography

The role of the ocean in influencing the cryosphere, including the submarine mass balance of ice
shelves and tidewater glaciers, variation in the depth of epishelf lakes, and the export of freshwater to
the open ocean, are determined by the dynamics of fjords. An understanding of factors that influence
the spatial and temporal variation fjord water properties and circulation is therefore essential to
understanding ice-ocean interactions. The general physics of fjords have been summarized in a
number of reviews (Farmer and Freeland, 1983, Inall and Gillibrand, 2010, Stigebrandt, 2012), with
other reviews focusing on the physical oceanography of Arctic fjords (Cottier et al., 2010), and
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the dynamics of Greenland fjords with marine terminating outlet glaciers (Straneo and Cenedese,
2015).

Fjords are typically strongly stratified with distinguishable water masses including a fresh sur-
face layer, intermediary water that has a stratification that mirrors offshore waters, and deep basin
water below sill level. Stratification within a fjord is influenced by freshwater input, surface heat
fluxes, and density-driven exchange with the open ocean, and tidal action (Inall and Gillibrand,
2010). Turbulent mixing and vertical exchange in a stratified fjord is driven by mixing along bound-
aries, convective acceleration and hydraulic jumps at constrictions, shear instabilities, internal wave
breaking, and convective overturning (Farmer and Freeland, 1983). In the case of high-latitude
fjords with perennial ice-cover wind forcing is negligible within the fjord, but can still be important
for coastal processes where open water may be present (e.g. coastal upwelling).

Variations in density and sea level along the continental shelf will induce horizontal pressure
gradients that can drive exchange of waters above sill depth between the fjord and coastal water
outside the mouth, known as intermediary circulation (Straneo and Cenedese, 2015). Intermediary
circulation can originate from along-shore winds that drive upwelling or downwelling, or density
anomalies advected past the mouth of the fjord (Straneo and Cenedese, 2015). The density contrast
between fjord waters and coastal waters can result in horizontal pressure gradients that drive baro-
clinic flows which can be an order of magnitude larger than estuarine flows (Stigebrandt, 2012).
Intermediary circulation has been shown to be important in Greenland’s fjords, explaining the rapid
renewal of the upper water column (Straneo et al., 2010), and the reversing of strongly sheared
velocities every few days (Sutherland and Straneo, 2012; Sutherland et al., 2014). Intermediary
flows have also been shown to dominate fjord circulation and variability in non-summer months,
including the advection of shelf anomalies into fjords on submonthly timescales (Jackson et al.,
2014b). Variations in intermediary circulation may also explain interannual changes observed in
some Greenland fjords (Mortensen et al., 2013; Christoffersen et al., 2011).

Replacement of deep water, that is water below sill depth, will occur when outside water at or
above sill depth exceeds the density of water within the basin (Farmer and Freeland 1983). The
residence time of the deep water depends on the turbulent mixing rate (the density of deep water
will steadily decrease as near surface water is mixed downward), intermediary circulation, and the
volume of water below sill level (Stigebrandt, 2012). The timescale of renewal can range from tidal
periods to many years and studies from Greenland have shown a wide range of deep water renewal
periods in fjords, ranging from months (Jackson et al., 2014b) to tens of years (Johnson et al., 2011).
Explanations for the mechanisms for deep-water renewal vary from tidal forcing, to intermediary
flow, to buoyancy-driven circulation, and may be fjord specific, and are strongly dependent on the
rate of mixing in the fjord. Once over the sill, replacement waters enter the deep basin as a turbulent
gravity current, descending to the bottom of the fjord or spreading out as an interleaving layer once
it reaches a depth at which it is neutrally buoyant (Farmer and Freeland, 1983).
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1.2.5 Glacial fjords

Interest in the physics of glacial fjords, those with marine terminating glaciers at the head, has grown
in recent years due to the widespread retreat and speedup of Greenland’s outlet glaciers, increasing
contributions to sea level rise (Straneo and Cenedese, 2015). As well, most of the freshwater runoff
from surface melting of ice sheets is discharged at the head of glacial fjords, where it is transformed
by fjord processes before being exported to the open ocean. There are several unique features spe-
cific to glacial fjords that distinguish processes here from non-glacial fjords. Straneo and Cenedese
(2015) reviewed the state of knowledge of the dynamics of Greenland’s glacial fjords. This sec-
tion provides a brief summary of key processes that are applicable to the glacial fjords of northern
Ellesmere Island, including Milne Fiord.

In classic estuarine circulation, freshwater released at the surface at the head of a fjord mixes
with ambient water, generating an outflowing brackish surface layer and a compensating inflow of
deep, denser water (Farmer and Freeland, 1983). However, in glacial fjords the freshwater release
can also occur at depth, via subsurface discharge of runoff at the bed of the glacier, and by sub-
marine melting of the submerged portions of the glacier face. The release of freshwater at depth
by either mechanism results in an upwelling turbulent plume that entrains ambient water as it rises.
Plume theory (Morton et al., 1956; Turner, 1973), dictates that the evolution of the plume is con-
trolled by the plume’s buoyancy forcing, which is dependent on the density difference between the
plume and ambient water. The buoyancy forcing determines the rate of ascent which regulates the
amount of entrainment and mixing of the plume with ambient fjord water. In glacial fjords the
freshwater release that contributes the buoyancy forcing can occur at a fixed depth, as in the case
of subglacial discharge at the glacier bed, or over some depth range, as in the case of submarine
melting along the glacier front. The sediment concentration and particle size distribution within a
plume originating from subglacial discharge can alter the density of the plume and fjord stratifica-
tion and circulation (Salcedo-Castro et al., 2013). In glacial fjords, the former is likely dominant
near subglacial discharge channels in summer, while the later likely dominates in winter or distant
from subglacial discharge in summer. The depth at which the plume will detach from the glacier and
spread horizontally down the fjord is dependent on the buoyancy flux of the plume and the ambient
stratification. If the plume is less dense than ambient water at the same depth, it will continue to
rise and may reach the free surface. However, where ambient stratification is stronger, or buoyancy
flux is low, the plume will not reach the free surface and will form an interflow at some intermediate
depth.

The input of freshwater from subglacial discharge at the grounding line provides a source of
buoyancy and drives convective motion along the ice-ocean interface. The heat brought into the
plume through entrainment of ambient water is an additional driver of melting at the base of tide-
water glaciers and ice shelves (Jenkins, 2011). The application of the theory of buoyant plumes
has shown that warming ocean waters and increased subglacial discharge both generate increased
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melting near the grounding line, with melt rates dependent on the temperature of ambient water, the
flux of subglacial discharge, and the slope of the ice-ocean interface (i.e. near-vertical for a calving
glacier terminus, and near-horizontal for an ice shelf or glacier tongue; Jenkins, 2011).

Observations in Greenland show glacial fjords in this region are characterized by a strongly
stratified water column with intrusions of glacially modified water at mid-depths, often at the inter-
face between PW and AW (Mortensen et al., 2011; Straneo et al., 2011; Sutherland et al., 2014),
likely giving rise to a multi-cell circulation pattern. In addition, numerical models have shown
the magnitude of subglacial discharge, and geometry of subglacial channels (point source, multiple
channels, or line source) are important in determining the nature of buoyancy-driven circulation in
glacial fjords (Sciascia et al., 2013; Xu et al., 2012; Xu et al., 2013; Cenedese and Linden, 2014) and
consequently the submarine melt rate (Xu et al., 2013; Kimura et al., 2013). An improved under-
standing the dynamics of subglacial plumes is hampered by the challenge of acquiring observations
near the face of calving glaciers or at the base glacier tongues.

Circulation below ice shelves

Knowledge of circulation in the cavities below ice shelves and glacier tongues, come primarily from
studies in Antarctica. Thermohaline circulation in the cavities below Antarctic ice shelves can be
driven by the pressure dependency of the freezing point of seawater (Lewis and Perkin, 1986). As
seawater in contact with the ice shelf at depth melts ice, the ascending buoyant plume becomes
supercooled relative to the in situ freezing point, and leads to ice formation in the water column,
and accretion at the base of the ice shelf at shallower depth. Conversely, descent of waters, after
having been in contact with the ice, will have sensible heat available to melt ice at depth. The overall
effect is to remove glacial ice from greater depths and deposit sea ice at a shallower location, with
the effect of evolving a floating ice shelf toward uniform thickness, a mechanisms known as an ’ice
pump’ (Lewis and Perkin, 1986). This process is driven solely by the pressure dependency of the
freezing temperature, and is independent of melt driven by the transport and entrainment of warm
water to the ice base.

To date, there are only a few studies that have addressed the water properties and circulation
in glacier tongue cavities in the Arctic, including at Petermann Gletscher (Rignot and Steffen,
2008; Johnson et al., 2011) and Nioghalvfjerdsbræ (79NG; Wilson and Straneo, 2015). With the
exception of a single water column profile through a borehole in the Petermann Gletscher tongue
(Rignot and Steffen, 2008), and through a rift in 79NG glacier tongue, work has primarily been
limited to observations at the ice front, tens of kilometers from the grounding line.

1.2.6 Submarine melting

Submarine melting is a critical factor in determining the mass balance of ice shelves and glacier
tongues and the position of the boundary between grounded and floating ice, known as the grounding
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line. The grounding line marks the boundary between ice that has has yet to displace its full weight
of water, and thus the potential for glacier contribution to sea level rise. Submarine melting by warm
ocean waters was demonstrated to be a trigger of the thinning and breakup of the floating tongue of
Jakobshavn Isbræin Greenland, which was followed by rapid acceleration of the grounded glacier
(Holland et al., 2008a; Motyka et al., 2011).

The mass balance of an ice shelf or glacier tongue is determined by the balance of ablation and
accumulation at the surface and base, input from glacier flow, and losses from calving at the ice
front. Under steady state conditions, and assuming constant ice density, the area-averaged conser-
vation of mass for a glacier tongue reduces to an expression of volume continuity as

Qg f �Qc f �as f Agt �abAgt = 0 (1.1)

where Qg f is the ice volume flow across the grounding line, Qc f is the change in ice volume over
time at the terminus due to calving or terminus advance, as f and ab are the net area-averaged surface
and basal ablation rates, respectively (expressed as meters of solid ice per unit time and positive
for melting), and Agt is the surface area of the glacier tongue. With estimates of ice velocity, ice
thickness, changes in terminus position, and surface ablation, an estimate of basal ablation can be
obtained.

Submarine melt rates in glacial fjords can also, in principle, be estimated from the net heat flux
from the ambient water to the ice (Straneo and Cenedese, 2015). However, there are several chal-
lenges to getting accurate estimates of heat flux in a glacial fjord, and studies that have tried to do so
are based on synoptic surveys that rely on several broad, and perhaps unjustified, assumptions (Rig-
not et al., 2010; Sutherland and Straneo, 2012; Xu et al., 2013; Inall et al., 2014). The few existing
continuous (moored) observations in glacial fjords do not support several of the usual assumptions
made (Jackson et al., 2014b), and other fluxes not often accounted for, including sea ice formation
and melting as well as iceberg melting could strongly influence the overall heat budget (Straneo
and Cenedese, 2015). At present, it remains difficult to quantify submarine melt using the heat flux
method.

Ocean thermodynamic models

Another approach to estimate melt rates is to consider the thermodynamics of heat transport at the
ice-ocean interface. The basic assumption made in all ocean models of submarine ice melt is that
the temperature and salinity at the ice-ocean interface are related by the equation for the freezing
point at a given pressure (Holland and Jenkins, 1999). Estimation of the ablation rate then requires
calculating the heat and freshwater fluxes at the ice-ocean interface based on changes in the far-field
ocean properties from freezing point conditions.

A conceptual schematic of the relevant temperatures, salinities, and heat and salt fluxes between
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layers at the ice-ocean interface are shown in Figure 1.3. The water column is divided into two
regions, the ice-ocean boundary layer, typically a few meters thick, where turbulent mixing is influ-
enced by the proximity of the ice boundary, and the ambient ocean mixed layer, a few tens of meter
thick, where turbulence is unaffected by the boundary and stratification and rotation control mixing
(McPhee et al., 2008). The boundary layer itself consists of an outer turbulent layer (a few meters
thick), where rates of exchange of heat and salt are influenced by the velocity shear induced by the
stationary ice shelf, and a viscous sublayer (a few millimetres thick) at the ice-ocean interface where
molecular diffusion regulates exchange. The gradients in temperature and salinity across the bound-
ary layer determine the fluxes of heat and salt between the ocean mixed layer and the ice (Holland
and Jenkins, 1999). In addition, the internal temperature gradient within the ice shelf near its base
drives the heat flux between the ice-ocean interface and the ice interior. Assuming the ice-ocean
interface is in thermodynamic equilibrium, a melt (or freezing) rate can be estimated from the heat
balance.

The ocean models are based on three physical constraints: that the ice-ocean interface is at the
freezing point, and that heat and salt are conserved at the interface during phase changes (Holland
and Jenkins, 1999). Prescribed quantities are the far-field properties of the ocean and the interior
properties of the ice shelf, which are then used to determine the characteristics at the interface based
on the above constraints. In the next section we present the fundamental equations governing the
freezing point of seawater and the conservation of heat and salt at the ice-ocean interface, based
largely on the work of Holland and Jenkins (1999).

Fundamental equations

Freezing point

The freezing point of seawater is a linear function of pressure and a non-linear function of salinity
(Millero, 1978). To simplify solving equations for conservation of heat and salt at the ice-ocean
interface, coupled ice-ocean models often use a linearized version of the freezing point dependency
at the ice-ocean interface (Holland and Jenkins, 1999), of the form

T f
b = l1Sb +l2 +l3Pb, (1.2)

where Sb and Pb are the salinity and pressure, respectively, at the ice-ocean interface, l1,2,3 are
empirical constants. Coefficients l1 and l2 are usually chosen to optimize the the fit at typical
seawater salinities, however the formula is then only valid over a limited salinity range (⇠4-40 psu)
and does not apply to freshwater (Holland and Jenkins, 1999).
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Heat conservation

At the ice-ocean interface the change in latent heat, QT
b , due to melting or freezing must be balanced

by the heat flux into the ice, QT
i , and the heat flux supplied by the ambient water to the ice QT

w:

QT
b = QT

i �QT
w (1.3)

where the latent heat term is given by

QT
b =�rwabLi (1.4)

where r is density, L is the latent heat of fusion, and superscript T refers to heat (to distinguish
from the salt flux below), and subscripts b, i, w refer to the ice-ocean interface, ice, and water,
respectively. The ablation rate at the ice-ocean boundary, ab, is a change in thickness of solid ice
per unit time (positive for melting).

Salt conservation

During melting at the base of the ice shelf, the ’freshwater’ flux is balanced by the salt flux diver-
gence at the ice-ocean interface

QS
b = QS

i �QS
w (1.5)

where superscript S is salt. The ’freshwater’ flux is

QS
b = rwab(Si �Sb) (1.6)

where Si and Sb are the salinities of the ice and the ice-ocean interface, respectively. As salt cannot
diffuse through the solid ice the diffusive flux into the ice shelf, QS

i is zero, and the salt balance is
determined by the flux through the oceanic boundary layer. Si is assumed to be zero.

The various models of ablation at the base of an ice shelf differ in the treatment of the turbulent
transfer of heat and salt through the ice-ocean boundary layer, and the flux of heat through the ice
shelf (salt cannot diffuse through solid ice so it need not be considered with the ice). Similar models
have been developed both for sea ice (McPhee et al., 1987; Holland, 1998) and ice shelves (Holland
and Jenkins, 1999; Jenkins et al., 2010) these differ primarily in the estimation of heat flux through
the ice due to the vast difference in ice thickness between the two, and the resulting importance of
surface conditions.
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Heat flux into ice

The general estimate of the heat flux into the ice shelf can be made using the form

QT
i = �ricik

∂Ti

∂ z

����
b

(1.7)

where ri is the density of ice, ci is the specific heat capacity of ice, ki is the thermal diffusivity of
ice, and Ti is the internal ice temperature. The density, heat capacity, and thermal diffusivity are
assumed constant, and the focus is on estimating the temperature gradient at the base of the ice
shelf. The heat transport equation in the ice shelf is

∂Ti

∂ t
+Ui ·—Ti = kT

i —2Ti, (1.8)

where Ui is the flow field within the ice shelf (Holland and Jenkins, 1999). Without knowledge
of the ice flow field, reduced forms of the equation are considered. The simplest approximation is
that there is no diffusion of heat into the ice shelf. The next level is to assume that there is vertical
diffusion of heat, but no advection. The steady state solution to the heat transport equation then
is a linear temperature profile throughout the thickness of the ice shelf, in which case the gradient
can be defined by the temperature at the surface of the ice shelf, the temperature at the base, and
the thickness of the ice. Although common in sea ice models, this approximation is not entirely
appropriate for ice shelves given the greater thickness and observed non-linear temperature profiles
through the ice. The heat flux into the ice can be parameterized following Nøst and Foldvik 1994
and Holland and Jenkins (1999) using a steady-state, one-dimensional advection-diffusion equation.
Heat conduction into the ice is therefore approximated by

QT
i = riciab(Ti �T f

b ), (1.9)

Oceanic heat fluxes

The most sophisticated models make no prior assumptions about conditions at the ice-ocean inter-
face and solve the freezing point, heat flux, and salt flux equations (Holland and Jenkins, 1999). In
this formulation, the fluxes of heat and salt across the boundary layer are expressed as

QT
w = rwcwu⇤GT (T

f
b �Tw), (1.10)

and
QS

w =�rwu⇤GS(Sb �Sw), (1.11)
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where GT and GS are the turbulent transfer coefficients for heat and salt, respectively, that take
into account the nonlinear profiles of temperature and salinity in the boundary layer resulting from
turbulence, cw is the specific heat capacity of water, and Tw and Sw are the temperature and salinity
in the ambient mixed layer, respectively. Note in this formulation the freezing point is determined
using the salinity at the ice-ocean interface (Sb) as in Eq. 1.19.

The friction velocity u⇤ is defined in terms of the shear stress at the ice-ocean interface. It is
assumed to be related to the free-stream current beyond the boundary layer U through a quadratic
drag law,

u2
⇤ =CdU2, (1.12)

where Cd is a dimensionless drag coefficient. This formulation assumes a constant shear stress in
the boundary layer and is derived from measurement of flow across a hydraulically smooth surface.
The applicability of these assumptions for the base of an ice shelf is largely unknown due to a lack of
observations, however this parameterization is widely used in numerical models where results have
compared favourably with observations beneath sea ice (McPhee et al., 1999). Determination of the
proper drag coefficient and the turbulent transfer coefficients are the main challenges for accurate
modelling of ice shelf ablation rates, and these are discussed further below.

Two-equation model

An alternative approach is to simplify the problem by assuming that the mixed layer salinity and the
interfacial salinity are equal, implying infinite salt diffusion (Holland and Jenkins, 1999). The melt
rate is therefore determined by the transfer of heat through the boundary layer which is parametrized
as

QT
w = rwcwu⇤GT S(T f

w �Tw) (1.13)

where u⇤ is the friction velocity, and GT S is a turbulent transfer coefficient for heat and salt. In
practice, GT S is derived directly from observations, and therefore accounts for the rate-limiting
process of salt-diffusion across the boundary layer. Here, the freezing point is evaluated using the
far-field salinity (Sw) (McPhee, 1992; McPhee et al., 1999) calculated as

T f
w = l1Sw +l2 +l3Pb. (1.14)

In summary, the two more sophisticated models used to estimate ablation rates at the base of an
ice shelf are the three-equation model,

riabLi = riciab(Ti �T f
b )�rwcwu⇤GT (T

f
b �Tw) (1.15)

riab(Sb �Si) =�rwu⇤GS(Sb �Sw), (1.16)
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T f
b = l1Sb +l2 +l3Pb, (1.17)

or the two equation model,

riabLi = riciab(Ti �T f
w )�rwcwu⇤G(T S)(T f

w �Tw) (1.18)

T f
w = l1Sw +l2 +l3Pb, (1.19)

with the friction velocity in both models parameterized as per Eq. 1.12. The parameters that are
least well constrained in the above models are the turbulent transfer coefficients GT , GS, and G(T S),
and the drag coefficient Cd . In the turbulent boundary layer, heat and salt diffuse at the same rate,
whereas in the viscous sublayer the turbulent eddy size is reduced so the turbulent diffusivity is
replaced by molecular diffusivity (Mellor et al., 1986; McPhee et al., 1987; Steele et al., 1989).
Therefore, because the transfer coefficients parameterize all transport processes in the boundary
layer, GT must be larger than GS due to the differing rates of molecular diffusivity between heat and
salt.

The transport of heat and salt through the boundary layer is also dependent on the shear stress
at the ice-ocean interface which is parameterized using the friction velocity u⇤, which is itself de-
pendent on the selection of the drag coefficient Cd . The above notation follows that of Jenkins et al.
(2010) where the turbulent exchange coefficients have a functional dependence on the frictional
velocity (Jenkins and Doake, 1991). Exchange velocities have also been expressed by others as

g(T,S,T S) =C
1
2
d G(T,S,T S)U, (1.20)

From Eq. 1.10 the turbulent transfer coefficient is defined as,

gT =
QT

b

rwcwu⇤[T
f

b �Tw]
(1.21)

which is analogous to a thermal Stanton number, a ratio of heat transferred into a fluid to the thermal
capacity of the fluid, except for the use of the friction velocity rather than the velocity of the bound-
ary layer. Stanton numbers derived from laboratory studies of boundary layers on hydraulically
smooth surfaces have been used in numerical models of the interactions between ice shelves and
the ocean (Jenkins and Bombosch, 1995; Holland and Jenkins, 2001). The application of laboratory
results to the boundary layer beneath an ice shelf is questionable, however Holland and Jenkins
(1999) showed that it yields similar results to coefficients produced by more complex parameteriza-
tions that include the effects of the stabilizing buoyancy caused by the release of freshwater at the
ice shelf base during melting, and the effects of rotation (McPhee et al., 1987). The insensitivity of
the exchange coefficients to processes that effect mixing in the boundary layer is because exchange
rates are largely determined by molecular diffusion across the viscous sublayer. The parameteriza-
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tion compared favourably with observations beneath sea ice (McPhee et al., 1999).
Jenkins et al. (2010) found that melt rates derived using both the two- and three-equation models

matched observations at the base of the Ronne Ice Shelf, Antarctica, within 40%. Adjustment
of the drag coefficient, the parameter that is least well constrained by observation, reduced the
mismatch below observational error. However, Jenkins et al. (2010) caution that the value of the drag
coefficient used assumes that the turbulent transfer coefficients estimated for sea ice are appropriate
for the base of an ice shelf, which given the different nature of boundary flow beneath ice shelves,
forced by buoyancy and tides rather than wind-drift of sea ice, could violate that assumption. Further
discussion of the parameterization of turbulent transfer coefficients can be found in McPhee et al.
(1987), Steele et al. (1989), Holland and Jenkins (1999), and Jenkins et al. (2010). Values for
turbulent transfer coefficients and drag coefficients have not been validated by measurements below
Arctic ice shelves or glacier tongues.

1.3 Thesis objectives
There exist numerous observation gaps that this research aims to address. Recent studies of the
oceanography of fjords in the Canadian Arctic are few (Melling et al., 2015). The last comprehen-
sive oceanographic study of an ice shelf dominated fjord occurred over 50 years ago (Keys, 1977).
For glacial fjords, where studies do exists in other regions they are often limited to brief summer sur-
veys, and observations are often restricted to the outer region of the fjord several kilometers from the
glacier terminus or grounding line (e.g. Straneo et al., 2010; Straneo et al., 2010; Inall et al., 2014).
As well, continuous records of the seasonal cycle of changes in water properties in glacial fjord are
rare (Cottier et al., 2005; Jackson et al., 2014b; Mortensen et al., 2014). The factors contributing
to variations in epishelf lake depth and how these variation may reflect changes in the thickness of
the ice shelf are not well understood (Vincent et al., 2001; Smith et al., 2006), due largely to a lack
of continual observations in epishelf lakes. Finally, direct estimates of melt rates for ice shelves or
marine terminating glaciers have not been conducted in the Canadian Arctic, so the magnitude of
melt rates, and factors that effect its spatial or temporal variability are unaddressed.

This thesis aims to describe the oceanography of Milne Fiord, the last ice shelf-epishelf lake
system in the Arctic.

The primary objectives of this thesis are:

• To provide the first comprehensive physical oceanographic description of Milne Fiord, includ-
ing the influence of the Milne Ice Shelf and Milne Glacier on water properties, circulation,
and seasonal variation in the fjord.

• To understand the dynamics of the Milne Fiord epishelf lake and factors that influence its
seasonal and long-term variability.
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• To estimate the magnitude, and spatial and temporal variation, of submarine melt rates in
Milne Fiord.

To aid in the interpretation of oceanographic data and allow estimates of submarine melt rates a
secondary objective is:

• To produce a digital elevation model of ice topography and bathymetry of Milne Fiord.

1.4 Thesis outline
An outline of the remainder of this thesis is presented below.

Chapter 2 presents observations of the general water properties and circulation of the fjord and
how they are influenced by the presence of an ice shelf and glacier tongue. By conducting extensive
hydrographic surveys, including through-ice profiles of water column properties that extend the
length and width of the fjord, including from the grounding line of the Milne Glacier to the outer
edge of the Milne Ice Shelf, the spatial variation in the fjord is described. An ice-tethered mooring
deployed through the epishelf lake in the centre of the fjord recorded variation in ocean properties
over the full water column spanning a period of 3-years. The observations are placed in context with
maps of ice thickness, produced by a ground-based radar survey of ice thickness in combination with
remote sensing data, and bathymetric chart, based on spot soundings acquired during water column
profiling.

Chapter 3 presents a description of the seasonal and interannual variations in the epishelf lake,
and aims to understand what factors influence its depth and how these are related to the state of the
ice shelf. All previous water column profiles acquired of the Milne Fiord epishelf lake since the first
observation in 1983 were obtained and compiled with new profiles collected during this study to
understand long-term changes in the water column. An ice-tethered mooring provided a continuous
record of variation of the epishelf lake over a 3-year period. A simple analytical model of hydraulic
controlled flow is used to simulate and explain the drainage of the lake each winter.

Chapter 4 estimates of submarine melt rates of the ice shelf and glacier tongue are presented,
and factors determining their spatial distribution and temporal variability discussed. Two indepen-
dent methods are used to estimate annual melt rates from 2011 to 2015: a divergence of ice flux
method that utilizes remotely sensed ice surface velocities and the ice thickness model produced in
Chapter 2; and an ocean thermodynamic model that uses field measurements of ocean properties
and circulation.

Chapter 5 provides a summary of the entire body of work in the thesis and discusses potential
areas for future research.

19



1.5 Figures
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Figure 1.1 Map of the northern coast of Ellesmere Island. Black and grey shading represents the extent of ice
shelves in 2003, while the reduced extent as of January 2011 are shown in grey. Over this period the Serson,
Ayles, and Markham ice shelves calved completely from the coast, the Petersen and Ward Hunt ice shelves
lost large fragments, while the Milne Ice Shelf and Milne Glacier tongue remained largely unchanged during
this period. Data courtesy of D. Mueller.
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Figure 1.2 Schematic representation of Milne Fiord in A) plan and B) elevation view. Features observed
prior to this study are labelled in regular font, while features or processes this study aimed to observe and/or
quantify are indicated in bold italic.

T
b

S
b

T
i

S
i

Q
i

T

Q
i

S

Q
w

S

Q
w

T

T
w

S
w

Q
b

T

Q
b

S

Ice

Ice-ocean
boundary
layer

Ambient
water

U

Viscous
sublayer

Figure 1.3 Schematic representation of the temperatures, salinities, and the heat and salt balance at the ice-
ocean interface at the base of an ice shelf. Modified from Holland and Jenkins (1999) and Straneo and
Cenedese (2014).
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Chapter 2

Modification of ocean properties and
circulation by an ice shelf and glacier
tongue in Milne Fiord

2.1 Introduction
Glacial fjords are the critical gateways between the ocean and ice sheets in the Arctic, and un-
derstanding their dynamics is important to understanding and predicting changes to ice sheets and
their impact on the ocean (Straneo and Cenedese, 2015). Large volumes of freshwater from melt-
ing ice sheets are discharged into fjords and modified by fjord processes before being released to
the open ocean, with implications for ocean stratification and circulation. Submarine melting of
outlet glaciers by warm ocean water has been identified as a plausible mechanism contributing to
both the retreat and increased flow rate of tidewater glaciers (Holland et al., 2008b; Motyka et al.,
2011; Joughin et al., 2012; Straneo et al., 2012). These processes are all influenced by the properties
of the fjord, including its geometry, water mass characteristics, ambient stratification and circula-
tion, so an understanding of glacial fjord oceanography is key to predicting ice sheet dynamics,
ocean circulation, and their impact on climate.

The recent loss of coastal ice and and ice-associated features from fjords along the northern coast
of Ellesmere Island, Canada, on the Arctic Ocean, is indicative of a shift in climate in this region.
Widespread calving of coastal ice shelves (Vincent et al., 2001; Mueller et al., 2003; Copland et al.,
2007; Mueller et al., 2008; White et al., 2015a), the almost complete loss of ice-dammed fjord-lakes
(Mueller et al., 2003; Veillette et al., 2008), and the collapse of glacier tongues and the loss of
multi-year land-fast sea ice (Pope et al., 2012) have been attributed, in part, to regional atmospheric
warming. The warming has resulted in an increased freshwater input to the fjords from surrounding
glaciers, with mass loss from glaciers of the Canadian Arctic Archipelago being the single largest
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contributor to sea level rise outside of Greenland and Antarctica between 2003-2009 (Gardner et al.,
2011; Lenaerts et al., 2013). Despite the fact that fjords along the northern coast of Ellesmere Island
are impacted by climate change, the last physical oceanographic studies of fjords here occurred
over 40 years ago (Ford and Hattersley-Smith, 1965; Lake and Walker, 1973; Keys, 1977), with the
exception of one study from a small inlet in 1991-92 (Ludlam, 1996).

There is growing evidence of the importance of fjord dynamics on determining the mass bal-
ance of the Greenland Ice Sheet, and its contributions to sea level rise and influence on the ocean
and climate, and these processes are likely relevant to the Canadian Arctic. The recent widespread
acceleration of outlet glaciers in southeast and southwest Greenland is thought to be linked to en-
hanced submarine melt due to the migration of warm Atlantic water masses of subtropical origin
into deep fjords (Holland et al., 2008b; Straneo et al., 2010; Christoffersen et al., 2011), and the
rapid collapse of the 15 km long Jakobshavn Isbrae glacier tongue (Motyka et al., 2011) was linked
to a warm water intrusion into the fjord (Holland et al., 2008a). Some estimates suggest that up
to 80% of the mass loss of marine-terminating glaciers in Greenland can be attributed to subma-
rine melting (Rignot and Steffen, 2008) although melt rates are largely based on parameterizations
that are dependent on a variety of processes that are poorly constrained in glacial fjords. These
processes include the ambient stratification and vertical distribution of heat in the fjord (Straneo
et al., 2011; Mortensen et al., 2013), and the fjord circulation, which in glacial fjords is influenced
by a complex interplay of wind stress and tides (Mortensen et al., 2011), baroclinic response to
external forces (Sutherland and Straneo, 2012; Jackson et al., 2014b), convection from ice-ocean
interactions, and buoyancy-driven flows from seasonal freshwater runoff (Straneo et al., 2011). In
tidewater glacial fjords runoff can enter the fjord at the surface or at depth across the grounding
line of the glacier, known as subglacial discharge, with implications for vertical heat distribution,
ocean stratification and fjord circulation (Straneo et al., 2011; Xu et al., 2012; Sciascia et al., 2013).
However, with a few exceptions (Chauch et al., 2014), observations in glacial fjords are often lim-
ited to the outer fjord, several kilometers from the glacier terminus, due to the challenges associated
with sampling in the presence of a calving glacier, icebergs, ice mélange, or through thick glacier
tongues. While some of the Greenland-derived results are likely relevant to other regions, differ-
ences in geography, coastal and climatic conditions, suggest glacial fjords in the Canadian Arctic
Archipelago warrant special attention, yet they remain largely unexplored.

We conducted an oceanographic field study of Milne Fiord, on the northern coast of Ellesmere
Island, that is fed by the Milne Glacier, an outlet glacier that terminates in a floating glacier tongue at
the head of the fjord. A unique feature of Milne Fiord is the presence of the Milne Ice Shelf, distinct
from the glacier tongue, that spans the mouth of the fjord. In this paper we distinguish between
a ’glacier tongue’, defined as the floating extension of an outlet glacier at the head of a fjord, and
an ’ice shelf’, defined as a floating platform of thick ice at the mouth of a fjord, formed by in
situ sea ice accretion and snow accumulation, sometimes with additional glacial input from low-
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lying coastal ice caps and tributary glaciers (Jeffries, 2002). The Milne Ice Shelf forms an ice-dam
that traps runoff within the fjord creating a perennially stratified water column with a freshwater
layer floating on seawater, called an epishelf lake. The thin (<1 m) perennial ice cover of the
epishelf lake created a stable platform for field work, permitting access to the glacial fjord for
oceanographic investigation. To provide context for our study, we first provide a regional overview
of the northern Ellesmere climate and oceanographic setting with relation to the source waters that
can access Milne Fiord. Next, because fjord dynamics are highly dependent on the geometry of the
fjord we present the first bathymetric survey of the fjord, and present a digital elevation map of ice
thickness for the entire fjord based on field observations and remote sensing data. From analysis of
extensive through-ice hydrographic profiles, including transects that extend along the entire length
of the fjord to the glacier grounding line (where the glacier detaches from the bed and is afloat),
we describe the vertical and horizontal distribution of water masses, the distribution of submarine
meltwater and subglacial discharge, and the modification water properties in relation to bathymetry
and ice topography. Using data collected by a full-depth ocean mooring deployed in the fjord we
then describe the internally and externally forced temporal variability of ocean temperatures in the
fjord over the 3-year study. Finally, we discuss the implications of our observations on how loss of
the ice shelf will impact fjord dynamics and the Milne Glacier.

2.2 Methods

2.2.1 Field Site

Milne Fiord (82�35’N; 81�W) lies at the northwest coast of Ellesmere Island on the Arctic Ocean
(Fig. 2.1). A combination of low annual average air temperatures (⇠ -18�C at Alert between
1971-2000; www.ec.gc.ca), low ocean heat flux (Krishfield, 2005), and ocean circulation (Aksenov
et al., 2010) create conditions favourable for the formation and persistence of coastal land-fast ice
along this coast. The coast maintains the oldest and thickest multiyear land-fast sea ice in the
Arctic (Maslanik et al., 2011; Laxon et al., 2013), the largest concentration of coastal ice shelves
in the Arctic (total area of 500 km2 at end of 2015; Copland and Mueller, Arctic Ice Shelves and
Ice Islands, Springer-Verlag., In press); and the lowest glacier equilibrium lines in the Northern
Hemisphere (Braun et al., 2004), resulting in extensive floating glacier tongues. The coastal ice
conditions prevent ship-based measurements and as a result oceanographic studies of the fjords of
northern Ellesmere Island are few (Crary, 1956; Ford and Hattersley-Smith, 1965; Lake and Walker,
1973; Keys, 1977; Ludlam, 1996).

Existing observations collected offshore of northern Ellesmere Island reveal a stratified wa-
ter column consisting of a 30–50 m deep seasonal mixed layer (SML), above comparatively fresh
(<34.4 PSU), cold (<0�C) Polar Water (PW) to ⇠200 m depth (Aksenov et al., 2010 and references
therein), overlying warmer (up to 0.5�C), saline (>34.7 PSU) modified Atlantic Water (AW) below
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350 m depth (Jackson et al., 2014a; Steur et al., 2013). A schematic of major currents in the Arctic
Ocean, including those inferred to exist but not directly observed along northern Ellesmere Island,
is shown in Figure 2.1a. Surface waters above 200 m depth originate in the Canada Basin and typi-
cally flow westward along the coast Steele et al., 2004; Aksenov et al., 2010). An eastward flowing
boundary undercurrent appears to exist along the continental slope from the base of the mixed layer
(30 – 75 m) to the bottom (Newton and Sotirin, 1997) likely an extension of the Arctic Circumpolar
Current (Rudels et al., 1999; Aksenov et al., 2010). Sparse bathymetric soundings along the coast
show the continental shelf shoals to 270 m at the shelf break, separating Milne Fiord, and the 600 m
deep basin at its mouth, from the deep ocean (Fig. 2.1b). Published bathymetry for Milne Fiord in
the International Bathymetric Chart of the Arctic Ocean (IBCAO v3.0; Jakobsson et al., 2012) was
based solely on an interpolation between offshore soundings and the coastline. Soundings inside
the fjord prior to this study were limited to two small, shallow (77 m and 80 m deep) inlets on the
southwest and northeast shores of the fjord, the bathymetry was otherwise unknown.

The Milne Glacier, a 4–5 km wide, 55 km long outlet glacier that drains ⇠4% by area of the
northern Ellesmere Island icefields (GLIMS and NSIDC, 2005), flows into the head of Milne Fiord
(Fig. 2.2a). Previous work suggested that the terminus of the glacier was probably afloat and formed
a glacier tongue (Hattersley-Smith, 1969; Narod et al., 1988; Jeffries, 1984), referred to here as the
Milne Glacier tongue (MGT). The MGT is actually a composite of three glacier tongues; the central
tongue comes from the main valley glacier flowing from the highest elevations of the ice cap and has
greater surface relief and thickness, while the southwest and northeast tongues come from tributary
glaciers that join the main glacier within 10 km of the present-day grounding line. Van Wychen et al.
(2016) found surface velocities of the Milne Glacier on the order of 100 m a�1 near the grounding
line, and estimated the mean ice discharge to be 0.05 ± 0.02 Gt a�1 between 2011 and 2015. The
Milne Glacier has been identified as a possible surge-type glacier (Jeffries, 1984; Copland et al.,
2003).

At the mouth of the fjord, spanning 18 km between Cape Egerton and Cape Evans, and distinct
from the MGT, is the Milne Ice Shelf (MIS; Fig. 2.2a), formed through a combination of sea ice
accretion, snow accumulation and input from surrounding tributary glaciers and low-lying coastal
ice caps (Jeffries, 1986a). The MIS was mapped using ice-penetrating radar by Mortimer et al.
(2012) in 2008/9, and was found to have a mean thickness of 49 m and a maximum thickness
of 94 m. The topology of the ice shelf is quite variable owing to its complex origins, and was
previously divided into three distinct regions, the Outer, Central and Inner Units, based on surface
morphology and ice characteristics (Jeffries, 1986a). The Outer Unit at the seaward edge of the
ice shelf, distinguishable by a series of surface ridges and troughs running parallel to the coast,
is generally thick (>50 m), but is bisected by two re-healed fractures that have existed since at
least 1950 (Hattersley-Smith and Fuzesy, 1969). The Central Unit forms the landward edge of
the ice shelf bordering the epishelf lake, and has a more erratic surface morphology and thickness
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(Jeffries, 1986a). The Inner Unit, that was thought to have once been contiguous with the MGT,
no longer exists, it has been replaced with epishelf lake ice (Mortimer et al., 2012). As of 2009
the epishelf lake consisted of a main basin spanning the width of the fjord between the MIS and
MGT, and two arms extending along either side of the MGT, with a total estimated area of 52.5
km2 (Mortimer, 2011). The epishelf lake was 14.3 m thick as of 2009, its depth presumed to
correspond to the minimum draft of the MIS (Veillette et al., 2011b). With the exception of a few
shallow hydrographic profiles collected to study the epishelf lake (Jeffries, 1985; Veillette et al.,
2008; Veillette et al., 2011a), there was no information on the general oceanography of the main
fjord prior to this study.

2.2.2 Bathymetry and ice thickness mapping

Bathymetry and ice topography are critical to understanding fjord circulation and exchange with
offshore waters so we produced a digital elevation model (DEM) of Milne Fiord from a combination
of field measurements, remote sensing, and available archived data. Between 2011 and 2015, we
collected 53 bathymetric soundings by lead line and during CTD profiling through augered ice
holes in the epishelf lake, steam-drilled holes in the MIS, and through natural fractures in the MIS
and MGT. Soundings extended from 5 km offshore of the MIS to the hinge crack near the Milne
Glacier grounding line. NASA’s Operation Icebridge 2014 Multichannel Coherent Radar Depth
Sounder (MCoRDS; Leuschen et al., 2010) data was used to constrain bed elevation upstream of
the grounding line, and the cross-sectional bed profile of the fjord above the grounding line was
modelled as a U-shaped valley as in Van Wychen et al. (2014) to model glacier thickness at a flux
gate for Milne Glacier. We further constrained fjord bathymetry from analysis of hydrographic
data, and ice radar, discussed in detail below. To reconcile the regional IBCAO 3.0 data with our
new observations we replaced IBCAO grid points in Milne Fiord with our own data and model
bathymetry on a 100 m x 100 m mesh using the Matlab gridfit.m function (J. D’Errico, 2006;
www.mathworks.com). Gridfit.m is not an interpolant designed to exactly predict all source data,
but rather it is an approximant that produces a smooth surface that represents the behaviour of
the source data as closely as possible, allowing for gaps and noise in the data, and allows smooth
extrapolation beyond the domain of the source data. Bathymetric soundings are sparse in many
areas of the fjord, particularly below regions of the MIS and MGT, so the bathymetric model should
be viewed in this context.

To constrain ice thickness in the fjord we utilized a combination of ground and aerial radar mea-
surements. The thickness of the MIS was mapped by Mortimer et al. (2012) using a snowmobile-
towed Ice-Penetrating Radar (IPR) system in 2008 & 2009, and we reproduce this data here, but
supplement it with new sources. We expanded spatial coverage of the MIS in 2011 and 2013 us-
ing a snowmobile-towed Sensors and Software Pulse EKKO Pro 250 MHz IPR system, with data
processed as in Mortimer et al. (2012). Ground-based measurements of the MGT were acquired
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in 2012 and 2013 using a 50 and 70 MHz Blue System Integration IPR system, as described in
Mingo and Flowers (2010)), towed on foot, with data processing as in Wilson et al. (2013). Ice
thickness along the centreline of the MGT was further constrained by aerial radar measurements
acquired by the Operation Icebridge 2014 MCoRDS (Leuschen et al., 2010). The location of the
Milne Glacier grounding line is assumed to correspond to the point of first hydrostatic equilibrium,
where the thickness of the ice derived from Airborne Topographic Mapper (ATM) laser altimeter
(Krabill, 2010) surface elevation equals that measured by the Multichannel Coherent Radar Depth
Sounder (MCoRDS; Leuschen et al., 2010). Error in the ice depth measurements is +- 10 m.

For increased spatial coverage, we estimated ice thickness from surface elevation measurements
of the MIS and MGT by assuming that ice downstream of the Milne Glacier grounding line was
afloat. Analysis of IPR transects showed very strong bottom reflections, indicative of an ice-water
interface, everywhere except a region just south of the confluence of the re-healed fractures in the
MIS (2.2c). The ice here was relatively thin (<40 m) and showed intermittent and weak bottom re-
flections, possibly due to an ice-bedrock interface. These observation, combined with nearby bathy-
metric soundings through the re-healed fracture that revealed the seabed rose to within 28 m of the
surface, suggested the ice shelf may have been partially grounded in this region. Consequently, we
exclude an area encompassing the weak bottom reflection IPR transects from the surface elevation
to thickness conversion.

Where ice was afloat, or where we have no data to the contrary, ice thickness was estimated
from surface elevation by assuming the ice was in hydrostatic equilibrium with a mean ice density
of 900 kg m3 and mean seawater density of 1024 kg m�3. Existing high resolution (13 m x 23 m
grid size) digital elevation data from Natural Resources Canada (NRCAN; http://www.geobase.ca)
was found to be inaccurate over large regions of the MIS and MGT when compared with field data,
so we compiled data from various other sources. Ground-based position and elevation data were
recorded using a Topcon HiPerV Dual Frequency Global Navigation Satellite System (GNSS) re-
ceiver mounted on the IPR sled sampling at 5-second intervals with precise positioning computed
using the online tool available from Natural Resources Canada (http://www.nrcan.gc.ca). Positions
are accurate to ± 10 mm horizontal and ± 15 mm vertical. We also used the Ice, Cloud, and Land
Elevation Satellite (ICESat) laser altimetry data (Zwally et al., 2011) from the GLA06 product
(Release-33) acquired between 2003 and 2009. The laser altimeter measures surface topography
to a precision of 10 cm with a laser surface-spot diameter of ⇠70 m every ⇠170 m. Additional
elevation data was utilized from a swath along the MGT collected by the Operation Icebridge 2014
Airborne Topographic Mapper (ATM) laser altimeter (Krabill, 2010). All elevation data were pro-
cessed by manual removal of outliers and smoothed prior to calculating ice thickness by applying a
1-dimensional 5-point convolution filter. Tides are not accounted for, however nominal tidal range
is small, on order of 0.3 m, so we take this as the error in elevation data.

A cross-point error analysis was conducted comparing the measured ice thickness from IPR data
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to that estimated from surface elevation data for points within a distance of 35 m (the approximate
radius of the ICESat laser footprint). Mean absolute discrepancy was 0.66 m, with a standard
deviation of 1.20 m. Given the large ice surface topography variations (± ⇠8 m), tidal height
variation, and changes in mass balance over time that would affect the elevation data, as well as the
temporal offset of data collection periods, this error was deemed acceptable.

Polygons delineating surface features, including the fjord shoreline, margins of the glacier
tongue, epishelf lake, and ice shelf and major fractures were identified using a 21 July 2009 Ad-
vanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) satellite scene and dig-
itized using Matlab (R2012b). Uncertainty in dimensions derived from satellite imagery was esti-
mated to be twice the 15 m image resolution. The thickness of the epishelf lake ice was assumed
1 m everywhere based on numerous field measurements. IPR transects across the re-healed frac-
tures in the MIS revealed a narrow bottom channel at the base of the ice shelf running parallel to
the surface expression of the fracture. The ice thickness at the apex of the channel was measured by
steam drill at 3 locations and varied between 8–11 m. Using the highest quality IPR transects across
the fracture as a reference, we modelled the basal channel as an inverted parabola with uniform
cross-sectional thickness along its entire length. The depth below sea level of the channel (Zint) was
interpolated as:

Zint =
(Zm �Zc)

D2
1

D2
2 +Zc (2.1)

where Zc is the depth at the centerline of the channel (10 m), Zm is the depth of the ice at the channel
margin (40 m), D1 is half the width of the base of the channel (70 m), and D2 is the distance from
the centerline of the channel to the centre of the interpolated ice column. Ice depth was interpolated
at 10 m intervals from the centerline to the margin every 100 m along the length of the channel. All
ice thickness data was gridded onto a 100 m X 100 m mesh using the Matlab gridfit.m function (J.
D’Errico, 2006) to produce contour maps and raster images of ice thickness for the entire fjord.

2.2.3 Hydrography

Ocean properties were measured over 5 field campaigns in May 2011, May 2012, July 2012,
May 2013, July 2013, and July 2014. The 2011 profiles were recorded using a 4 Hz SBE19+
Conductivity-Temperature-Depth (CTD) instrument, all others using a 6 Hz RBR XR-620 CTD.
The instruments were lowered at 0.5 m s�1 using a manual reel through drilled holes, leads in sea
ice and fractures in the ice shelf and glacier tongue. All profiling was completed on foot or by
snowmobile, except two ⇠50 km along-fjord transects which were completed by helicopter in July
of 2012 and 2013. During these surveys profiles were collected at up to 12 locations, including
through a rift near the grounding line of the Milne Glacier and through leads in the sea ice 5 km
beyond the seaward edge of the MIS outside the fjord. Data was processed in Matlab following a
procedure that included correction for atmospheric pressure, application of a low-pass filter in time
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to the raw pressure, temperature and conductivity, alignment of conductivity and temperature and
pressure, a thermal cell mass correction (for the SBE19+ data), and loop editing. Derived vari-
ables were calculated using the International Thermodynamic Equation of Seawater 2010 (TEOS-
10) Gibbs Seawater Oceanographic Matlab Toolbox (www.TEOS-10.org) and averaged over 0.2 m
depth bins. CTDs were calibrated once every 1–2 years. A single turbidity profile near the cen-
ter of the main basin of the epishelf lake was recorded using a Seapoint Turbidity Sensor at 100x
gain in July 2013. Additional offshore hydrographic profiles over the northern Ellesmere Island
continental shelf break were obtained from the Arctic SwitchYard Project (PI Mike Steel, Uni-
versity of Washington). Profiles were collected in May of 2012 and 2013 from Twin Otter and
helicopter by lowering a SBE19plusv2 Seacat CTD through open leads or drilled holes in the sea
ice. Data was downloaded from the Advanced Cooperative Arctic Data and Information System
website (www.aoncadis.org) and derived variables calculated as above.

To estimate the amount of meltwater present in the water column we use a simple mixing model
described in Jenkins (1999). Conservative properties of a water mixture, c , are determined by the
relative mass input of its individual components, c1 and c2:

Qc = Q1c1 +Q2c2 (2.2)

where Q = Q1 + Q2 is the total mass of the mixture. On a bivariate property plot, such as a
temperature-salinity diagram, measurements of any two conservative properties of a mixture will
fall on a straight line between endpoints defined by the properties of the component water masses.
For temperature to be used in the mixing model in the case when ice melts in seawater, heat must be
conserved. To do so we must account for 1) sensible heat loss from seawater to ice that warms the
ice from its internal temperature, Qi, to the freezing point of the ambient water, Q f , 2) absorption of
latent heat during phase change, and 3) sensible heat loss during mixing of the meltwater, at freezing
point, with ambient seawater. Ice can then be assigned an effective temperature Q⇤

i that accounts for
heat loss during the melting process by:

Q⇤
i = Q f �

L
cp

� ci

cp
(Q f �Qi) (2.3)

that allows temperature to be used as a conservative property in (2.2) (Gade, 1979). In Eq. (2.3)
L is the latent heat of fusion, and ci and cp are the specific heat capacities of ice and seawater,
respectively, at constant pressure.

If the ambient water properties are not homogenous, but are a mixture of two water masses,
then the meltwater mixture will fall within the triangle bounded by the meltwater lines of each
water mass endpoint. In Milne Fiord the ambient water is a stratified mixture of Polar Water (PW)
and modified Atlantic Water (AW) and melting may occur over various depths in the halocline. A
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composite property Y can be defined as in Jenkins (1999):

Y2,1 = (c2 �c2
w0)� (c1 �c1

w0)

✓
∂ c2

∂ c1

◆
(2.4)

where superscript i represents temperature or salinity and subscript 0 indicates defined endpoint
water mass characteristics (PW with -1.7 �C and 31.2 g kg�1, and AW with -0.8 �C and 34.25 g
kg�1). The last term in brackets on the right is the gradient of the ambient water line. Values of the
composite property can be related to meltwater fraction by:

Y =
Y2,1

mix

Y2,1
melt

(2.5)

where the numerator is the sampled composite property of the mixture, and the denominator is the
composite property of ice (in fact, pure meltwater with zero salinity and an effective temperature
(Q⇤

i ) as above) (Eq 6; Jenkins, 1999). The calculation of meltwater concentration assumes direct
mixing between uniform endpoint water masses, but in practice, the transition between PW and AW
is non-linear on a temperature-salinity plot, indicative that other processes influence the interface.
The non-linear PW-AW interface is consistent with the cold halocline observed on the northern
Ellesmere Island continental shelf (Jackson et al., 2014a), that forms in eastern Nansen Basin from
heat loss to the atmosphere, lateral mixing between two types of Atlantic water, and the admixture
of cold, fresh continental shelf water (Steele and Boyd, 1998; Alkire et al., 2010; Rudels, 2013).
The curvature of the profiles away from the mixing line produces an offset in calculated meltwater
fractions, so we calculate the meltwater concentration anomaly by subtracting the depth-averaged
meltwater concentration offshore. Other studies have used a similar thermodynamic melt model but
where ice was assumed to melt into a mixture of homogenous seawater (usually AW) and subglacial
freshwater discharge (Mortensen et al., 2013). However, the grounding line depth in Milne Fiord
occurs within the interface between PW and AW, not deep within the AW layer as in the other
studies, indicating melting may be driven by any mixture of PW and AW, which suggests the use of
the Jenkins (1999) heterogeneous water column approach is more appropriate for deriving meltwater
fractions in Milne Fiord.

The depth at which the meltwater plume will reach a level of neutral buoyancy can be deter-
mined by estimating the salinity (and density) of the rising plume from the concentration of melt-
water. Assuming that the plume is a mixture of ambient seawater at the depth of the grounding
line and meltwater originating from in situ submarine melting of the glacier with zero salinity and
negligible suspended sediment load, the minimum salinity of the plume is Sa(1�Ymax), where Sa

is the ambient salinity at the grounding line depth and Ymax is the maximum meltwater fraction. If
we assume the rising meltwater plume entrains no ambient seawater it will rise to the level of its
isohaline and then separate from the base of the ice shelf or glacier and spread out laterally along
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the fjord. The meltwater fraction can be bounded at the lower limit to zero, while the theoretical
maximum concentration is limited by the heat available in the ambient water to melt ice, so an upper
limit on meltwater fraction is found by:

Qi

Q



1+
L+ ci(Q f �Qi)

cp(Qw �Q f )

��1

(2.6)

where Qi is the mass of ice (meltwater), and Q is the total mass of the mixture (Eq 7; Jenkins,
1999). In polar waters the meltwater fraction is limited to about 1% per �C of temperature above
freezing (Qw �Q f ).

To measure changes in ocean properties over time a mooring was deployed in the centre of the
epishelf lake from May 2011 to July 2014. The mooring initially consisted of 20 RBR TR1050/60
thermistors spaced vertically from 0.5 m to 350 m depth, as well as an RBR XR-620 CTD at 355
m depth. The mooring was ice-anchored at the surface and suspended down the water column with
the CTD initially just above the bottom. However, the pressure sensor on the CTD indicated it
settled onto the seabed after a week, likely from a combination of the surface anchor melting into
the ice and mooring line stretch. Sediment fouling of the conductivity sensor on the CTD corrupted
the salinity data so only temperature is reported. The mooring was recovered and reconfigured in
May 2012, then serviced in July 2012, July 2013, and July 2014, at which times instruments were
repositioned as availability required.

2.2.4 Circulation

Water level was recorded using the bottom anchored XR620 CTD at 355 m depth at the mooring
site from May 2011 to May 2012. A 3 hr low pass-filter and a linear detrend was applied to the raw
data. The dominant tidal constituents were determined by harmonic analysis with nodal corrections
using the T Tide Matlab toolbox (Pawlowicz et al., 2002). Results were compared with predictions
over the same time period at the same location from a two constituent (M2 & K1) barotropic inverse
model of the Arctic Ocean that predicts tidal range and depth-averaged tidal currents on a 5-km
horizontal grid (Padman and Erofeeva, 2004).

Water velocity was recorded over durations of 4, 6, and 10 days in May 2011, July 2012, and
July 2013, respectively, using an ice-anchored downward looking 300 kHz RDI Workhorse ADCP
located at the mooring site (Fig. 2.2a). The ADCP was secured to a rigid mast 1 m below the epishelf
lake ice. In 2013 an additional downward-looking 300 kHz RDI Sentinel ADCP was moored at 50
m depth. Due to the unreliable magnetic field at this latitude the ADCP was deployed on a bifilar
(two line) mooring to fix its orientation relative to a known bearing. The ADCPs sampled at 5 min
intervals, with 150 pings per ensemble, 2 m depth bins, and had an accuracy of 0.5% water velocity
± 0.5 cm s�1. The low level of acoustic backscatterers in the water column limited the range of
the instruments to less than nominal. Noisy data near the practical range limit of the instruments,
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defined as falling below a beam correlation threshold of 60, was removed in post-processing in
Matlab. Velocities are reported in along- (positive v is flow out of the fjord) and cross-fjord (positive
u is flow toward the northeast shore) components (see Fig. 2.2b).

Air temperature, shortwave solar radiation, wind velocity, relative humidity, and barometric
pressure were recorded by a HOBO automated weather station located at 10 m elevation on the
shore on Milne Fiord (Fig. 2.2a). Air temperature is correlated with surface meltwater production
(Hock, 2003), the number of cumulative of positive-degree days (PDDs) were used as a proxy for
the volume of surface meltwater runoff flowing into the fiord each year.

2.3 Results

2.3.1 Mapping

The bathymetry of Milne Fiord (326 km2), defined as extending 43 km from the Milne Glacier
grounding line to the seaward edge of the MIS, is shown in Figure 2.2b. Off the seaward edge of
the MIS the bed is over 600 m deep and connected to a deep basin that extends out of neighbouring
Yelverton Bay, west of Cape Evans. Soundings through the re-healed fracture show the bed shoals
upward from the coast under the Outer Unit of the MIS, rising to within 28 m of the surface near
the confluence of the fractures. Weak bottom reflections from surrounding IPR transects, perhaps
indicating an ice-bedrock interface, suggest a seabed ridge rises to within 5 m of the surface and
extends about 2 km south of the fracture. Comparison of hydrographic profiles collected off the
seaward edge of the ice shelf and through fractures in the Central Unit, indicate the ridge does
not extend completely across the width of the fjord (i.e. is not a sill) as water properties are the
same down to the seabed at 360 m both to the north and south of the ridge. However, a similar
hydrographic analysis (discussed below) reveals a ⇠ 260 m deep bathymetric sill, extending across
the width of the fjord, exists below the Central Unit of the MIS, near the northern margin of the
epishelf lake. Landward of the sill, a deep basin with a maximum known depth of 436 m exists
below the main body of the epishelf lake. Below the terminus of the MGT the seabed slopes upward
toward the head of the fjord, rising to a depth of 150 m near the grounding line. The estimated
location of the grounding line of the main branch of the Milne Glacier (82.455�N, 80.32�W ) is
supported by the presence of hinge cracks at this location. The bed topography indicates the glacier
is presently grounded on a reverse-sloping bed, and the bed deepens to a maximum of 205 m below
sea level 2 km upstream, and remains below sea level for at least 24 km upstream.

The combination of ground, aerial, and satellite radar sources for measurements of ice thickness,
and interpolations of ice thickness from surface elevation, provide decent spatial coverage (Fig.
2.2c) for production of the ice draft DEM (Fig. 2.2d). Ice thickness at the Milne Glacier grounding
line was estimated to be 168 m, slightly thicker than the previous estimate of 152 m by Van Wychen
et al. (2014). The 16 km long MGT thins quickly in the first few kilometers downstream of the
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grounding line and then more gradually until the terminus where it is <10 m thick. The mean
thickness of the MGT is 44 m ± 36 m, with ice of the central branch thicker than the southwest and
northeast branches owing to the different origins of the ice streams that flow into the tongue. The
66 km2 MGT covers approximately 20% by area of the fjord and has an estimated total volume of
2.6 km3 w.e.

The updated thickness data for the MIS shows a maximum ice thickness of 94 m and mean
ice thickness and standard deviation of 50 m ± 21 m. The MIS covered an area of 206 km2,
approximately 65% by area of the fjord, with an estimated total volume of 9.7 km3 w.e., within the
error of that previously estimated (9.8 ± 0.35 km3 w.e.) by Mortimer et al. (2012). Our expanded
ice thickness coverage generally confirms the model presented by Mortimer et al. (2012), although
we find the southern and eastern portions of the Central Unit generally thinner, the difference owing
to their lack of data coverage in these regions. Additional IPR transects confirm an area of relatively
thin (<40 m), possibly grounded, ice exists south of the re-healed fracture. For relative scale, the
ice keels of the MGT and MIS combined, occupy an estimated 16% of the total volume of Milne
Fiord (to mean sea level).

The hypsometry of the MIS is such that it must significantly impede water flow into and out of
the fjord from the surface down to approximately 50 m depth. Export of buoyant freshwater from
the fjord would be preferentially routed along the thinnest ice which coincides with the re-healed
fractures in the Outer Unit. IPR transects across the re-healed fractures revealed that narrow basal
channels exists at the base of the ice shelf that mirror the surface expression of the fractures. Cross-
sectional profiles of the channel indicate it has a width of 50-150 m at its base where the ice is 40–60
m thick, but narrows to less than 10 m at the crest where the ice is ⇠10 m thick.

Thin (<1 m) freshwater ice covers the 52.5 km2 MEL, roughly 15% of the total fjord area. The
main body of the MEL is 5.8 km wide, with long narrow arms running 16 km alongside the MGT
to the grounding line, and extending into the three small bays off the main fjord. The volume of
freshwater in the lake, using a depth of 10 m (from CTD profiles) and assuming vertical shores
is 0.525 km3. SAR imagery shows isolated pockets of lake ice that occupy small fractures in the
MGT and the Central Unit of the MIS, suggesting freshwater ponding occurs extensively throughout
the fjord. CTD profiling revealed that the depth of the freshwater layer in most, but not all, of
these fractures is identical to the main body of the epishelf lake, indicating that a network of basal
channels connects these fractures with the main lake. The area and volume of the lake is therefore
likely somewhat larger than reported here.

2.3.2 Hydrography

Hydrographic profiles show the vertical stratification of water masses in Milne Fiord (Fig. 2.3 and
2.4). The epishelf lake is evident as a relatively warm (>1�C) layer of freshwater at the surface in
all profiles collected within the fjord. The epishelf lake is not present seaward of the MIS (dashed
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lines in Fig. 2.3), although some surface freshening from sea ice melt is evident in summer profiles
offshore. The thickness of the epishelf lake varied over the study, thinning from ⇠13 m in May 2011
to ⇠7 m in July 2013 (top salinity inset Fig. 2.3). At the bottom of the epishelf lake salinity rises
sharply from <3 g kg�1 to over 20 g kg�1 in 2 m and this strong halocline is associated with the
stratification maximum (Fig. 2.3c). The depth of the stratification maximum is associated with the
minimum draft of the MIS, water above this depth cannot exit the fjord and is trapped behind the ice
shelf. Below the base of the MEL to a depth of 50 m is seawater that is substantially warmer (up to
1�C ) and fresher (20 g kg�1 to 34 g kg�1) than that found at equivalent depths offshore, we term this
layer fjord-modified water (FMW). FMW is also associated with a secondary halocline between 20–
40 m depth (Fig. 2.3c). Below the FMW is a transition from cold, relatively fresh PW (50 to 200 m)
to warm, saline AW (below ⇠200 m), signifying the main Arctic Ocean halocline. Water properties
within the fjord over these intermediate depths are generally similar to those offshore, indicating
there is free exchange below the MIS. There is, however, evidence of cooling and temperature
interleaving at depths between 50 – 150 m in profiles collected near the head of the fjord, indicative
of modification of fjord waters by submarine melting of ice. Below a depth of 260 m, deep water
(DW) properties landward of the MIS are nearly homogenous in temperature, salinity and density,
ranging by only 0.044�C, 0.028 g kg�1, and 0.03 kg m�3, respectively, over the bottom 180 m of the
fjord. The properties of the weakly stratified deep water are distinct from those at equivalent depths
offshore (visible in the temperature profile in Fig 2.3a), indicating a topographic sill lies beneath the
MIS that limits offshore exchange at these depths.

Thermistors moored at 355 m depth in the fjord recorded an abrupt temperature decrease of
0.05�C between 29–30 January 2012, which indicates a deepwater renewal event occurred (Fig.
2.5). A thermistor moored at sill depth (260 m) from May 2011 to May 2012 showed the deepwater
was initially thermally stratified, but became isothermal to sill depth at the time of the renewal,
while thermistors moored above sill depth remained thermally stratified throughout the record (not
shown). The change in deepwater properties was confirmed by CTD profiles collected before (May
2011) and after (July 2012) the renewal (Fig. 2.5). The deep water was colder, more saline, and
denser after the renewal.

The nearly homogenous deep water indicates that the fjord was filled to sill depth by inflowing
waters from a narrow depth range offshore. The level of the source waters can be estimated by
finding the level where seawater density offshore of the sill is equal to the density of fjord bottom
water, known as the effective sill depth. A pair of profiles acquired approximately 3 km apart
through the inner edge of the MIS in July 2012 show distinct deep water properties, indicating the
sill lies between the two profile locations. Water with the same density as bottom water (1027.825
kg m�3) in the fjord was found at ⇠260 m depth outside the sill, indicating this is the effective sill
depth. The actual sill depth could be slightly shallower than the effective sill depth as there are
internal hydraulic mechanisms such as coastal trapped waves or internal tides that could lift dense
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water from greater depths up and over the sill during deep water renewal (Farmer and Freeland,
1983).

The thermistors recorded a steady increase of deep water temperatures in the fjord of approxi-
mately 0.037�C per year before and after the renewal event. CTD profiles showed that deepwater
salinity increased by 0.015 g kg�1 per year after the renewal event, with an associated density in-
crease of 0.01 kg m�3 per year. Water properties measured at 260 m depth by annual CTD profiles
offshore revealed similar changes of temperature, salinity, and density from May 2012 to May 2015.
These observations suggest that offshore changes in stratification and circulation altered the source
water properties at sill depth, leading to the observed changes in the deep water. The temperature
increase is steady over time, suggesting that small volumes of dense offshore water steadily flow
over the sill and continually fill the basin from the bottom. The 355 m temperature record shows a
distinct fortnightly spring-neap period (readily visible from October 2011 until the renewal event;
Fig. 2.5) suggesting overflow could be tidally driven. This idea is supported by the persistence of
a slight vertical density gradient in deepwaters below sill depth (i.e. the deepwaters are not com-
pletely homogenous), suggesting small volumes of dense water are continually flowing over the sill
and filling the fjord from the bottom up, displacing lighter water upward. In contrast, the January
2012 renewal event appeared to be a major event that completely filled the deep basin to sill depth.
Dissolved oxygen concentrations from bottle samples collected at 320 m depth in July 2012 provide
further evidence of renewal, as deep water oxygen concentrations (⇠9 mg L�1) were only slightly
depleted in comparison to measurements at equivalent depths offshore (⇠9.5 mg L�1) collected by
the SwitchYard project in May 2012. The January 2012 renewal event occurred during a neap tide,
when tidal energy and flows are low. Deep water renewal has been associated with neap tides in
other fjord systems, including the Strait of Georgia (Masson, 2002), Saanich Inlet (Manning et al.,
2010), and Puget Sound (Geyer and Cannon, 1982). In these systems reduced turbulent mixing over
the sill generated by weaker tidal flow over the allows stratification to reach a maximum, enhancing
dense water overflow into the fjord. A similar process could be occurring in the constriction over
the sill in Milne Fiord and under the Milne Ice Shelf, although as only one complete renewal was
observed, further investigation of this process is needed.

Observations of submarine melt and subglacial runoff near the Milne Glacier grounding line are
shown in the temperature-salinity plots of profiles collected in July 2012 and July 2013 (Fig. 2.6).
The mixing line connects the ambient endpoint waters masses, PW and AW, any mixture of which
could be in contact with ice and drive melting. Any ambient water with a temperature above the
surface freezing point (blackline) has the potential to melt ice. The melt line, with a slope of 2.7�C
(g kg�1)�1, was calculated using the ambient water properties at the depth of the grounding line
(150 m); internal ice temperature , -15�C, water temperature, -0.8�C, and salinity, 34.25 g kg�1. If
submarine melting is occurring, then the mixture of melted glacier and ambient water observed in
CTD profiles, called the submarine meltwater mixture, will fall on or close to the melt line (with a
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minimum temperature limited to the freezing temperature). Note that the meltwater mixing model
is only valid within the triangle defined by the endpoint waters masses (i.e. between PW at 35
m depth and AW at 150 m depth). Profiles collected through hinge cracks at the grounding line
(dark blue) exhibit a substantial temperature decrease and fall close to the melt line, indicating
submarine melting is occurring. Profiles collected within a few kilometers of the grounding line
(light blue), through fractures in the MGT or through the epishelf lake ice along the margins of the
MGT, also show a submarine melt signature, but to a lesser degree. At increasing distances from
the grounding line the meltwater signature diminishes; offshore profiles show little or no evidence
of meltwater. The grounding line profiles also show horizontal excursions away from the melt line
toward lower salinity, most apparent at 120 m depth in July 2013, but evident in both years near the
grounding line. These horizontal excursions are indicative of fresh subglacial discharge entering
the fjord at depth (Straneo et al., 2011; Chauch et al., 2014). A single turbidity profile collected
near the mooring site in July 2013 shows a turbidity peak at a salinity corresponding to the depth of
the apparent subglacial discharge inflection (2.6b), further evidence that subglacial runoff exits the
grounding line at this depth. Turbidity reaches a minimum at 35 m depth, but is elevated above this
level. The source of the turbidity in the MEL (not shown) is likely due to terrestrial surface runoff,
while elevated turbidity in the FMW layer could be settling of sediment from the MEL, or spreading
of a turbid subglacial discharge plume.

Spatial variation in fjord water properties are shown in hydrographic sections from July 2012
(Fig. 2.7) and July 2013 (Fig. 2.8). The overall spatial patterns were similar between years. Water
properties are contoured through the ice (i.e. shown above the maximum ice depth) due to the
pronounced cross-fjord variability in ice thickness that allows some exchange of water above this
depth to the surface. Along-fjord transects show the water column properties offshore of the ice
shelf are typical of the Arctic Ocean, including a SML above PW and AW. The warmest AW at
350 m depth extends up the fjord to the location of the inferred topographic sill, below the southern
edge of the MIS. The deep waters in the basin inside the inferred sill are nearly homogenous in
temperature and salinity, although slightly thermally stratified in 2012. The epishelf lake is apparent
as a uniform freshwater layer extending from the Outer Unit of the MIS to the head of the fjord.
Water temperatures are generally lower near the head of the fjord, suggestive of cooling by contact
with ice near the grounding line. The highest meltwater concentrations are observed at the head of
the fjord, with a maximum just above the bed of the glacier. The meltwater fraction is smaller with
increasing distance from the grounding line, suggesting the highest melt rates, and the source of
meltwater observed in the fjord is from the glacier. The meltwater appears to form several distinct
plumes distributed vertically in the water column that spread out horizontally throughout the fjord,
and appear to be exported out of the fjord at depth. Some meltwater is observed near the base of the
MIS, although the source of the melt, whether produced in situ or advected from up-fjord, cannot be
determined. This pattern is indicative of an estuarine-type flow, with outflowing meltwater mixing
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with seawater inflowing at the same or greater depths.
Cross-fjord hydrographic sections extend from the northeast shore to the southwest through the

mooring site at the centre of the epishelf lake. The epishelf lake extends completely across the fjord
at a constant depth and there is minimal cross-fjord tilting of isotherms and isohalines. However,
temperature inversions and interleaving layers are visible in the upper water column above 150 m
and there is some cross-fjord patchiness in melt water fraction. There is very little change between
2012 and 2013, with the exception of a shoaling of isotherms below sill depth in 2013.

The layering of water masses in the fjord is consistent over all field campaigns, however there
are changes over time in the properties of each layer. The epishelf lake showed evidence of seasonal
and interannual variation, deepening by a few meters from May through July 2012, yet showed very
little change in the depth in 2013. The evidence suggests that the lake depth is linked to the volume
of inflow due to surface melt water production, although a complete discussion of the dynamics of
the epishelf lake is presented in Chapter 3.

Similarly we find evidence that subglacial outflow is linked to seasonal and interannual varia-
tions in surface meltwater production (Fig. 2.9). Warm air temperatures facilitate melting of snow
and ice in the glacier catchment, which flows down through crevasses and discharges at depth into
the fjord across the grounding line at the bed of the glacier. The subglacial discharge (near 0�C
and 0 g kg�1) can rise as a turbulent buoyant plume, entraining ambient seawater, until it reaches a
depth of neutral buoyancy. Profiles collected over a 10-day period in July 2012 show a decrease of
salinity by up to 4 g kg�1 between 30 and 55 m depth. Above and below these depths there is little
change in salinity over time, indicating the freshening is due to a lateral, not vertical, transport pro-
cess. Temperature interleaving at these depths is also indicative of advection of water, suggesting a
subglacial outflow plume. The temperature (<-1�C) and salinity (31 g kg�1) of the plume indicate
it is mainly composed of seawater, and may have been cooled by contact with the base of the glacier
tongue. The field campaign in 2012 corresponded to a period of warm atmospheric temperatures
(almost 100 PDDs had accumulated by the end of profiling), intense surface melt, and presumably,
substantial subglacial discharge. Conversely, the summer of 2013 was cool, with less surface melt
water production (<40 PDDs accumulated by the end of profiling) and no apparent evidence of a
subglacial discharge plume in salinity or temperature profiles.

2.3.3 Circulation

The tidal range estimated from water level record in Milne Fiord was 0.34 m. Harmonic analysis
of 59 tidal constituents showed amplitudes of the M2 (12.42 h), K1 (23.93 h), S2 (12 hr), and O1
(25.82 hr) constituents were 0.056 m, 0.042 m, 0.023 m, and 0.023 m, respectively. A ratio of
these constituents given by (K1+O1)/(M2+ S2), gives 0.82, indicating a mixed, predominately
semidiurnal tide (Thomson, 1981). Tides accounted for 63.7% of the variance of the original water
level data over the 245 day record.
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Time-averaged velocities in the upper water column at the mooring location for May 2011, July
2012 and July 2013 are shown in Figure 2.10. All years show generally weak (<2 cm s�1) baroclinic
flow in the upper water column, with cross-fjord currents being of equal or greater magnitude to
along-fjord currents. There is little or no flow at the surface in the epishelf lake. The record from
May 2011 is a useful baseline, as air temperatures are well below zero and no surface or subglacial
runoff is expected. We find a slight outflow peak below the epishelf lake, and a larger outflow at
40 m depth. Velocity profiles in 2012 and 2013 extend further down the water column and show
flow reversals. A relatively strong 6 cm�1 mean flow to the northeast shore at 60 m depth was
recorded in July 2012. Summer of 2012 was a strong melt year and this may be related to the export
of subglacial water. Alternatively the current could be associated with exchange below the MIS,
which is less obstructed at this depth compared to the restricted flow higher in the water column.
The velocity data reveal that circulation in Milne Fiord is fundamentally 3-dimensional and time
varying. The depth-averaged internal Rossby radius within Milne Fiord above the depth of the sill
is >8 km, which is larger than the width of the fjord landward of the MIS so the effects of rotational
dynamics on circulation are minimal. Although the stratification of the fjord changes over time,
particularly in relation to seasonal freshwater runoff, our data indicate the internal Rossby radius
remains larger than the fjord width. The 3-dimensional nature of the circulation is more likely due
to the complex ice geometry and bathymetry of the fjord.

2.3.4 Mooring timeseries

Meteorological conditions recorded by the automated weather station and ocean temperature at the
mooring site from May 2011 to July 2014 are shown in Figure 2.11. Average air temperature during
the mooring deployment was -17.6�C, with extreme hourly temperatures of +20.2�C in July 2012
and -51.8�C in February 2013. Solar radiation varied from near zero during the polar night (mid-
October through February), to a summer daily maximum of 650 W m�2 in late June during the
period of 24 hour sunlight from April to September each year. Cumulative PDDs, a proxy for sum-
mer melt conditions, varied substantially among years, with 278, 255, and 92 PDDs in 2011, 2012,
and 2013, respectively. Variations in melt water inflow to the fjord were manifested in changes in
ocean temperatures in the upper water column in the fjord, while temperature fluctuations in deeper
waters are not directly coupled to surface conditions. The highlighted isotherms approximate the
interface between water masses: 0�C isotherm around 10 m depth signifies the epishelf lake/FMW
interface; -1.5�C isotherm the FMW/PW interface; -0.5�C the PW/AW interface; with nearly ho-
mogenous DW below 260 m. The warming and thickening of the MEL and FMW are strongly
correlated with the onset and strength of the surface melt season. During the warm summers of
2011 and 2012, when we expect high surface meltwater production and runoff, the MEL and the
FMW layer warm and deepen to a much greater degree than during the cool summer of 2013. The
changes in the FMW layer are consistent with the subsurface freshening and warming attributed to
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subglacial discharge plumes (Fig. 2.9), while the deepening of the MEL is consistent with runoff
entering the fjord at the surface. The thinning of the MEL and FMW after the surface melt season
ends is much more gradual than the rate of thickening during the melt season, suggesting a slow
advection of heat (and freshwater) out of the fjord under the MIS over the remainder of the year.
The PW and AW layers show some seasonal variation as well as pronounced high frequency fluctu-
ations above sill depth. The interface between PW and AW in Milne Fiord tends to deepen in winter
and shoal in summer, varying by almost 50 m over the year, with excursions of 25 m at periods on
the order of days to weeks. These high frequency fluctuations can be more readily seen in Figure
2.12. At 125 m, temperatures seasonally reach a maximum in summer and decrease to a minimum
in mid-winter, varying by 0.6�C over the duration of the record, but there are large amplitude (up to
0.5�C), high frequency fluctuations, on timescales of days to weeks at all times during the record.
Spectral analysis of temperature fluctuations at 125 m depth (not shown) reveal small peaks at 7–12
days, with stronger peaks at 18 days, 35 days, and 59 days, present throughout the timeseries, in-
cluding during winter. Temperatures at 25 m and 50 m show smaller amplitude (generally <0.1�C)
high frequency fluctuations, and appear more influenced by summer runoff. The long-term tem-
perature decrease at 25 m from summer is associated with the shoaling of isotherms related to the
thinning of the FMW layer. Overall, these observations suggest that waters above 50 m depth are
primarily influenced by the import and export of runoff (both surface and subglacial) from the fjord
catchment, while waters below 50 m depth are strongly influenced by external forcing, particularly
offshore variations in the depth of the PW-AW interface that translate into the fjord.

The heat content of the upper water column of the fjord, from 5 m to 125 m depth, spanning the
depths containing most of the ice in the fjord, increases rapidly during warm summers with high
meltwater inflow (2011 and 2012), with a smaller increase during cool summers (2013) (Fig. 2.13).

2.4 Discussion

2.4.1 Geophysical setting

We present the first comprehensive bathymetry of Milne Fiord, which reveal a flooded glacial valley
with a maximum known depth of 436 m. Hydrographic evidence indicates the presence of a 260
m deep bathymetric sill under the landward edge of the MIS, which could be an ancient terminal
moraine from a previous advance of the Milne Glacier. The bathymetric sill is significantly deeper
than the thickest ice in the fjord (at the Milne Glacier grounding line) so we expect it has little direct
influence on the properties of water that can come in contact with ice and drive melting, though it is
fundamental in determining the deep water properties of the fjord. Shallower bathymetric features
however, such as the newly discovered ridge that rises to within 28 m of the surface under the MIS,
could influence water properties in contact with ice by enhancing mixing, diverting currents, and
further reducing the cross-sectional area at the mouth of the fjord for exchange flow under the ice
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shelf.
The full spatial extent of the ridge is unknown, although the weak bottom reflections in IPR

data suggest it could extend up to 2 km south of the re-healed fracture if the ice is grounded in
this region. In an 1981 aerial radar survey, Narod et al. (1988) found a similar band of low bottom
reflectivity, extending 4 km south of the re-healed fracture, and stretching across the width of the
fjord. However, Narod et al. (1988) interpreted the low-reflectivity as signal attenuation due to brine
soaked or brackish ice freezing onto the bottom of the ice shelf. It is not possible with available data
to determine which explanation is correct, so we have chosen not to include data from IPR into our
bathymetric model. Further investigation is required to verify cause of the weak bottom reflections,
and if the ice is indeed grounded, to map the spatial extent and topography of the ridge.

Although the full extent of the grounded ice is undetermined, our limited bathymetric soundings
and ice thickness data indicate the ice is almost certainly grounded near the confluence of the re-
healed fractures as the ice shelf increases to >60 m thick within 200 m of the 28 m deep bathymetric
sounding. This finding could explain the origin of the fractures in the MIS (which have existed since
the first aerial photographs were acquired in 1959 (Hattersley-Smith and Fuzesy, 1969) as stress
fractures (or hinge cracks) between grounded and floating ice. The partial grounding of the MIS
would also resist forces acting to detach the MIS from the coast, and help explain why the MIS has
been relatively stable in contrast to the full or partial collapse of all surrounding ice shelves along
northern Ellesmere Island (Mueller et al., 2008; Veillette et al., 2011a)).

Our revised DEM of ice thickness in Milne Fiord expands on that constructed by Mortimer et
al. (2012) for the MIS by improving spatial coverage of regions of the MIS, and providing partial
coverage of the MGT. Comparison to Mortimer et al.’s 2012 DEM of the MIS reveals that while
the total ice volume is not significantly different, there are some spatial differences in ice thick-
ness. Although most of the difference is due to differences in data coverage, there are likely some
differences due to methodology in production of the DEM. In particular, the automated gridding
function that we used may underestimate ice thickness by smoothing over sub-grid scale features,
such as the re-healed fractures, producing wider and thinner channels than that manually contoured
by Mortimer et al. (2012). Despite these minor differences, our DEM represents the source data
well and provides the critical context for understanding water properties and circulation in the fjord.

The thickness of the MGT is highly variable across its width, owing to its composite origins from
three different ice streams. Based on the grounding line locations estimated by Hattersley-Smith and
Fuzesy (1969) from surface features in aerial photographs, the grounding lines of the southwest and
northeast ice streams have remained relatively stationary since 1959, while the grounding line of
the central ice stream appears to have retreated by 2–3 km. These observations suggests the three
ice streams have different grounding line depths, which could be associated with subglacial dis-
charge channels that enter the fjord at different levels. Although there is some supporting evidence
for freshwater discharge at different depths in the CTD profiles collected through the hinge crack,
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further work is needed to confirm this hypothesis.
Continued retreat of the Milne Glacier grounding line will push it into deeper water. This could

lead to breakup of the glacier tongue, and acceleration of the Milne Glacier, as observed at the
Jakobshavn Isbrae glacier tongue in Greenland (Motyka et al., 2011; Joughin et al., 2012). The
appearance of new crevasses and expanded rifts at the hinge line in 2013 suggest the breakup of the
MGT may already be underway. As the Milne Glacier is grounded below sea level 24 km upstream
of its present-day grounding line, there is potential for the grounding line to retreat a significant
distance, with important ramifications for Milne Glacier dynamics and its contribution to sea level
rise. We note that the present-day grounding depth of the Milne Glacier is relatively shallow, and
indicates understanding factors that affect the properties of the upper water column in Milne Fiord
are critical to future understanding of how the glacier will respond to ocean forcing.

2.4.2 Freshwater inflow and outflow

The dominant influence on the properties of the upper water column in Milne Fiord is the inflow
and outflow of freshwater. Freshwater enters the fjord from three main pathways: 1) surface runoff;
2) subglacial discharge; and 3) submarine ice melt. The amount of freshwater runoff entering the
fjord, both at the surface and subglacially, is highly dependent on the strength of the melt season. At
the surface, freshwater enters the fjord via proglacial streams from surrounding tributary glaciers,
and flows directly off the Milne Glacier as supraglacial streams. These surface inflows contribute
to an increase in volume and depth of the epishelf lake during summer, but the strong stratification
and inhibition of wind-mixing by the perennial ice cover means the influence of surface inflow is
largely confined to the epishelf lake.

The largest subsurface source of freshwater to the fjord in summer is subglacial discharge. The
subglacial discharge plume, which entrains ambient water during its ascent, appears to reach a level
of neutral buoyancy below the epishelf lake halocline during years of high meltwater production
(e.g. 2012). Observation of current velocities over the same period show flow at this level is directed
out of the fjord, suggesting the subglacial plume spreads out horizontally and is exported from the
fjord at depth. In July 2013, surface meltwater production was low, and we expect the volume flux
of subglacial discharge was equally small. There was no apparent change in salinity or temperature
below the epishelf lake associated with a subglacial discharge plume in 2013, yet the small turbidity
peak at 112 m is suggestive of a deeper subglacial plume. The equilibrium depth of the plume will
be dependent, in part, on the freshwater volume flux across the grounding line. The relatively small
volume of subglacial discharge in 2013, inferred from cumulative PDDs, means the plume mixture’s
density may have equilibrated to ambient waters after ascending just meters or a few tens of meters.
In contrast, a relatively high volume of subglacial discharge occurred in 2012, imparting to the
plume sufficient buoyancy to rise much higher in the water column, its ascent ultimately limited by
the strong stratification near the base of the epishelf lake.
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The export of surface and subglacial freshwater from Milne Fiord is constrained by the thickness
of the MIS. The MIS acts as a dam across the mouth of the fjord, restricting water exchange between
the fjord and offshore to a depth of approximately 50 m. Flow above this depth is likely routed
through a narrow basal channel that runs along a re-healed fracture transversing the ice shelf from
east to west. All surface runoff that enters the fjord landward of the ice shelf must flow through
this geometric constriction. Thus, to a depth of 50 m the ice shelf is a slowly leaking dam, allowing
the fjord to store freshwater and heat (supplied by the runoff water and warm water entrained from
depth in the subglacial plume) over longer periods, gradually releasing it out of the fjord through
the channel. The hydraulics of the drainage through the channel are discussed in detail in Chapter 3,
specifically with regards to the epishelf lake, but similar principles likely apply to drainage of FMW.
Substantial volumes of freshwater are exported at depth, and the timing of the export is de-coupled
from the timing of the surface melt season due to the flow restriction imposed by the MIS. Although
this scenario is likely unique to Milne Fiord at present, it may have been more common when
ice shelves along northern Ellesmere Island were numerous. The widespread subsurface export of
freshwater for weeks or months after the melt season would have implications for the stratification
and circulation of waters along the northern Ellesmere continental shelf.

2.4.3 Submarine melt

A source for freshwater in the fjord is submarine melting. The highest glacial meltwater concen-
trations were observed near the grounding line of the Milne Glacier. A possible source of bias of
observations collected in the narrow hinge crack is that the water here could be isolated, and not
representative of the ambient waters near the grounding line. However, the general water column
properties in the hinge cracks are consistent with other profiles collected throughout the fiord, show-
ing the same depth of the epishelf lake and the structure of the PW-AW interface. At the surface the
cracks are up to 50 m wide, extend most of the distance across the fjord and are visibly connected
with other fractures that could permit water exchange. These observations strongly suggest that the
water within the hinge crack is not isolated, and the high meltwater concentrations observed are rep-
resentative of conditions near the grounding line. Melting near the grounding line could be driven
directly by contact with warm ambient waters at depth, or further enhanced by convection-driven
melt from subglacial discharge.

The submarine meltwater mixture, a mixture of ambient ocean water and freshwater from melt-
ing of the glacier, is buoyant and will rise along a vertical ice wall (such as those of the hinge
fracture) or along the sloped base of an ice shelf (such as the MGT). Assuming the buoyant plume
entrains no additional ambient water during its ascent, the density of the meltwater mixture, and thus
its level of neutral buoyancy, is determined by the concentration of fresh meltwater in the plume,
which is limited by the amount of heat available to melt ice. The theoretical maximum meltwater
concentration at the grounding line is ⇠2% (from Eq. (2.6) where Qw �Q f = 2�C), which would
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lower the density of the meltwater mixture enough for the meltwater plume to rise ⇠50 m verti-
cally given the ambient stratification. The maximum observed meltwater concentration was 0.7%,
representing a reduction in buoyancy that would only permit a ⇠25 m vertical displacement of the
meltwater plume. In practice, however, a turbulent meltwater plume will entrain ambient seawa-
ter, increasing its density, and further reducing the maximum vertical displacement. As a result, a
meltwater plume produced solely by submarine melting (no freshwater input from subglacial dis-
charge) will rise at most a few 10s of meters in Milne Fiord before separating from the ice face
and spreading out laterally at depth. Indeed, our hydrographic observations show meltwater plumes
extending along the fjord at multiple depths, apparently close to their depth of origin, given that
they extend horizontally from the grounding line (Fig. ??). Interleaving meltwater layers have
been previously observed adjacent to ice melting in a stratified water column, both in laboratory
experiments (Huppert and Turner, 1980) and near floating glacier tongues (Jacobs et al., 1981). The
export of submarine meltwater at multiple depths is likely associated with compensating inflow at
other depths, suggesting the submarine melt-driven circulation in Milne Fiord is complex.

Subglacial discharge-induced buoyancy-driven circulation has been identified as a key factor
in enhancing melt rates of tidewater glaciers in Greenland during summer (Straneo and Cenedese,
2015), and is likely partially responsible for observations of high melt rates near the grounding
line in Milne Fiord. This process however, may be quite localized across the fjord, dependent on
the location and geometry of the subglacial channels. An even more important factor controlling
submarine melt rates is the fjord-scale circulation that the localized buoyancy-driven circulation
could drive. Recent observations of horizontal re-circulating cells associated with subglacial plumes
in Greenland (Stevens et al., 2015), indicate simple two-layer models of estuarine-like overturning
circulation driven by subglacial discharge, are inappropriate (Straneo and Cenedese, 2015). The
mooring timeseries does show a pronounced shoaling of isotherms at the depth of the grounding
line coinciding with the surface melt season each year that could be related to enhanced circulation
driven by subglacial discharge, although we lack sufficient data to conclusively link these processes.
Regardless of the processes involved, the shoaling of isotherms means warmer water can access the
grounding line and would lead to an increase in submarine melt. While these processes are likely
very important to summer submarine melt rates, which may be a large portion of the annual mass
balance, the effects are confined to the very brief surface melt season, which lasts <2 months at this
high latitude. For the remaining 10 months each year, submarine melting at the grounding line is
dominated by changes in ambient waters, which are largely influenced by processes external to the
fjord.

2.4.4 External forces

The rate of melt and the vertical range over which it will occur in Milne Fiord is dependent, in part,
on the ambient source water properties in the Arctic Ocean. Johnson et al. (2011) suggested the
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depth of the near-freezing SML, which varies between 25 to 60 m (Jackson et al., 2014a), might be
an important factor in limiting the extent of basal melt on the ice tongue of the Petermann Glacier.
In Milne Fiord, a narrow band at the base of the SML (50–60 m depth) does appear to penetrate
under the MIS to the grounding line. The SML will limit melting over these depths, however,
surface properties in the fjord above 50 m are significantly different than those offshore due to the
impoundment of runoff by the MIS. The impact of the SML is therefore largely confined to limiting
melt on the Outer Unit of the MIS.

The highest submarine meltwater concentrations were observed at the Milne Glacier grounding
line, and the main external influence here is the depth of the interface between PW and AW. We
observed both seasonal and high frequency temperature fluctuations over the PW-AW interface in
Milne Fiord that are likely associated with offshore processes. Thermistors deployed at 160 m depth
on the North Ellesmere shelf in the western Lincoln Sea during the Switchyard Project from 2008 to
2009, showed similar temperature fluctuations as observed at 125 m depth in Milne Fiord, with vari-
ations up to 0.5�C per day that occurred several times per month throughout the year (Jackson et al.,
2014a). Jackson et al. (2014a) explained temperature fluctuations with periodicities of 12 h and 14
days by semidiurnal tides and the spring-neap tide cycle, while they suggested fluctuations with pe-
riods of ⇠ 10 days could be explained by synoptic events, including storms. Jackson et al. (2014b)
linked fluctuations in water properties in two Greenland fjords on timescales of 3–10 days to density
fluctuations on the continental shelf driven by along-shore down-welling favourable winds inducing
velocity pulses into the fjord. Jackson et al. (2014b) also speculate that other phenomenon such
as coastal trapped waves and eddies could generate the pressure gradients across the continental
shelf and fjord required to generate pulses in the absence of wind forcing. In Milne Fiord, temper-
ature fluctuations that we associate with depth variation of the PW-AW interface, occur at several
time scales, from semidiurnal tidal periods, to seasonal variation. Spectral analysis of tempera-
ture fluctuations at 125 m depth (not shown) reveals small peaks at 7–12 days, likely associated
with the synoptic offshore wind variation, while stronger intraseasonal peaks at 18 days, 35 days,
and 59 days, are present throughout the timeseries, including during winter. We speculate these
intraseasonal temperature variations are related to the passage of offshore coastal trapped waves.
Although not specifically addressed over the 3-year duration of this study, we suspect long-term
interannual variation due to shifts in regional circulation patterns may be important in determining
water properties in Milne Fiord. Along the northern coast of Ellesmere Island, waters above 100 m
depth are usually characteristic of the Canada Basin, and show relatively little variability (Jackson
et al., 2014a). However, waters below 100 m can originate in either the Canada Basin or Eurasian
Basin, which have very different water column properties, resulting in significant interannual varia-
tion in temperature and AW depth depending on regional circulation patterns (Newton and Sotirin,
1997; Jackson et al., 2014a), which could have a profound influence on the ambient properties in
Milne Fiord.
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Renewal of the deep water below sill-depth in Milne Fiord can also be driven by changes in
offshore density stratification. The isopycnals at sill depth were 20 m shallower after the renewal
event than prior to it (Fig. 2.5), indicating that shoaling of the halocline offshore allowed denser
water to flow over the sill and replace the deep water in the fjord. As only one deep water renewal
occurred over the 3-year study, it suggests an interval of at least 1–2 years between events. The
cause of the renewal is uncertain; analysis of ice drift patterns and sea ice cover offshore of Milne
Fiord in the weeks leading up to the event showed no clear evidence of conditions that might have
initiated upwelling over the continental shelf (i.e. surface ice drift toward the southwest). However,
the observed changes in Milne Fiord do indicate that deep water properties are linked to regional
changes in the depth of the PW-AW interface in the Arctic Ocean.

An along-fjord temperature section from 2012 extended over the continental shelf using profiles
collected as part of the SwitchYard Project is shown in Figure 2.14. Beyond the continental break,
the AW layer has a temperature maximum near 1�C at 370 m, almost 3�C above the in situ freezing
point. This warm water is prevented from entering Milne Fiord by the shallow continental shelf and
the sill under the MIS. Although this is important from the perspective of general fjord dynamics,
including deep water renewal, the core of the offshore AW layer is substantially deeper than the
thickest ice in the fjord, so it will not have a direct contact with the ice. Rather, it is the properties
of the upper ocean, above 150 m depth, including the SML, PW, and the depth of the PW-AW
interface, that will directly influence ice-ocean interactions in Milne Fiord.

The characteristics of AW vary on multidecadal time scales of 50-80 years, likely connected to
large-scale atmospheric circulation (Polyakov et al., 2004). The upper boundary of AW shoaled by
about 75 m in the late 1980s-90s in the Makarov Basin (Polyakov et al., 2004), and about 40 m in the
Amundsen Basin (Steele and Boyd, 1998). If AW along the northern Ellesmere Island continental
shelf break responds similarly, this would suggest the properties of water that could propagate into
Milne Fiord could vary over the long-term as well. The steady warming of deep water in Milne
Fiord, consistent with warming at sill depth offshore, could in fact indicate a regional shoaling of the
upper boundary of AW, although our records are much too short to make any definitive link. Long-
term variation of the upper boundary of AW in Milne Fiord could significantly alter the heat content
of water in contact with ice and have repercussions for submarine melt rates and the mass balance of
ice shelves and tidewater glaciers. The recent widespread retreat of tidewater glaciers in Greenland
was linked to propagation of a warm AW anomaly around the coast, indicating link between glacier
dynamics and mass balance and regional ocean circulation (Holland et al., 2008a; Straneo et al.,
2012). Investigation of a similar link between large-scale atmospheric and ocean conditions in the
Arctic Ocean and long-term variations in submarine melt rates along northern Ellesmere Island
could prove an interesting area of future research and provide greater insight into the long-term
stability of ice along this coast.
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2.4.5 Outlook

The ice shelves and glacier tongues of Ellesmere Island are in a state of decline, with little chance of
regeneration in the present and projected climate. The Canadian Arctic Archipelago was the largest
single contributor to eustatic sea level rise outside of Greenland and Antarctica between 2003–2009
(Gardner et al., 2011; Lenaerts et al., 2013), which emphasizes its importance on a global scale.
Despite widespread collapse of ice shelves and glacier tongues in surrounding fjords (Mueller et al.,
2003; Copland et al., 2007; Mueller et al., 2008; White et al., 2015a; Copland et al., 2015), the
MIS and MGT have remained comparatively stable (Mortimer et al., 2012). The presence of the
MIS in particular has had a profound impact on the water properties of Milne Fiord, and has likely
influenced the stability of the MGT.

However, a network of new fractures extending across the inner portion of the MIS was observed
in May 2013. The potential collapse of the ice shelf would result in a much more rapid export of
freshwater (with its elevated heat content) out of the fjord, shortening the submarine melt season of
the upper water column to roughly coincide with the length of the surface melt season. The loss
of the perennial freshwater surface layer would reduce the stratification of the upper water column,
potentially allowing subglacial runoff to reach the surface and alter the depth of freshwater export.
As well, the loss of the epishelf lake may increase potential of seasonally ice-free conditions, with
enhanced calving activity, as has been seen in Disraeli Fiord since the drainage of the epishelf lake
(W. Vincent, pers. comm.). This is particularly important for the Milne Glacier, as the collapse of
glacier tongues have been linked to the acceleration of glacier flows, with repercussion for sea level
rise.

2.5 Conclusion
Relative to the Arctic Ocean, the water properties and heat content within Milne Fiord are strongly
modified by the presence of a coastal ice shelf, a tidewater outlet glacier, and a bathymetric sill.
The modification is primarily due to three factors: 1) the impoundment of freshwater runoff (both
surface and subglacial) behind the ice shelf at the mouth of the fjord; 2) submarine melting at the
glacier grounding line where ice is in contact with warm AW; and 3) the presence of a bathymetric
sill under the MIS that prevents the warmest AW from entering the fjord. This work is the first
comprehensive oceanographic study of Milne Fiord and our findings emphasize the importance of
mapping ice topography and bathymetry to provide context for interpretation of ocean observations.

Exchange under the ice shelf, above 50 m depth, is likely restricted to a narrow basal channel
extending along a re-healed fracture in the ice shelf. The sub-surface export of freshwater runoff
from the fjord is slowed due to the flow constriction imposed by the basal channel in the MIS,
partially de-coupling the export of freshwater from the timing of the summer melt season, a unique
process warrants further investigation. Although the presence and impact of a largely intact coastal
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ice shelf is presently unique to Milne Fiord, we expect many of our results to be applicable to other
tidewater glacial fjords in the northern Canadian Arctic Archipelago. Tidewater glaciers drain an
estimated 47% of the total glaciated area of northern Arctic Canada (i.e. Ellesmere Is., Axel Heiberg
Is., and Devon Is.; Lenaerts et al., 2013), underscoring the need to understand ocean-ice interactions
in this region, and how it may differ from other regions.

The MIS is a critical feature that modifies water properties in Milne Fiord and its inevitable
breakup in the warming climate will fundamentally alter the oceanography of the fjord, with reper-
cussions for the stability of the MGT and dynamics of the Milne Glacier. A small number of glaciers
dominate discharge to the ocean from the CAA (Van Wychen et al., 2014), and as a consequence
overall ice discharge may be highly sensitive to changes in the dynamics of only a few marine termi-
nating glaciers. Our findings suggest that long-term monitoring of ocean properties near tidewater
glacier termini, along with improved bathymetry and ice topography, will be required to understand
glacier-ocean interactions and better predict the influence of these changes in the Canadian Arctic.
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2.6 Figures
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Figure 2.1 Map showing regional setting of Milne Fiord. A) Arctic Ocean bathymetry with major currents
overlain showing the path of Atlantic Water (red) and Polar Water (white). Dashed line indicates currents not
directly observed (after Aksenov et al. 2013). B) Bathymetry and topography of northern Ellesmere Island,
the region defined by the red box in (A). The white circles mark the University of Washington SwitchYard
Project 2012 CTD transect shown in Fig. 2.14. Regional bathymetric data from IBCAO v.3 was combined
with Milne Fiord soundings collected during this study and re-gridded onto a 2.5 km grid. Contour lines are
shown every 200 m to a maximum of depth of 1000 m.
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Figure 2.2 Map of Milne Fiord. A) ASTER image mosaic captured 21 July 2009. The Milne Ice Shelf
(MIS), Milne epishelf lake (MEL), and Milne Glacier tongue (MGT) are outlined in black. Also indicated
are the grounding line of the Milne Glacier (red line), the automated weather station (yellow triangle), the
location of the mooring (red triangle), the re-healed fractures in the Milne Ice Shelf (red arrows), and multi-
year land-fast sea ice (MLSI) along the coast. B) Modelled bathymetry of Milne Fiord with locations of
depth soundings/CTD profiles are indicated. CTD profiles were collected at the mooring location during all
field campaigns. The reference axis for ADCP current velocities (+u flow to the northeast, +v flow out of the
fjord) measured at the mooring site are shown. C) Ice draft measurements derived from ground-based IPR
and surface elevation, aerial 2014 NASA Icebridge radar and altimetry measurements, and ICESat altimetry
data, overlaid on 21 July 2009 ASTER image mosaic. The dashed rectangle indicates a region of possibly
partially grounded ice. D) Digital ice draft model extending from the Milne Glacier grounding line to the
outer edge of the MIS.
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Figure 2.3 Through-ice hydrographic profiles of A) conservative temperature (Q), B) absolute salinity (SA),
C) buoyancy frequency (N) in Milne Fiord from all field campaigns. Different water masses are indicated:
Milne Fiord epishelf lake (MEL); fiord-modified water (FMW); Polar Water (PW); Atlantic Water (AW); and
deep water (DW). The freezing point of seawater with salinity of 32 g kg�1, which is representative of the
fjord, is shown (grey line in panel (A)). Dashed lines indicate profiles collected offshore of the Milne Ice
Shelf.
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Figure 2.4 Bivariate property plots of conservative temperature and absolute salinity in Milne Fiord showing
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Figure 2.5 A) Timeseries of bottom-water temperature in Milne Fiord from May 2011 to July 2014 showing
a deep water renewal, evident by the rapid 0.05�C temperature decrease at 355 m depth on 29–30 January
2012 (arrow). Black lines is hourly data from a thermistors moored at 355 m depth until May 2012, then
redeployed at 320 m depth for the remainder of the study (the repositioning was associated with a minor
(<0.0025�C) temperature discontinuity). Gray line is data from a thermistor moored at 260 m until May
2012. Squares indicate temperature measured during CTD profiles at the equivalent depth at the mooring
location. Triangles indicate temperature measured during CTD profiles at 260 m depth offshore. Profiles
of B) conservative temperature, C) absolute salinity, and D) potential density before (May 2011; grey line)
and after (July 2012; black line) the deep water renewal. Also shown is a profile collected in July 2012 just
outside the sill (dashed line). Effective sill depth is estimated as the level at which density outside the sill
corresponds to bottom water density in the fjord in July 2012.
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Figure 2.6 Bivariate property plots of conservative temperature and absolute salinity in Milne Fiord from
A) July 2012, and B) July 2013. Q� SA profiles are coloured by distance along the fjord from the Milne
Glacier grounding line (KM 0; dark blue) to offshore of the Milne Ice Shelf edge (>KM 45; red). In (B) the
turbidity vs salinity profile shown was collected near the mooring location. The peak in turbidity corresponds
to a depth of 112 m. In (A) and (B) the approximate depths of the Milne Glacier grounding line (150 m), a
subglacial runoff outlet (120 m), and the base of the seasonal mixed layer (35 m), and mixing and melt lines
(dashed black line) are shown. Isopycnals (s0 kg m�3; grey lines) and the surface freezing point (solid black
line) are shown. See Section 2.3.2 for the methodology related to the melt and mixing lines.
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Figure 2.7 Along- (left panels) and cross-fjord (right panels) hydrographic sections from July 2012 of A)
and C) conservative temperature with isopycnals overlain, and B) and D) melt water fraction. Along-fjord
sections extend from the Milne Glacier grounding line (KM 0) to offshore of the Milne Ice Shelf (KM
45). The cross-fjord maximum ice draft of the MGT (KM 0 to KM 16) and the MIS (KM 20 to KM 43)
(black lines) and bathymetry along the centre of the fjord (gray) are shown. CTD casts (black squares) were
collected through natural fractures in the ice or through drilled holes in the epishelf lake ice by helicopter over
24 hrs. Hydrographic data is shown above the maximum draft of the ice because cross-fjord variability in
ice thickness allows water exchange at all depths within the fjord (inward of the epishelf lake ice shelf dam).
The ice dam for the epishelf lake is assumed to be within the Outer Unit of the Milne Ice Shelf, so properties
beyond KM 37 are fixed constant to the offshore profile. Cross-fjord hydrographic sections extend from the
northeast shore (KM 0) to the southwest shore (KM 5.5) of the epishelf lake, looking toward the glacier
grounding line. Bathymetry (gray) is shown. CTD casts (black squares) were collected through drilled holes
in the epishelf lake ice on foot over 16 hrs. The epishelf lake ice (not shown) is approximate 0.6 m thick.
White areas indicate data gaps. Note that the meltwater fraction is only valid between the chosen PW and
AW endpoint water masses at approximately 35 m depth and 150 m depth. The arrow in each panel indicates
the mooring site and the intersections of the along- and cross-fjord transects.
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Figure 2.8 Along- (left panels) and cross-fjord (right panels) hydrographic sections, as in Fig. 2.7, but from
July 2013. Along-fjord CTD profiles were collected by helicopter and foot over 72 hrs, the cross-fjord profiles
by foot over 16 hrs.
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Figure 2.9 Comparison of subglacial runoff in 2012 and 2013. Plotted are the cumulative positive degree-
days (PDDs), a proxy for surface melt production, and changes in water column salinity and temperature
properties over 2-weeks in July 2012 (top panels) and July 2013 (bottom panels). Profiles are coloured by
elapsed time from initial profile each year and the time of profiling is marked on the PDD panel.
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Figure 2.10 Mean along- (v) and cross-fjord (u) current velocities at the mooring location in May 2011, July
2012, and July 2013. Duration over which ADCP measurements were averaged varied among years from 4
days in May 2011, to 6 days in July 2012, to 10 days in July 2013. Grey area indicates one standard deviation
from the mean.
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Figure 2.11 Timeseries of A) air temperature, B) shortwave solar radiation, C) cumulative positive degree
days (PDDs), and D) ocean temperature at the mooring site from May 2011 to July 2014. In (D) the high-
lighted isotherms approximate the interface between the epishelf lake (MEL), fjord-modified water (FMW),
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July 2014.
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Figure 2.14 Hydrographic section of conservative temperature extending from the Milne Glacier grounding
line across the continental shelf. Profiles offshore of the MIS were collected during the University of Wash-
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Chapter 3

Dynamic response of the last remaining
Arctic epishelf lake to seasonal and
long-term forcing

3.1 Introduction
In bays at high latitudes, thick floating ice can create a physical barrier, or dam, behind which
meltwater runoff from the surrounding glacial catchment accumulates. Where the dam is formed
by an ice shelf (a floating sheet of ice attached to the coast) the impounded freshwater is known
as an epishelf lake. Epishelf lakes are freshwater bodies but are tidally influenced and can be
divided into two types depending on their connection to the ocean: those that form on land but have
hydraulic connection to the ocean below the ice shelf at the land-ice interface; and those where
the freshwater layer floats directly on seawater. The former are numerous in Antarctica and are
distributed around the margins of the continental ice sheet (Heywood, 1977; Gibson and Andersen,
2002; Laybourn-Parry et al., 2006; Smith et al., 2006), while the latter, those that float directly on
seawater, are not as common in Antarctica (Wand et al., 2011), but were once relatively numerous
in the Arctic, specifically along the northern coast of Ellesmere Island, Canada. Here, remnants
of a once expansive coastal ice shelf (Vincent et al., 2001) blocked the mouths of fjords creating
several epishelf lakes (Veillette et al., 2008), the deepest of which was the Disraeli Fiord epishelf
lake dammed by the Ward Hunt Ice Shelf which had a maximum depth of 63 m (Crary, 1956).

Over the last two decades, several of the Ellesmere ice shelves have experienced thinning, frac-
turing, and collapse (Mueller et al., 2003; Copland et al., 2007; England et al., 2008; Vincent et al.,
2009; White et al., 2015a) and this has resulted in the loss of all but one epishelf lake along this
coast (Mueller et al., 2003; Veillette et al., 2008). The collapse of the ice shelves has been largely
attributed to climate forcing, as this region has warmed at twice the global average (IPCC, 2013).
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The existence and evolution of epishelf lakes is dependent on the interaction between atmospheric,
oceanographic, and cyrospheric conditions, and thus epishelf lakes have been identified as sensi-
tive indicators of climate change (Veillette et al., 2008). They are also a unique type of aquatic
ecosystem, containing fresh, brackish and sea water biota within a single water column, with strong
vertical gradients in biological as well as chemical properties (Laybourn-Parry et al., 2006; Veillette
et al., 2011a).

Studies of Ellesmere epishelf lakes have shown that the transition from freshwater to seawater
occurs over only a few meters depth, and the strong halocline can persist for decades (Keys et al.,
1968; Vincent et al., 2001), with perennial ice cover and low tidal action limiting vertical mixing.
The depth of the halocline has been interpreted as equivalent to the minimum draft of the impound-
ing ice shelf (Hattersley-Smith, 1973; Jeffries and Krouse, 1984; Gibson and Andersen, 2002), and
interannual depth changes have been used to infer long-term changes in thickness of the ice shelf
(Vincent et al., 2001; Mueller et al., 2003; Veillette et al., 2008). Questions remain however, as to
what extent changes in the thickness of the dammed freshwater layer are representative of changes
in the mean thickness of an ice shelf (Vincent et al., 2001; Smith et al., 2006).

Prior to its complete drainage between 1999 and 2002 due to fracturing of the Ward Hunt Ice
Shelf, the Disraeli Fiord epishelf lake had been thinning since 1954, at a rate roughly correspond-
ing to overall mass loss from the Ward Hunt Ice Shelf (Veillette et al., 2008). Other epishelf and
ice-dammed lakes in the region have shown similar long-term thinning, however, with interannual
variability on the order of a meter (Veillette et al., 2008). This variability has been suggested to be
related to tidal cycles, internal waves, and fjord circulation (Veillette et al., 2008). However, the one
study that addressed some of these factors found that internal waves excited by tidal flow were very
small in amplitude (<20 cm; Keys et al., 1968). Despite lingering questions over the dynamics of
epishelf lakes, observations have largely been limited to single water column profiles collected on
an opportunistic basis every few years. A targeted study of epishelf lake physical limnology has not
been conducted since a campaign to study the Disraeli Fiord epishelf lake in the 1960s (Keys et al.,
1968; Keys, 1978), prior to the recent phase of widespread decline and loss of epishelf lakes along
this coast.

The objectives of this study were to evaluate the physical structure and temporal dynamics of
the Milne Fiord epishelf lake, the last known epishelf lake in the Arctic. We investigated interan-
nual changes in epishelf lake depth, area, and volume over 10 years from analysis of water column
profiles and remote sensing imagery. To better understand how the lake changes on sub-seasonal
timescales we conducted a targeted 3-year field study that involved periods of intensive water col-
umn profiling, collection of tide heights and current velocities, and the collection of a continuous
multi-year mooring time series of epishelf lake temperature and salinity, as well as meteorological
data. We measured the evolution of the thermal and salt stratification of the lake and its spatial
and temporal variation, with the aim to understand the controlling factors for lake depth and the
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implication of recent changes for the future of this ecosystem.

3.2 Methods

3.2.1 Study site

The 436 m deep Milne Fiord (82�35N, 80�35W) lies on the northern coast of Ellesmere Island
adjacent to the Arctic Ocean (Fig. 3.1). The Milne Glacier flows into the head of the fjord and
forms the tapered 16 km long Milne Glacier tongue (MGT), varying from 150 m thickness at the
grounding line to 10 m at the terminus (Chapter 2). Spanning the mouth of the fjord, but separate
from the MGT, is the Milne Ice Shelf (MIS), which varies in thickness from <10 m to 100 m. The
MIS originated from a combination of tributary glacier input, in situ snow accumulation and marine
ice accretion, and is readily distinguished from other ice types by the undulating surface marked by
a series of parallel troughs and ridges.

The MIS forms a floating dam across the mouth of the fjord, trapping surface runoff within the
fjord. The first water column samples in the fjord were collected in 1983 through 3.19 m of ice,
and revealed an ⇠17.5 m deep freshwater layer separated from seawater by a sharp halocline only
a few meters thick (Jeffries, 1985). Although water profiles are lacking prior to this time, based on
aerial photographs and aerial radar measurements of thin (<9.7 m thick) ice in the inner fjord in
1981 (Narod et al., 1988), suggests the epishelf lake was present prior to 1983. The next sampling
conducted in 2004 showed the freshwater layer had deepened to 18.3 m, but then thinned to 14.3 m
by 2009 (Veillette et al., 2011b).

In examining changes in the area of the MIS, Mortimer et al. (2012) suggested that prior to
1959 the MIS and MGT were connected, and over the next few decades the epishelf lake developed
from small ice-marginal lakes along the side of the fjord to eventually replace the Inner Unit of
the MIS by 2009, severing the connection between the MIS and MGT. Mortimer (2011) estimated
the area of the epishelf lake based on identification of lake ice in satellite imagery as 52.5 km2 in
2009, although the actual extent of the lake had not been confirmed with field observations. The
lake appeared to consist of a 6 km wide main basin between the inner edge of the MIS and the
terminus of the MGT, and two narrow arms extending 16 km along the sides of the MGT to the
grounding line (Fig. 3.1d). The otherwise steep walls of the fjord are punctuated by three shallow
bays with inflowing streams at their heads. The lake is fed by snow and glacial runoff from the
⇠1500 km2 catchment of the Milne Glacier and its tributaries (GLIMS and NSIDC, 2005). Ice
thickness mapping of the MIS (Mortimer et al., 2012; Chapter 2) indicates the only ice thin enough
to provide an outlet to the lake is along the re-healed fractures in the MIS, however, the drainage
pathway of the lake has not been confirmed by observations.
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3.2.2 Area and volume

Changes in the area of the MEL from 1959 to 1988 were estimated from optical imagery acquired
by aerial and satellite platforms, and from 1992 onward from Synthetic Aperature Radar (SAR)
imagery. The 1 m thick epishelf lake ice was discriminated from other surrounding ice types, in-
cluding ice shelf, glacier ice and marine ice, in optical imagery by its lack of surface topography, and
in SAR imagery by its high backscatter signal (>-6 dB), produced by its lack of surface topography
and the freshwater underneath perennial lake ice (regions underlain by salt water have a darker re-
turn; Veillette et al., 2008; White et al., 2015a). The epishelf lake included non-contiguous regions
of lake ice in fractures in the MIS and between calved pieces of the MIS and MGT. The epishelf
lake was digitized in ArcGIS 10.2.2 at an image scale of ⇠1:20,000, with a pixel size of 6.5 m.

Lake volume was estimated from area and depth, assuming a spatially uniform depth (see Sec-
tion 3.3.8) and vertical shores. The volume estimated included the volume of surface ice. The depth
was taken from the hydrographic profiles collected the May following image acquisition (usually
in Feb or March) when available, otherwise from the profile collected closest to the date of image
acquisition.

3.2.3 Hydrography

Near-annual sampling of water properties in Milne Fiord commenced in 2004, with a directed and
intensive sampling program from 2011 to 2014. Water properties were measured through drilled
holes or natural leads in the ice, including fractures through the ice shelf and glacier tongue, ac-
cessed by foot, snowmobile, or helicopter. Where possible, lake ice thickness was measured and
varied from a maximum of 3.19 m in 1983 (Jeffries, 1985) to a minimum of 0.65 m in July 2010.
Profiles of temperature and salinity were collected using a conductivity-temperature-depth (CTD)
profiler lowered at ⇠0.5 m s�1 using a manual reel, with the exception of the May 1983 profile col-
lected by Jeffries (1985) that was measured using reversing thermometers, a 1 L Knudsen bottle and
a Radiometer CDM80 Conductivity Meter. Opportunistic profiles were collected in August 2004,
June 2006, and July 2007 using a 1 Hz RBR XR-420 CTD. Subsequent profiles were collected in
May & July of 2009, July 2010, May & July 2011, 2012, and 2013, and July 2014 with a 6 Hz RBR
XR-620 CTD. Profiles from May 2011 were collected using a 4 Hz Seabird SBE19+ CTD, and in
July 2011 using a 1 Hz Hydrolab HLX. CTDs were calibrated once every 2 years after 2011, prior
to this the CTDs were not regularly calibrated so we interpret data prior to 2011 with this caveat
on its absolute accuracy. Profiles collected between 2004 and 2009 were previously published in
Veillette et al. (2011b), although we have reprocessed all these data from raw conductivity and tem-
perature (where available) for consistency. Prior to 2011, profiles were collected in either Purple
Valley Bay or Neige Bay (unofficial names), two small inlets on the west and east sides of the fjord,
respectively, with water depths of ⇠80 m. Hydrographic data suggests Neige Bay has a topographic
sill at ⇠30 m depth so water properties below this level in the bay are not representative of the fjord.
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An exception is the 2004 profile, which was located approximately 2 km southwest of Neige Bay
near the MGT terminus.

From 2011 onward multiple profiles were collected during each field campaign throughout the
main fjord. Full depth profiles were usually collected to the bottom of the fjord, however here we
focus on the upper 25 m of the water column. CTD data were processed in Matlab following a pro-
cedure that included: correction for atmospheric pressure, application of a 3 point low-pass filter in
time to the raw pressure, temperature, and conductivity; alignment of conductivity and temperature
with respect to pressure; a thermal cell mass correction (for the SBE19+ CTD data only); and loop
editing (removal of pressure reversals), and bin averaged to 0.2 m intervals. Derived variables were
calculated using the International Thermodynamic Equation of Seawater 2010 (TEOS-10) Gibbs
Seawater Oceanographic Matlab Toolbox (www.TEOS-10.org). Temperature and salinity are re-
ported here as Conservative Temperature (Q) and Absolute Salinity (SA), with the exception of the
1983 data, which are presented as originally published as practical salinity (ppt) and in situ temper-
ature.

For freshwater lakes, the calculation of salinity from temperature, conductivity, and pressure
is dependent on the chemical composition of the water, data which we lack. If the chemical com-
position of the lake varies substantially from seawater, the error in calculated salinity could be as
much as 30% for salinities <3 g kg�1 (Pawlowicz, 2008). The source of the epishelf lake water is
primarily snow and meteoric glacial ice melt, with low ionic concentrations (and conductivity). The
measured conductivity of two proglacial meltwater streams entering the fjord in 2012 and 2013 were
<0.06 mS cm�1, while the conductivity of the lake was generally >0.15 mS cm�1. The obvious
source of salt required to increase the conductivity of the lake water is entrainment of underlying
seawater, meaning the bulk chemistry of the lake should reflect that of diluted seawater. The error
in calculated salinity is therefore likely <<30%.

In order to compare changes in the thickness of the freshwater layer over time it was necessary
to define the bottom of the epishelf lake, which was actually a continuum from freshwater to seawa-
ter. Previous studies delineated the bottom of an epishelf lake using the depth of the 3 ppt isohaline
(Mueller et al., 2003; Veillette et al., 2008), or the depth of the halocline (which the authors qualita-
tively define as the zone of abrupt salinity change between freshwater and sea water; Veillette et al.,
2011b). We formalized the definition of Veillette et al. (2011b) by defining the bottom of the lake
(DEL) as the depth of the stratification maximum as defined by the Brunt Vaisala frequency:

DEL = z(N2
max), (3.1)

where z is depth (positive downward) and N2 is the Brunt Vaisala frequency:

N2 =
g
r

∂r
∂ z

, (3.2)
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where g is gravitational acceleration, and r is density of the water. Profiles of N2 were averaged
using a 12-point depth window before calculating the maximum. Water density is dominated by
salinity at these low temperatures, so DEL represents the maximum salinity gradient. The advantage
of this method is that the epishelf lake depth calculation is clearly defined, quantitative, and appli-
cable to other epishelf systems (regardless of the absolute salt content of the epishelf lake, which
would affect the 3 ppt method). Due to the bottle sampling method used by Jeffries (1985) we could
not calculate N2 for that profile, so we defined the bottom of the lake as the depth of the sample
collected nearest the apparent stratification maximum. The depth of the primary halocline varied by
± 0.15 m in a series of 18 profiles collected at a single location over a 24 hr period in May 2009,
so this was considered to be the error in the depth of the epishelf lake as determined by the CTD
profiling method.

3.2.4 Current velocities

Water velocities of the upper water column were measured using an ice-anchored, downward-
looking 300 kHz RDI acoustic Doppler current profiler (ADCP) at the mooring site over 4 days
in May 2011, 7 days in July 2012 and 10 days in July 2013. The ADCP sampled at 2 min intervals
and data were processed in Matlab.

3.2.5 Tidal height

A bottom anchored RBR XR-620 CTD was deployed at 355 m depth from May 2011 to July 2012
sampling at 2 minute intervals to measure changes in water level (accuracy is ± 0.37 dbar, drift 0.74
dbar a�1). A 3 hr low pass-filter and a linear detrend was applied to the raw pressure data. The
dominant tidal constituents were determined by harmonic analysis with nodal corrections using the
T Tide Matlab toolbox (Pawlowicz et al., 2002).

3.2.6 Meteorological time series

Meteorological conditions were measured by a HOBO automated weather station (AWS) located
at 10 m elevation on the shore of Milne Fiord (Fig. 3.1 a). Only air temperature (at 1 m and
2 m above ground) and shortwave solar radiation are reported here. Cumulative positive-degree
days (PDDs), the daily integrated air temperatures above 0�C, were calculated to provide a direct
proxy for summer melting, which has been directly linked to air temperature (Hock, 2003). Prior to
the AWS installation in 2009, we estimated summer air temperatures in Milne Fiord from records
from Eureka, Nunavut (www.ec.gc.ca). Linear regression showed that air temperature in Milne
Fiord TMilne, was related to air temperature in Eureka by TMilne = 0.47⇤TEureka +0.48. TMilne. The
predicted temperatures were then used to calculate PDDs prior to 2009. The interpolation was only
valid for TEureka �0�C, and had a root-mean-squared error of 1.98�C.
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3.2.7 Mooring time series

Milne Fiord water properties were measured from May 2011 to July 2014 by a mooring deployed in
the centre of the epishelf lake. The mooring was anchored to the epishelf lake ice and suspended in
the water column. The mooring consisted of 20 RBR TR1050/60 , 2 RBR XR420-freshwater CTs,
2 Seabird SBE37 CTs, and 1 RBR XR620 CTD from May 2011 to July 2012, then was reduced to
7 TR1060s, 1 XR420 CT, and 1 XR620 CTD for the remainder of the study. Calibrated instrument
accuracy is ±0.002�C, ± 0.003 mS cm�1, and ± 0.37 dbar, and nominal drift is ±0.002�C a�1,
± 0.012 mS cm�1a�1, and ± 0.7 dbar a�1. Some time series records were truncated for various
reasons, including salinity going beyond the maximum calibrated range (3 PSU) of the freshwater
instruments (XR420s), or instrument malfunction. The mooring was serviced once or twice per
year and instruments were repositioned to track the halocline. Initially, the instruments were spaced
every meter from the surface to 20 m depth, with increasing depth intervals below 25 m. Although
the mooring instruments extended to the full depth of the fjord, in this paper we focus on the top
25 m of the water column. Instruments sampled at 30 to 120 second intervals and were calibrated
before and after deployment. CTD profiles collected during deployment and recovery were used to
correct for instrument drift, which was within manufacturer specifications.

Seasonal changes in the depth of the epishelf lake were estimated from an inferred vertical
displacement of the halocline from the mooring time series, where salinity changes at a fixed depth
over time are projected onto the initial vertical salinity profile. The accuracy of this method is
greatest where dS/dz is highest (i.e. in the halocline), while the error increases substantially where
the salinity gradient is weaker (i.e. above or below the halocline). This constraint on the method is
acceptable as the lake bottom is defined above as the level of the stratification maximum, so only
the instrument initially positioned within the halocline (instrument at 13 m depth from May 2011
to May 2012) is included in the analysis. The method assumes a constant salinity gradient that is
displaced downward by inflow (surface runoff) and displaced upward by outflow (drainage under
the MIS); it neglects the effects of horizontal advection of freshwater (from subglacial runoff) and
vertical mixing processes that alter the salinity gradient.

We also estimated epishelf lake depth using temperature data from the temperature recorders,
which were much more closely spaced in depth. Lake depth was estimated from the depth of
the isotherm corresponding to the average temperature at the depth of the N2

max measured by the
CTD profile at the beginning and end of the mooring deployment. The process was repeated each
time the mooring was serviced and CTD profiles were collected. This method assumed isotherm
displacement was due to displacement of the halocline, however we acknowledge other processes
could have altered the depth of the isotherms that were not related to a depth change of the halocline,
such as in situ heating due to solar radiation, horizontal advection of heat, and vertical heat flux
across the halocline. However, the results of the isotherm proxy showed good agreement with the
salinity proxy and the CTD estimates of epishelf lake depth, providing confidence in the method.
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3.3 Results

3.3.1 Area

The area of the lake increased substantially since the first aerial imagery in 1959, reaching 71.2 km2

as of 27 March 2015 (Fig. 3.1; Table 3.1). The largest change in area occurred sometime between
1959 and 1988, as the epishelf lake replaced the Inner Unit of the MIS. Since 1988 the lake existed
in close to its present form, with a main fjord-wide basin and two arms extending along the sides of
the MGT. Increases in lake area after 1992 were due the retreat of the southern margin of the MIS,
including calving of the MIS into the fjord, the creation of small satellite lakes in fractures of the
MIS, and wastage along the margins of the MGT. Where available, the satellite lakes show water
column structure that is nearly identical to that of the main basin of the MEL (see Section 3.3.8),
suggesting the satellite lakes are connected to the main basin by a network of small fractures or
basal crevasses that allow water exchange, so we included them in the area estimates. Some gains
in area were partially offset by losses due to the advance of the terminus of the MGT, which ranged
from 56.4 m a�1 to 173.2 m a�1 between 1950 and 2009 (Mortimer 2011).

3.3.2 Stratification

The most striking feature of all water column profiles collected in Milne Fiord was the presence of
a several meter thick freshwater (defined here as salinities <0.5 g kg�1) layer at the surface, the
epishelf lake, which was never present offshore of the MIS. The epishelf lake was a conspicuous
feature of the first profile obtained in the fjord in 1983 (Jeffries, 1985), but it has clearly thinned
through time. Despite changes in the depth of the lake, several distinct layers in the epishelf lake
and upper water column could be identified based on salinity and temperature characteristics. In
summer, a 1-2 m thick stratified layer with salinity approaching zero and temperature approaching
the freshwater freezing point (0�C) was present just below the ice-water interface. We termed this
the surface melt layer. Below the thin surface melt layer was a layer of nearly constant salinity
(approximately 0.2 g kg�1), the mixed layer, extending from the base of the surface melt layer to
the top of the halocline. The mixed layer was up to 8 m thick, however it was not present in all
years, and usually only evident in summer, at other times the lake was weakly salinity stratified.

The salinity gradient below the mixed layer could be divided into an upper halocline and a lower
halocline. The upper halocline is the transition from the base of the mixed layer to the bottom of
the lake (i.e. the N2

max), while the lower halocline is defined as extending below the N2
max to the level

at which properties within the fjord are equivalent to those at the same depth offshore (between 25
- 50 m). A subsurface temperature maximum (up to 3�C) was usually associated with the upper
halocline. In some profiles the mixed layer was not present, and the upper halocline extended to the
base of the surface ice melt layer (if present) or to the ice-water interface. The gradient and thickness
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of the upper halocline varied among years, with a thicker and more gradual salinity gradient apparent
prior to 2009 (e.g. in 2004 the upper halocline was 15 m thick and extended almost to the surface),
while after 2009 the salinity gradient was thin and sharp (e.g. in June 2012 the upper halocline was
<3 m thick). Temperatures in the lower halocline decreased rapidly with depth toward the freezing
point of seawater (-1.8�C). The gradient and properties of the lower halocline were dependent on
local fjord processes, including interactions with ice and advection of subsurface glacial meltwater
runoff, so the lower halocline was also referred to as fjord-modified water (Chapter 2).

The stratification at the base of the epishelf lake is very strong, in all years the N2
max is >0.1

s�2 (or 103 cycles per hour). For comparison, typical buoyancy frequencies in the open ocean are
generally <20 cycles per hour, so the stratification in the epishelf lake halocline is one to two orders
of magnitude stronger by this measure. Density in the halocline is determined primarily by salinity,
changes in temperature are only important in determining stratification in the isohaline mixed layer.
For example, for water at 0.2 g kg�1 and 2�C, to change the density by 0.1 g kg�1 requires a 4�C
change in temperature, but only a 0.15 g kg�1 change in salinity. As a result, density profiles (not
shown) are nearly identical to the salinity profile. It is important to note that temperatures in the
epishelf lake are everywhere below the temperature of maximum density, so a temperature increase
results in a density increase.

3.3.3 Current velocities

ADCP deployments revealed a quiescent system with currents <2 cm s�1 in the upper 25 m of the
water column (not shown). The currents were weakly baroclinic, with velocities near zero in the
epishelf lake above the level of the halocline, increasing to 1-2 cm s�1 just below the halocline. The
results support the view that the MIS forms a barrier to flow above the halocline, and acts as a dam
preventing offshore exchange at the surface. The potential for velocity shear stress to generate ver-
tical mixing in the water column can be determined by calculating the gradient Richardson Number,
a ratio of stratification to velocity shear:

Ri =
N2

⇣
∂u
∂ z

⌘2 (3.3)

where u is horizontal velocity (m s�1) and z is depth (m; positive z down). During all three periods of
observation Ri >>1 across the halocline, indicating that stabilizing buoyancy forces dominate and
turbulent mixing is not expected. This finding helps explain the persistence of strong stratification
in the fjord, as the transfer of heat and mass across the pycnocline is likely limited to molecular
diffusion. In the mixed layer of the epishelf lake, however, stratification is much weaker and Ri <1,
indicating shear induced turbulent mixing is possible in this layer.
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3.3.4 Lake depth: interannual variation

The salinity profiles show a clear long-term thinning of the epishelf lake, from a maximum depth
of 18.3 m in 2004 to a minimum of 8.0 m depth in 2013 (Fig. 3.2); Table 3.1). There was little
change in the depth of the epishelf lake between 1983 and 2004, however it is unknown how much
variation occurred in the intervening 20 years. Between 2004 and 2014 the epishelf lake thinned at
an average rate of 1.08 m a�1, however, the rate and direction of change was not constant. An abrupt
thinning occurred between 2011 and 2012, when the lake depth decreased by almost 4 m, quadruple
the decadal average thinning rate. Conversely, the lake appeared to increase in depth between some
years (e.g. between 2006-2007, 2009-2010, and 2013-2014), with a maximum increase of 1.3 m
between 2013 and 2014. However, we argue below that the apparent increase in lake depth on an
interannual basis is an artifact due to differences in the timing of profiling relative to the melt season.

3.3.5 Lake depth: seasonal variation

CTD profiles collected in Milne Fiord within the same year reveal a pronounced seasonal increase
in the depth of the lake (Fig. 3.3). In 2012, the halocline deepened over the summer by 1.9 m,
with a 0.7 m increase between May 5th and June 28th, then a further 1.2 m progressive increase
over the following 11 days until July 9th. In 2013, however, the lake depth changed very little
between May 10th and July 5th, with a small (<0.5 m) depth increase apparent over the subsequent
2-weeks of profiling in July. Changes in depth of the epishelf lake are significantly correlated with
the cumulative PDDs (n = 226, R2 = 92%, p = 0.005), with a ratio of 1.7 cm �C�1 day�1 (Fig. 3.4),
which are a proxy for the volume of surface meltwater production from the glacier catchment. The
summer of 2012 was very warm, 50 PDDs were accumulated between May and June, and increased
to a total of 93 PDDs by the time the final profile was collected that year. The summer of 2013,
however, was quite cool, only 10 PDDs had accumulated between May and July, and a total of only
38 PDDs accumulated by the time the final profile was collected that year (despite the final 2013
profile being collected almost 2 weeks later in the year than the final profile of 2012). Neither field
campaign spanned the duration of the entire summer melt season. For example, in 2012, profiling
ended July 9th when 92 PDDs had accumulated, yet a seasonal total of 253 PDDs accumulated by
August 15, so the lake likely deepened substantially more by the end of the melt season which was
not captured in the profiles (see Section 3.3.12).

3.3.6 Tides

Harmonic analysis of the water level record reveals the tide in Milne Fiord is mixed, predominately
semidiurnal, with a range of 0.31 m. Amplitudes of the dominant M2 (12.42 h) and K1 (23.93 h)
tidal constituents are 0.056 m and 0.040 m, respectively, which together account for 86.7% of the
variance of the original water level data. The low tidal energy available for mixing in Milne Fiord
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was likely to be a factor in the long-term persistence of the epishelf lake halocline.

3.3.7 Lake depth: internal waves

In June 2011, during the 2-weeks prior to the onset of the melt season, the salinity at 13 m depth
showed ⇠2 g kg�1 fluctuations in salinity (Fig. 3.6), equivalent to a vertical displacement of the
halocline of ⇠15 cm, that we associate with the passage of internal waves. This suggests that most
of the error in synoptic CTD depth estimates is due to vertical displacement of the halocline by the
passage of internal waves.

Spectral analysis of the salinity time series (not shown) reveals energy peaks at diurnal and
semi-diurnal tidal periods in the halocline, with a strong non-tidal peak at 48 min, and secondary
peaks at 70 min and 5.7 hrs. Based on the ratios of the amplitude of the basin-scale wave (⇠15 cm)
to the thickness of the epishelf lake (⇠10 m) and the depth ratio of the epishelf lake to the full depth
of the fjord (⇠400 m), the epishelf lake falls within a regime where only linear waves are expected
(Horn et al., 2001). Application of linear wave theory allows calculation of the nth mode internal
seiche period for a two-layer fluid as:

T =
2L

n
q

g0h1h2
(h1+h2)

, (3.4)

where n is the wave mode, L is the average width of the basin (m) at the depth of the halocline h1

(13 m), overlying a layer of depth h2 (440 m), and g0 is reduced gravity:

g0 = g
r2 �r1

r
(3.5)

where r1 is the density of the upper layer (1000 kg m�3), r2 the density of the lower layer (1025 kg
m�3), and r the average density of the two layers. A range of values could be chosen for L given the
complex geometry of the lake, although the width of the main basin, 5.8 km, is an obvious starting
point. Taking this distance as the length scale L gives a first mode internal seiche period of 129
min and a second mode period of ⇠54 min, which is very similar to the 48 min periodicity of the
strongest non-tidal salinity signal. Alternatively, using the long axis of the epishelf lake, ⇠20 km
from the grounding line to the inner edge of the MIS, results in a first mode internal seiche period
up to ⇠8 hrs, suggesting a range of internal seiche periods are plausible.

These observations are similar to measurements in Disraeli Fiord, where small 17 cm ampli-
tude internal waves propagating along the sharp epishelf lake halocline, with periods ranging from
⇠6 min to ⇠6 hrs (Keys, 1977). The driving force for internal waves in epishelf lakes is almost
certainly the tidal current, although other possible sources are kinetic energy from inflowing melt-
water streams (both surface and subglacial), atmospheric pressure changes, and offshore baroclinic
fluctuations propagating into the fjord. The relatively low energy of the background internal wave
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field in Milne Fiord, suggests their role is limited to inducing a small amount of mixing across the
halocline at the lake boundaries, and for our purposes, they are largely of concern for the error they
impart to lake depth estimates derived from CTD profiles.

Temperature fluctuations also occurred above the halocline, confined to the freshwater layer of
epishelf lake, and were indicative of long-period internal waves, perhaps excited by the spring-neap
tidal processes. An in-depth analysis of these waves, however, is reserved for a separate publication
because the focus here is on changes to the depth of the halocline, and how this may influence the
interpretation of lake depth based on synoptic CTD measurements.

3.3.8 Spatial extent

Synoptic CTD profiles collected at distant locations over a short time period (i.e. the same colour
in Fig. 3.3) show the MEL is spatially uniform in depth (the level of the halocline varies <20 cm
between profiles >20 km apart) and extends throughout the fjord. For example, the depth of the
N2

max along a 5.8 km transect across the width of the fjord, from 6 profiles collected in a single 24 hr
period in July 2012 (green lines, Fig. 3.3a), varied by only ± 5 cm, well within instrument error.
While the depth of the N2

max varied by only ± 10 cm along a 23 km transect extending down the
length of the fjord, from near the grounding line of the Milne Glacier to a fracture in the Central Unit
of the MIS, collected by helicopter on 29 June 2012 (dark blue lines, Fig. 3.3a). That the epishelf
lake was present even in fractures in the MGT and MIS suggests a network of basal channels permit
exchange of surface waters throughout much of the fjord. Each of the profiling locations where the
epishelf lake was present mapped onto regions identified as epishelf lake in SAR imagery, providing
verification of the remote sensing method used to map the area of the lake. However, remote sensing
cannot determine how far under the MIS the lake extends, nor be used to determine the location of
the ice dam. To address these questions, field observations are required.

Our CTD profiling indicates that the ice dam must be located somewhere in the Outer Unit of
the MIS, as the epishelf lake was observed in all profiles collected through fractures in the Central
Unit of the MIS, but was not present in any profile collected offshore of the seaward edge of the MIS
(as expected). Ice thickness maps of the MIS (Mortimer et al., 2012; Chapter 2) indicate the only
ice of the Outer Unit of the MIS thin enough to allow drainage of the epishelf lake lies along the
two re-healed fractures (Fig. 3.5). Several attempts in 2012, 2013, and 2014 to profile through the
re-healed fractures, to constrain the location of the ice dam and confirm the drainage pathway of the
MEL, were unsuccessful. Investigation into the location of the ice dam and the drainage pathway
of the MEL is ongoing.

3.3.9 Lake volume

The observed spatial uniformity of the depth of the lake (at a moment in time) provides an easy
means to estimate the volume of the lake when both area and depth are known (Table 3.1). The
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earliest reliable estimate of the lake volume is 1.04 km3 in 2006, after which the volume decreased
substantially, reaching a minimum of 0.54 km3 in 2013. The decrease in volume is largely due to
the decrease in thickness of the lake; the area of the lake varied by only 10% between 2006 and
2014, while the depth varied by over 50% during this period. This observation is evidence that
interannual depth changes of the lake are related to changes in the thickness of the ice dam, rather
than area changes. We note that the surface ice thickness decreased from a maximum of 3.19 m in
1983 (Jeffries, 1985) to a minimum of 0.65 m in July 2010, varying annually by ⇠1 m thereafter,
however, changes in surface ice thickness do not affect estimated volumes as the surface ice is in
hydrostatic equilibrium.

3.3.10 Meteorological time series

The meteorological data recorded by the automated weather station in Purple Valley for the duration
of the mooring deployment are shown in Figure 3.6. Average air temperature during the mooring
deployment (May 2011 to July 2014) was -17.6�C, with extreme hourly temperatures of +20.2�C
in July 2012 and -51.8�C in February 2013. Solar radiation varies from zero during the polar night
(mid-October through February) to a summer daily maximum of ⇠650 W m�2 in late June. The site
receives 24 hrs of sunlight from April to September. Summer melt conditions varied substantially
among years, with cumulative positive degree days of 278, 253, 92 and 110 in 2011, 2012, 2013,
2014, respectively (note that for display purposes the meteorological record is truncated to match
the mooring record in Fig. 3.6, but we collected meteorological data through to the end of 2014).
The melt season occurs between early-June and mid-August, although the onset and duration vary
by up to 2-weeks among years.

3.3.11 Salinity time series

The most striking feature of the salinity time series (Fig. 3.6d) is the seasonal change in salinity of
instruments deployed in the halocline (instruments at 13 m and 15 m in 2011-2012, and 10 m in
2012-2013; no instruments were positioned in the halocline in 2013-2014). The substantial fresh-
ening at these depths is consistent with a deepening of the halocline from mid-June to mid-August
due to surface meltwater inflow to the epishelf lake. The rebound of salinities commencing in mid-
August of each year suggests the halocline shoals again after meltwater inflows cease. Focusing on
the instrument with the longest continual record (13 m depth), shows the instrument was initially
deployed in the strong halocline (at 8 g kg�1 in May 2011). Salinity was relatively stable before
a suddenly decrease that coincided with the commencement of the melt season. By the end of the
melt season, salinity at 13 m depth had decreased to 0.3 g kg�1, suggesting the instrument was
then in the mixed layer of the epishelf lake (salinity at 8 m, 11 m, and 13 m overlap, indicating
an unstratified water column). After the melt season ceased, salinity increased to >22 g kg�1 by
January 2012, overlapping with the salinity of the lower halocline, consistent with thinning of the
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epishelf lake. The sudden drop in salinity in January 2012 is a unique feature, and is examined in
more detail in Section 3.3.13. Instruments spaced 2 m apart vertically showed a temporal offset in
the seasonal evolution of salinity with depth (on the order of 5-weeks), which is further evidence
that the halocline progressively deepened over summer, then gradually shoaled over winter. In the
mixed layer, salinity increased over time, the instrument moored at 5 m depth showed an increase
of 0.2 g kg�1 from August 2012 to July 2014, and the 7 m instrument showed an increase of 0.1 g
kg�1 from 2013 to 2014.

3.3.12 Temperature time series

The temperature time series (Fig. 3.6e) provides a comprehensive view of the thermal evolution of
the epishelf lake over the 3-year deployment period. The most readily apparent features of the time
series are that the temperature of the epishelf lake and the depth of the thermocline vary substantially
on seasonal and interannual timescales. The lake warms from mid-June to mid-August each year,
although the magnitude varies between years, reaching a subsurface maximum of 2.5�C, 4.0�C, and
2.5�C, in 2011, 2012 and 2013, respectively. The strongest warming was observed in summer of
2012 when water temperatures between 5 m and 10 m depth were almost isothermal above 3�C.
After peaking in mid-August, the temperatures of the epishelf lake gradually decreased until the
following summer, although temperatures remained significantly above freezing all year despite the
extreme low air temperatures in mid-winter. The strong thermocline at the base of the epishelf lake,
which corresponds to the epishelf lake halocline, varies by several meters each year. The deepening
of the epishelf lake commenced between 2-14 June of each year, corresponding to the when air
temperatures increased above freezing, and thus the commencement of surface meltwater inflow.
The maximum depth of the thermocline occurred at the end of the melt season each year. The
thermocline deepened by 3.0 m, 3.3 m, and 1.0 m in summer of 2011, 2012, 2013, respectively.

After the melt season ended the lake gradually thinned each winter, reaching a minimum in
early June the following year, just prior to the commencement of the subsequent melt season. On an
interannual basis, the depth of the thermocline, measured on June 1st each year, shoaled by 4.1 m
between 2011-2012, 1.5 m between 2012-2013, and 1 m between 2013-2014. This interannual
thinning of the lake, despite increases in lake thickness of the same magnitude in summer, suggests
the MIS is in a state of negative mass balance, and the ice dam is thinning. However, the rate of lake
thickness change over time is not constant, as apparent by an abrupt shoaling of the thermocline that
occurred in January of 2012, which is examined in more detail in Section 3.3.13.

3.3.13 January 2012 event

A sudden change in temperature and salinity at the bottom of the epishelf lake occurred on 11
January 2012 06:00 UTC (Fig. 3.7). Over a duration of 18 hrs the salinity at 13 m depth dropped
from 22 to 12 g kg�1, and remained below 15 g kg�1 for the remainder of the winter. At the same
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time, the heat content of the upper 25 m of the water column was relatively steady (apart from some
fluctuations during the actual event), the slow rate of heat loss was not substantially different from
the long-term average over winter. During the event the upper portion of the thermocline (above
11 m depth) was displaced upwards 1.5 m, while isotherms in the lower portion of the thermocline
(below 11 m depth) spread apart vertically. The event was associated with rapid vertical fluctuations
of isotherms of much larger amplitude then those observed in the days prior to the event. Isotherm
fluctuation associated with the event were recorded from the uppermost thermistor (at 2 m depth)
down to at least 50 m depth (not shown), and possibly deeper. Profiles collected during the field
campaigns months before and after the event show a marked change in the depth of the epishelf
lake and the gradient of the lower halocline/thermocline (Fig. 3.7 c & d). These observations
indicate that a sudden mixing event occurred at the bottom of the epishelf lake that entrained warm,
relatively fresh water from the lake downward, and cool, salty water upward. The result was an
abrupt, irreversible, thinning of the lake by 1.5 m and a change in the gradient of the lower halocline.
The negligible change in the heat content of the upper water column implies a conservation of heat,
indicating the observations show either a) an in situ vertical mixing event, presumably uniform
throughout the lake, or b) the advection of a water masses with the same overall heat content, or c)
some combination of the two. The latter could probably only be achieved if the advected water mass
originated within the fjord where the water column properties were similar (e.g. if vertical mixing
occurred in the, presumably spatially uniform, lake at some distance from the mooring site and
the resulting mixed water mass, with the same overall heat content, was advected past the mooring
location).

3.3.14 Long-term lake depth

The long-term record of lake depth over the past decade is shown in Fig. 3.8. Plotted is the depth of
the lake measured by synoptic CTD profiling, as well as that inferred from the continuous mooring
records of temperature and salinitiy between 2011 and 2014. Also plotted are the PDD-corrected
lake depths, which reveal that during the period 2004 to 2011 the lake thinned at an average rate of
0.51 m a�1. The PDD-corrected depths also show that the lake steadily thinned almost every year
during this period, contrary to the apparent deepening in some years as indicated by the uncorrected
depths. The steady rate of thinning was interrupted in 2011-2012, when the lake thinned by 4.1
m, in part due to the mixing event in January 2012. From 2012 to 2014 the lake thinned at a rate
0.34 m a�1, although the latter rate is based on only 3 years of CTD profiles, too short a record to
conclude the rate has changed from the period prior to 2011.

Continuous observations from 2011 to 2014 reveal that the depth of the lake fluctuated by several
meters over a year. Such seasonal changes in the depth of an epishelf lake have not previously
been reported, and highlights the importance of continuous records to understand the timescale of
variation in a system, so as not to alias long-term trends from annual sampling programs. The
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sudden decrease in the thickness of the epishelf lake in January 2012 highlights the importance of
episodic events to lake dynamics.

3.4 Discussion
Our compilation of historical data along with new observations shows that the Milne Fiord epishelf
lake is a longstanding feature of the northern coast of Ellesmere Island, but with large changes in
its area and depth over the last three decades. The lake has thinned over the long-term, at a rate that
is likely indicative of thinning of the Milne Ice Shelf. At shorter time intervals, our observations
show the lake is seasonally dynamic, increasing and decreasing in depth by several meters a year.
We have also shown lake is subject to abrupt mixing events that can dramatically shift the halocline
over very short time periods.

3.4.1 Area expansion

The Milne Fiord epishelf lake was first observed in 1983, although it is likely that the lake existed
below the Inner Unit (which was 9.7 m thick in 1981) prior to this time (Mortimer et al., 2012).
Although the timing of the origin of the lake is unknown, it appears to have expanded in the decades
after 1959 as the Inner Unit of the MIS transitioned to lake ice. Since 1988 changes in the area of
the lake have been due to a balance between expansion processes, including mechanical breakup
and melting of the ice margins, and contraction processes, primarily the advance of the terminus
of the MGT. The terminus of the MGT advanced ⇠2 km between 1988 and 2014, associated with
a reduction in lake area, however, this was offset by gains due to erosion of the ice margins of
the MIS and MGT. An example of expansion processes was observed in the summer of 2012. In
August 2012, satellite imagery revealed that the lake ice in the northwest region of the epishelf lake
partially broke up, and fragments of the MIS calved into the fjord. Summer of 2012 was very warm,
air temperatures reached an hourly maximum of +20.2�C in July, and lake temperatures peaked at
over 3�C, the highest recorded during the 3-year mooring deployment. This strong thermal forcing
would have induced substantial surface and submarine melting, which was apparent in the 0.7 m
thickness of the surface lake ice, the second thinnest recorded during this study. This event is likely
indicative of the future of Milne Fiord under a warming climate, with enhanced thermal erosion
weakening the ice cover, leading to further break up of the MIS and MGT, and expansion of the
MEL.

3.4.2 Depth changes

Annual CTD profiling in Milne Fiord has shown that the epishelf lake thinned approximately 9 m
from 2004 and 2014. The overall decrease in thickness of the lake strongly indicates the ice dam
is thinning over time, roughly on the order of 0.5 m a�1. Increases in depth of the lake were
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significantly correlated with the number of cumulative PDDs, strongly indicating that meltwater
inflow from the surrounding glacial catchment was responsible for the observed depth increase.
The gradual thinning of the lake after the cessation of meltwater inflow, suggests the outflow of
freshwater from the fjord was restricted by the geometry of the MIS.

The depth of the lake at any given time is is determined by the balance of the volumetric inflow
and outflow rates. If drainage of the lake is continuous and hydraulically controlled under the ice
shelf, rapid inflow during an intense surface melt season will generate a deeper lake than slow
inflow, for the same volume of water added.

3.4.3 Observational error

Seasonal fluctuations in lake depth indicate that timing of observations is critical to prevent aliasing
the long-term, interannual record of epishelf lake depth. This is especially important if epishelf
lake depth is to be used as a climate indicator, as suggested by Veillette et al. (2011b). Our results
have shown that in the absence of continuous records, the best long-term estimate for the lake
depth is obtained from CTD profiling each year just prior to the initiation of the melt season (i.e.
approximately June 1st). Observations at this time capture the annual minimum depth of the epishelf
lake prior to inflow. Although the lake depth may not have reached equilibrium by June 1st, the
depth measured at this time is arguably the most reliable indicator of the long-term state of the lake,
and the closest indicator of the actual depth of the ice dam. Profiles collected at other times of the
year must account for the variations in summer meltwater inflow and drainage hydraulics under the
ice shelf.

For Milne Fiord, we have found that depths measured at other times of year can be corrected
using the number of PDDs accumulated that season up to the date of profiling. We demonstrate the
importance of this timing by examining the apparent increase in lake depth during the periods 2006-
2007, 2009-2010, and 2013-2014. Without knowledge of the seasonal deepening of the lake, these
observations could be interpreted as periodic thickening of the ice dam, suggesting a fluctuating
ice shelf mass balance. However, once the number of cumulative PDDs at the timing of profiling
are accounted for, the corrected lake depths reveal thinning of the lake, and by proxy the ice dam,
every year between 2004 and 2011, indicating mass loss from the ice shelf occurred at a nearly
constant rate during this period. This example clearly demonstrates that to establish a long-term
trend, synoptic observations must be placed in the context of the temporal variation of the underlying
phenomenon. Ultimately, however, the interpretation of synoptic observations is limited without
continuous observations due to the possibility of episodic events, such as the mixing event recorded
in January 2012.
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3.4.4 January 2012 mixing event

The January 2012 event was associated with the vertical mixing of a stable water column, consist-
ing of warm freshwater above cold seawater. The mixing event appears to have been widespread
throughout the lake, as all profiles collected after the event show a consistent change in the gradient
of the lower halocline and the depth of the epishelf lake. To induce such a widespread mixing would
have required a substantial input of energy. We can estimate the amount of energy required to mix-
ing the stable water column from the change in gravitational potential energy of the water column
before and after the event. The closest profiles in time were collected 6 months prior to (July 2011),
and 4 months after (May 2012) the event. These profiles are not completely representative of the
water column at the time of the event because of changes in the density profile due to seasonal
meltwater input and epishelf lake drainage under the ice shelf during the intervening months.

Instead, we estimate the change in potential energy by assuming the water column was an ide-
alized 2-layer system, with freshwater above and seawater below, and the two layers completely
mixed, resulting in a homogenous column. The change in potential energy (DPE) of a water col-
umn per unit area due to mixing is

DPE =
1
2

h1h2(r2 �r1)g (3.6)

where h1 is the thickness of the upper layer involved in mixing, h2 is the thickness of the lower layer
involved in mixing, r1 is the density of the upper layer (1000 kg m�3), r2 is the density of the lower
layer (1025 kg m�3), and g is gravitational acceleration (9.81 m s�2). From the mooring temperature
record we choose a range of values for h1 (0.5 m and 1.5 m) and h2 (2 m and 7 m), which results in a
change in potential energy per unit area of order 101 to 103 J m�2. This estimate assumes complete
mixing into a homogenous water column over the height h1 + h2. The water column was not fully
isothermal after the event, so the calculated change in potential energy is considered the upper limit
of that required to induce the observed mixing. Assuming the mixing was uniform across the full
area of the lake (64.4 km2), then the total energy required for mixing was of the order 108 to 1010 J.
What are the possible sources of energy for mixing?

Tidal motion is an obvious source of kinetic energy in Milne Fiord, and the interaction of tidally
driven oscillations with bathymetry or ice keels could induce mixing. However, tidal oscillation
is continuous and provides no explanation for the episodic nature of this event. In addition, the
bottom pressure sensor recorded no water level anomalies prior to or during the onset of the mix-
ing event, meaning tides are unlikely the source. By the same reasoning, any flow associated with
barotropic changes in water level, such as tsunamis, are unlikely to have occurred. A sufficient mag-
nitude earthquake could release enough energy to the water column, however there were no sub-
stantial earthquakes recorded at this time (http://earthquaketrack.com/r/ellesmere-island-nunavut-
canada/recent), and an earthquake would be expected to induce some degree of seiching or mixing
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over the full depth of the water column, which is not apparent in the temperature records (the tem-
perature signal associated with this event appears to be limited to depths above ⇠50 m).

Another possible source of energy to mix the upper water column in a glacial fjord, is the capsize
or calving of an iceberg. In a laboratory study, Burton et al. (2012) found that most (approximately
84%) of the total energy released during an iceberg capsizing event was transferred to the water
column via hydrodynamic coupling, viscous drag, and turbulence (with an additional ⇠15% to ki-
netic energy, and ⇠1% to radiated surface wave energy). The authors suggest that iceberg capsizing
is a potentially important source of mixing in the stratified ocean proximal to marine ice margins.
The energy release from a capsizing event (Ecap) of a free-floating iceberg with an idealized cuboid
geometry can be estimated as

Ecap =
1
2
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where Li is the length of the iceberg parallel to the axis of rotation, Wi is the width, Hi is the pre-
capsize height of the iceberg, and e = Wi/Hi (Burton et al., 2012). For a large iceberg in Milne
Fiord, we estimate Li is 100 m, Hi is 150 m, Wi is 50 m, and set ri to 900 kg m�3, rw to 1025 kg
m�3, resulting in an energy release of 4 x 1010 J. If 80% of this total energy liberated from capsize
was dissipated through turbulent mixing of the water column, that would have been of sufficient
magnitude to induced the mixing observed in Milne Fiord. However, the mixing event appeared
to be limited to the upper 50 m of the water column, suggesting perhaps the capsize of a smaller
iceberg. Even for a much smaller iceberg, where Li is 25 m, Hi is 50 m, Wi is 25 m, the energy
released is >108 J, which is still of the correct order of magnitude to induce the observed mixing
throughout the lake.

Breakup and calving of the MGT and inner margin of the MIS have increased over the past
decade, resulting in dozens of icebergs in Milne Fiord with large enough dimensions that their
capsize could have released sufficient energy for mixing. Icebergs are typically frozen into fast-ice
year-round, which may reduce the frequency of capsizing and help explain the episodic nature of
this event (only one major mixing event recorded in 3 years). Iceberg capsizing and capsize might
be expected to be more frequent during the summer melt season, however, preferential melting of
the iceberg keels by warm water, with negligible mass from the surface in winter, suggests winter
capsize is possible. Although we lack sufficient evidence to exclude other possible mechanisms
for the mixing event, such as a landslide, or the propagation of an offshore anomaly into the fjord
below the ice shelf, the iceberg capsizing mechanisms appears to be a plausible explanation that can
account for the observations.

The abrupt depth reduction of the epishelf lake in Milne Fiord might be considered a drainage
event, similar to that recorded in Disraeli Fiord in 2001, caused by the fracturing of the Ward Hunt
Ice Shelf (Mueller et al., 2003). However, the observations suggest this is not the case, and a few
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simple calculations provide evidence to support this argument. If, for example, we assume the 1.5
m depth change was due to a rapid drainage of epishelf lake water under the MIS, precipitated by a
fracturing of the ice shelf, then the total volume change across the ⇠64.4 km2 lake was 9.8x107 m3.
For all of this water to drain out of the fjord over the observed 18 hr duration of the event, would
require a volume flux of 5.4 x 106 m3 hr�1, requiring outflow velocities of >100 m s�1, through the
⇠10 m wide basal channel in the MIS. This result is clearly not realistic, and given the outflow rate
is likely hydraulically controlled (see Section 3.4.6), we consider it unlikely that the January 2012
event was related to a rapid drainage event.

3.4.5 Freshwater budget

The volume and residence time of the epishelf lake are determined by the balance between inflows
and outflows, and changes in area of the epishelf lake. Mass inputs to the epishelf lake come
from surface runoff and basal melting of the MIS and MGT. Although the melting of floating ice
around the lake margins contributes a volume of freshwater equivalent to the volume of ice melted
(adjusting for density differences), and will affect the residence time of the lake, it will not alter the
depth of the lake. Changes to the depth of the lake are primarily determined by the balance between
inflow from the fjord catchment and outflow under the MIS.

If we assume the magnitude of deepening of the halocline is equal to the volume of water per
unit area that enters the lake from surface runoff each summer, then the volume of the lake that
would have been replaced each summer ranges between 13% and 35%. Thus the residence time
of the lake is between 3-8 years. However, this estimate is conservative in that it assumes there is
no outflow during the deepening of the halocline. If outflow occurs during summer inflow, as we
would expect, then the volume entering the lake is potentially much larger, and the residence time
will be reduced. As the lake thins over time it appears more likely the residence time will be further
reduced.

We compare our findings with published glacier mass balance rates for the northern Canadian
Arctic as an independent measure of the volume of freshwater entering Milne Fiord. Gardner et al.
(2013) estimated an average glacier mass budget of -310 ± 40 kg m�2 a�1 from 2003-2009 for
the northern Canadian Arctic, including Ellesmere, Axel Heiberg, and Devon Islands. The Milne
Glacier catchment has a glaciated area of 1108 km2, so the estimated annual mass budget for the
Milne Glacier is -0.343 Gt a�1. We can convert this into a volume of freshwater entering Milne
Fiord by assuming that all mass is lost as meltwater runoff that enters Milne Fiord at the surface.
It must be noted however, the Gardner et al. (2013)estimate does not overlap in time with our data,
and is a net glacier mass loss, meaning it does not account for additional runoff from snow melt.
Acknowledging this, the volume of freshwater input from glacier melt is equivalent to ⇠5 m a�1

increase in the depth of the lake (assuming an average lake area of ⇠65 km2). This is roughly
50% larger than the maximum depth increase recorded by the mooring between 2011 and 2014,
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suggesting there is ample meltwater entering the fjord to replenish the epishelf lake at estimated
rates.

We have determined that there is sufficient surface runoff entering the fjord in summer to ac-
count for the increase in lake depth during the melt season. Once inflow ceases, however, the lake
begins to thin, and continues to thin until the following summer. The rate of thinning is linked to
the hydraulics of drainage through the basal channel under the MIS.

3.4.6 Outflow hydraulics

The mooring data showed that the lake thinned each year from the time the summer melt season
ended, through winter, until meltwater inflow commenced again the following spring. The outflow
rate was non-linear and appeared to be dependent on the relative depth difference between the lake
and the ice dam, suggesting hydraulically controlled flow.

An idealized schematic of epishelf lake outflow through a basal channel in the ice shelf is shown
in Figure 3.9, represented as a simple two-layer system, with freshwater overlying seawater (Dr =
25 g kg�1). Under steady state conditions the ice dam acts as a hydraulic control, limiting two-way
transport below the ice shelf. If the depth of the seawater layer is much greater than the depth of
the freshwater layer, then the situation is analogous to single layer flow through an inverted weir,
but here the horizontal pressure gradient is supplied by the density difference between freshwater
and seawater. If we assume a rectangular channel geometry, the volumetric outflow discharge (Qd ;
m3 s�1) can be estimated using a modified form of the Kindsvater-Carter rectangular weir equation
(Kindsvater and Carter, 1959):

Qd =
2
3
p

2g0Cebh
3
2 (3.8)

where g0 is reduced gravity (g0 = g(Dr/r)), Ce is an empirically derived discharge coefficient, b
is the effective width of the outlet channel (m), and h is the effective depth of the lake below the
ice dam (m). b and h account for the effects of viscosity and wall friction and will be therefore
somewhat larger than the actual physical dimensions.

Assuming vertical sidewalls, the change in volume of the epishelf lake over time (dV/dt) is:

dV
dt

= AL
dh
dt

(3.9)

where dh/dt is the change in thickness of the lake over time, and AL is the area of the epishelf lake.
During winter, inflow is negligible, so the change in volume is equal to the volumetric outflow (i.e.
dV/dt = Qd). Equating Eq 3.8and Eq. 3.9, solving for dh/dt, and integrating gives:

h(t) =
✓

1
2

at +
1p
h0

◆�2

(3.10)
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where

a =
2
3
p

2g0Ceb
AL

, (3.11)

and h0 is the initial depth of the lake below the ice dam at t = 0.
From Eq. 3.10 we modelled the change in depth of the epishelf lake over each winter of the

three year mooring record, from approximately September to May of 2011-2012, 2012-2013, and
2013-2014. We assume changes to the draft of the ice dam occurred during the surface summer melt
season (which we did not model), so the draft of the ice dam remained constant each winter. The
start time (t = 0) for each run was chosen as the date when air temperatures fell below zero for the
winter, assumed to be when meltwater inflow ceased, and the initial depth of the lake at that time
(z(t = 0)) was estimated from the mooring temperature record. The model was run for 275 days over
each of the three winters. In the model freshwater drains under the ice dam at a rate proportional
to h, until the lake depth z(t) shoals to the level of the ice dam zi (i.e. when z(t)� zi = h = 0).
The mooring records show the lake depth was still shoaling when meltwater input commenced the
following spring, so we could not directly estimate zi, nor could we directly calculate the initial
depth of the lake below the ice dam (h0). Instead, we estimated h0 as the sum of the difference
between the initial lake depth and the depth when t = 240 elapsed days (the maximum duration of
the shortest mooring record), plus some unknown offset ch (i.e. h0 = z(t = 0)�z(t = 240days)+ch).
We run the model to find values for parameters ch and Ceb that gave the best fit to the observed depth
changes each year, keeping the parameters constant for all years. We found the best fit was achieved
for all years when ch = 1.6 m and Ceb = 4.5 m.

Modelled and observed changes to the depth of the lake relative to the ice dam are shown in
Figure 3.10. Despite the initial depth of the lake below the ice dam varying by over a factor of two
among the different years (from 3.3 m in 2013-2014 to 7.5 m in 2011-2012), the simple drainage
model simulated the observed pattern of changes in the depth of the lake each winter well. The
model could not account for the abrupt thinning of the lake in January 2012 (elapsed day 140 for
2011-2012) due to the mixing event, so observed and modelled values differ accordingly after this
date. Overall, however, the results indicated outflow drainage from the epishelf lake through the
basal channel could generally be well simulated by weir outflow hydraulics.

To assess the model we need to determine if the selected values for the parameters are physically
realistic. If ch is 1.6 m then the actual draft of the ice dam zi varied between 9.4 m and 7.5 m from
2011 to 2014. This is consistent with field measurements of 8 to 11 m thick ice along the re-healed
fracture in 2015. Next, for typical weirs Ce varies between 0.55 and 0.8 (ISO, 1980). If we assume
this range for Ce is broadly appropriate for the MEL system, then the width of the channel b is
between 5.6 and 8.2 m. This value is comparable to the minimum width of the surface expression of
the re-healed fracture at its narrowest point (2 – 8 m) from field observations. We conclude that the
values chosen for the parameters are physically realistic and appropriate for this system, although
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further work is required to validate these parameters.
The model does have some limitations. It does not account for the possibility, and likelihood, of

changes in the depth of the ice dam during winter, which could be driven by submarine melting due
to outflow of warm epishelf lake water, or alternatively, basal accretion due to freezing of brackish
water. These processes are dependent on the actual properties of water in the channel, and the
exchange of heat between the outflowing water and the ice, which are dependent on mixing and the
character of the boundary layer within the channel, factors which are unknown. Investigation of
these processes is ongoing, but beyond the scope of this study. It is also questionable whether the
application of a standard weir equation derived for a thin plate weir is appropriate for the epishelf
lake system, particularly given the length of the outflow channel (on the order of 20 km). However,
the constriction along the channel that is the hydraulic control point may actually be several orders
of magnitude shorter (on the order of a few meters). As well, the values of b and h will account
for some of the differences between this system and a standard weir, particularly the increased
friction likely along the long channel. Further consideration of frictional exchange flow through a
long channel is ongoing, and we consider the model presented here as a first step in understanding
the hydraulics of the outflow. Acknowledging the model’s limitations we attempted to minimize
the possibility of over-tuning the model by using the same values for the unknown parameters in all
three years. The only variable that changed between years was the initial depth of the lake below the
ice dam, and this was determined from mooring observations using a standardized method that was
consistent for all years. In summary, despite its simplicity, the model, using apparently physically
realistic parameters, simulates the observed depth changes well, indicating drainage of the epishelf
lake is hydraulically controlled by the geometry of the outflow channel under the ice shelf.

3.4.7 Implications for MIS

The epishelf lake depth has been considered a proxy for the minimum draft of the MIS. We note
that in Milne Fiord interannual depth changes are likely only related to the depth of the ice dam
along the outflow channel, not necessarily the overall thinning of the MIS. It is apparent that the
ice dam is thinning over time and this is likely due to a combination of surface ablation and basal
melting. Mortimer et al. (2012) found a change in thickness along a re-profiled transect that crossed
the region of the suspected ice dam of the MIS of 2.63 ± 2.47 m, or 0.10 ± 0.09 m a�1 between
1981 and 2008/2009. Over roughly the same period (May 1983 to May 2009) the epishelf lake
shoaled by 2.8 m, at an average rate of 0.11 m a�1, indicating that changes in epishelf lake depth
are valid proxies for changes of ice dam thickness. Extending the time series using our observations
suggests the ice dam has thinned a further 5.4 m between 2009 and 2014. This is an average rate
of 1.08 m a�1, an order of magnitude faster than the period from 1983 to 2009. However, we know
that 4.1 m, or 75%, of the thinning over this period occurred between 2011 and 2012, with at least
1.5 m of thinning, or 27%, related to the mixing event in January 2012. This observation suggests
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that 2011-2012 was an anomalous year. The summer of 2011 did record the highest cumulative
PDDs on record at Milne Fiord, indicating that the strong melt season may have played a role in the
changing dynamics of the ice shelf-epishelf lake system that year.

Observations from July 2014 indicate the ice dam is approximately 8-9 m thick. If the average
rate of thinning observed between 2004 and 2014 persists, the MEL will cease to exist as a perennial
lake by 2034. However, recent observation of increase fracturing of the Central Unit of the MIS
indicate that a sudden fracturing of the MIS could result in the abrupt drainage of the MEL at
any time. In addition, enhanced iceberg calving and capsize could result in further mixing of the
halocline, quickly eroding the base of the epishelf lake.

3.5 Summary
The MEL has existed since at least 1983, and possibly as early as the 1950’s. The lake has grown
in extent primarily through melting and breakup of the MIS, likely due in part to submarine melting
by the heat retained in the epishelf lake over winter by its salinity stratification. The recent areal
expansion has been balanced by losses due to the advance of the terminus of the MGT. Based on
estimates of freshwater residence time in the lake, it appears there is sufficient volume of runoff from
the fjord catchment to renew the entire volume of the lake at least every 3 years, yet the volume of
the lake has decreased since 2004, owing largely to the decrease in depth of the lake.

The summer inflow of meltwater leads to a substantial seasonal increase in depth of the epishelf
lake, which has not previously been reported. We found that the magnitude of deepening is directly
correlated with the cumulative number of PDDs, a proxy for the volume of surface meltwater inflow.
Outflow of the epishelf lake likely follows a basal channel along a re-healed fracture in the MIS.
Observations along the hypothesized drainage pathway of the epishelf lake are needed to improve
understanding of the hydraulics of the system, and constrain the location of the ice dam.

The seasonality of the epishelf lake suggests that synoptic annual profiles could alias the long-
term depth record of the epishelf lake, and thus bias inferred changes in the thickness of the MIS
dam. Continuous time series observations are required to place the synoptic profiles in context,
however if only annual profiling is feasible in the future we suggest observations collected just prior
to the beginning of the melt season (i.e. around June 1st for Milne Fiord) provide the most reliable
indicator of steady state epishelf lake depth and ice shelf thickness. The depth of the epishelf
lake does appear to have been a reliable indicator of the long-term mass balance of the MIS in the
past, however the rapid changes observed in 2011/2012 indicate continual monitoring is required to
understand the mechanisms influencing lake depth.

Drainage of an epishelf lake below an ice shelf is hydraulically controlled, dependent on the
density between lake water and seawater offshore, the depth of the lake below the draft of the ice,
which is determined by the rate and volume of inflow and the mass balance of the ice shelf, and the
geometry of the outflow channel. The magnitude of epishelf lake depth variability, and therefore its
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utility as an indicator of ice shelf mass balance, will be dependent on the particular epishelf lake-ice
shelf system, and will likely change over time, necessitating continual and repeat observations to
understand the evolving hydraulics of the system.

The existence of epishelf lakes is highly sensitive to the interactions of the atmosphere, cryosphere
and hydrosphere. The warming climate of the Arctic has resulted in an increase freshwater flux to
coastal fjords, with the potential to increase the volume of epishelf lakes. However, an overall thin-
ning of the lake has been driven by mass loss of the MIS. At current rates of thinning the Milne Fiord
epishelf lake, the last known epishelf lake in the Arctic, will be lost by 2034, however continued
breakup of the Milne Ice Shelf suggests a catastrophic drainage could occur at any time.
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3.6 Tables

Table 3.1 Milne Fiord epishelf lake depth, area, volume and related observations.

Date(s) CTD No. of Depth Area Volume PDDs Image Acquisition
Profile CTD mean (range) (km2) (km3) to Date Source Date
Location Profiles (m) (yr total) for (yyymmdd)

(�C days) Area Est.
1959/08/17 - - - 13.5 - - Aerial photo 19590817
1963/08/29 - - - 13.5 - - Corona 19630829
1983/05/25 PV 1 17.5a - - 0 (158)* - -
1988/08/08 - - - 67.3 - - SPOT-1 19880808

SPOT-1 19880808
1992/01/29 - - - 60.6 - - ERS-1 19920129

ERS-1 19920316
1998/01/13 - - - 61.0 - - Radarsat-1 19980113
2003/01/11 - - - 59.3 - - Radarsat-1 20030111
2004/08/06 NB 1 18.3b - - 98 (132)* - -
2006/06/03 NB 1 16.0b 65.0 1.04 4 (153)* Radarsat-1 20060114
2007/07/13 NB 1 16.5b - - 78 (215)* - -
2009/05/29 - 05/30 PV 18 14.7 (14.5-14.9) 65.2 0.96 0 (274) Radarsat-2 20090104
2009/07/04 NB 1 14.6 - - 34 (274) - -
2010/07/09 NB 1 15.3 - - 100 (185) - -
2011/05/10 MM 1 13.6 67.6 0.92 0 (278) Radarsat-2 20110103

Radarsat-2 20110228
2011/07/05 NB 1 14.4 - - 94 (278) - -
2012/05/05 - 05/14 MM 3 9.5 (9.4-9.6) 64.4 0.61 0 (253) Radarsat-2 20120203

Radarsat-2 20120417
2012/06/28 - 07/09 MM, ML 23 10.6 (10.2-11.5) - - 50 (253) - -
2013/05/11 - 05/18 MM, ML 11 8.0 (7.8-8.1) 67.0 0.54 0 (92) Radarsat-2 20130427

Radarsat-2 20130427
2013/07/04 - 07/22 MM, ML 46 8.1 (7.8-8.5) - - 10 (92) - -
2014/07/12 - 07/24 MM, ML 13 9.3 (9.1-9.4) 71.2 0.66 39 (110) Radarsat-2 20150327

Radarsat-2 20150327
PV - Purple Valley Bay
NB - Neige Bay
MM - Milne Fiord mooring
ML - multiple locations inside and outside Milne Fiord
aJeffries, 1985
bVeillette et al., 2008
*PDDs calculated from air temperatures interpolated from the Eureka weather station where TMilne = 0.47*TEureka + 0.47 (RMSE = 1.98 �C)
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3.7 Figures
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Figure 3.1 Map of Milne Fiord study area. A) RADARSat-2 image of Milne Fiord showing the extent of
the Milne Fiord epishelf lake (MEL) in 2015, corresponding to the region of high backscatter (light gray)
outlined in blue. The Central and Outer Units of the Milne Ice Shelf (MIS), as well as two re-healed fractures
(red arrows), are indicated, as well as the Milne Glacier (MG), grounding line (red line), Milne Glacier tongue
(MGT), multiyear landfast sea ice (MLSI), the met station (red square), mooring (red triangle), and two small
inlets unoffically named Purple Valley Bay (PV) and Neige Bay (NB). B) Regional map of Ellesmere Island,
Canada. The sequence of four panels on right show the increase in area of the MEL (grey) estimated from
aerial and satellite imagery from C) 1959, D) 1988, E) 2003, and F) 2011, based on data from Mueller et al.
(2016). The coastline of Milne Fiord is outlined in black. White areas inside the coastline are glacier or ice
shelf.
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Figure 3.2 Changes in A) salinity and B) temperature properties of the upper 25 m of Milne Fiord from all
field campaigns from 1983 to 2014. A single representative profile collected at the mooring site from each
field campaign is shown when multiple profiles were collected. Inset in A) shown a zoom in of epishelf
lake salinities. Dashed line in A) and B) indicates a representative profile collected offshore of the MIS.
C) Idealized salinity (black line) and temperature (grey line) profiles showing the layers of the upper water
column. Note the non-linear salinity scale. The epishelf lake is defined as extending from the surface to the
buoyancy frequency maximum (N2 max). The inset shows the full water column properties of the fjord to
440 m depth.
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Figure 3.3 Salinity profiles showing seasonal changes in depth of the MEL halocline in a) 2012 and b) 2013.
Profiles are coloured by time over the duration of each summer field campaign (10-days in June/July 2012
and 18-days in July 2013). A single profile collected in May of each year, prior to the onset of the melt
season, is shown (black line). In each panel the left inset shows the PDD accumulated during each summer
field campaign (a proxy for the volume of surface meltwater inflow), with the timing of profiles indicated
(coloured circles). Note the different y-axes range between a) and b), although the incremental scales are
consistent. The right inset shows the profiling locations on a map of Milne Fiord (the MEL, MIS, and MGT
are outlined). Multiple profiles were collected at the mooring site (black circle) during each campaign.

90



0 50 100 150 200 250 300
−1

0

1

2

3

4

5

Slope = 0.017 m oC−1 day−1

Cum. PDDs (oC days)

D
e
p
th

 c
h
a
n
g
e
 (

m
)

 

 

2011

2012

2013
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Figure 3.6 Meteorological conditions and epishelf lake properties from May 2011 to July 2014 in Milne
Fiord. A) Air temperature. B) Shortwave solar radiation. C) Cumulative positive degree days. D) Absolute
salinity from instruments moored at depths between 5 m and 15 m. Note the logarithmic scale. E) Temper-
ature time series from thermistors moored between 1 m and 20 m depth. Black circles indicate thermistor
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end of the surface melt season each year. Arrows in D) and E) indicate the timing of the mixing event shown
in Fig. 3.7.
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Figure 3.7 January 2012 MEL halocline mixing event. time series of A) salinity at 13 m depth, and B) heat
content between 0 m and 25 m, C) temperature between 6 m and 18 m depth, and profiles of D) salinity
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Figure 3.10 Change in the effective depth (h) of the epishelf lake below the ice dam over time during the
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Chapter 4

Depth-dependent submarine melt rates
of a glacier tongue and ice shelf in a
High Arctic fjord

4.1 Introduction
The presence of floating glacier tongues and ice shelves at the coast slows the rate of discharge
of grounded ice into the ocean. Changes in the thickness or extent of the floating ice buttresses
may, if sustained, alter the rate of ice discharge to the ocean and thereby alter the rate of change of
sea level. The mass balance of ice shelves is determined by supply from land, calving of icebergs
from the ice front, and melting and accumulation at their top and bottom surfaces. Ice shelves are
particularly sensitive to change because they are in contact with both the atmosphere and the ocean,
and therefore vulnerable to changes in the temperature or circulation pattern of either. Melting at the
base of the ice shelf driven by seawater above its in situ freezing temperature is responsible for 80%
of total mass loss from the Petermann Gletscher tongue in Greenland (Rignot and Steffen, 2008),
and accounts for three quarters of the mass loss via ablation from Antarctic ice shelves (Rignot
et al., 2013). These high fractions highlight the importance of ice-ocean interactions to ice-shelf
mass balance. The transformation of seawater via ice interaction within the under-ice shelf cavities
also affects the ocean, via its impact on ocean stratification and circulation. Understanding basal
melt is of interest to oceanographers as well as glaciologists.

Ice shelves and glacier tongues were, until recently, extensive along the northern coast of
Ellesmere Island in the Canadian High Arctic. In this region a glacier tongue, which is the floating
extension of an outlet glacier at the head of a fjord, needs to be distinguished from an ice shelf,
which is a thick platform of ice formed in situ at the mouth of a fjord. Ice shelves here develop via
accretion of sea ice on the underside and accumulation on the top side, with additional mass acquired
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from tributary glaciers and low-elevation ice caps (Jeffries, 2002). Ice shelves along this coast do
not play a large role in directly buttressing grounded ice, however their presence dramatically alters
the oceanographic properties of the fjords where they exist (Chapter 2 and 3). The presence of
ice shelves at the mouth of fjords can result in perennial freshwater surface layers within the fjord,
known as epishelf lakes. The year-round ice cover and stratification associated with the epishelf
lake alters surface heat fluxes and eliminates wind mixing, with implications for the properties, and
thus melt potential, of the upper water column. The presence of ice shelves at the fjord mouths
could also trap icebergs with implications for surface heat fluxes and freshwater content within the
fjord. The thinning or loss of ice shelves can impact the mass balance of marine terminating glaciers
through changes in ocean forcing.

The recent widespread collapse of ice shelves and glacier tongues on Ellesmere Island has been
attributed, in part, to atmospheric warming (Vincent et al., 2001; Mueller et al., 2003; Copland
et al., 2007; Mueller et al., 2008; White et al., 2015a). In the Canadian High Arctic atmospheric
warming has been twice the global average (IPCC, 2013). Atmospheric warming in this region has
resulted in a sharp increase in the rate of surface mass loss from glaciers and ice caps of the Queen
Elizabeth Islands (QEI; including Ellesmere, Devon, and Axel Heiberg Islands); values averaged
-7 ± 18 Gt a�1 between 2004 and 2006, and -61 ± 18 Gt a -1 between 2007 and 2009 (Gardner
et al., 2011; Gardner et al., 2013). In addition, a widespread acceleration of tidewater glaciers
in this region, and increased discharge from a few individual glaciers — Trinity and Wykeham
Glaciers accounted for 60% of all dynamic discharge in the QEI during 2011-2014 — and evidence
of dynamically induced thinning (Van Wychen et al., 2016) has increased the need to understand
the causes. Missing in studies to date in this region have been observations of ocean properties near
the termini of tidewater glaciers, estimates of basal melting, and how changes in ocean forcing may
influence glacier mass balance.

Milne Fiord on northern Ellesmere Island is a notable exception; ocean properties here have
been monitored since 2011. Milne Fiord is also of interest due to its unique geophysical features.
The Milne Glacier (MG) terminates at the head of the fjord in the ⇠16 km long Milne Glacier
tongue (MGT), while the separate Milne Ice Shelf (MIS) spans the width of the fjord at its mouth.
The presence of the MIS strongly alters the water structure in the fjord because it forms a dam that
traps seasonal runoff from land to form a highly stratified upper water column, wherein seawater is
capped by a perennial freshwater layer up to 18 m thick; this feature is known as the Milne Fiord
epishelf lake (MEL). The vertical distribution of heat in the fjord is likewise affected by the ice shelf;
in addition to a temperature maximum below 200 m depth associated with the Atlantic layer of the
Arctic Ocean, a near-surface temperature maximum exists at ⇠10 m depth that is associated with the
epishelf lake (Chapter 2). Analytical and numerical modelling studies suggests melt rate has a linear
dependence on ocean temperature (Jenkins, 2011; Sciascia et al., 2013) and therefore the thermal
stratification of the water column very likely influences the vertical distribution of submarine melt
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in Milne Fiord. This study is, to our knowledge, the first to directly estimate basal melt rate and its
spatial distribution for an ice shelf or a tidewater glacier in the Canadian Arctic.

Our goal is to estimate submarine melt rates of the MGT and MIS, and understand how melt
rates vary with location and time. We use independent oceanographic and glaciological methods
to estimate melt rates for the MGT. We then apply the oceanographic method to map the spatial
distribution of melt rate across the MGT and MIS.

We first locate the grounding zone of the Milne Glacier from measurements of ice thickness
and elevation using the assumption of hydrostatic equilibrium. We then calculate the annual area-
averaged submarine melt rate for the floating portion of the MGT from 2011 to 2015 using the law
of mass conservation — ice discharge across the grounding line minus terminus advance equals
the total of ice loss at the top and bottom surfaces. Next we calculate submarine melt rates each
year along the length of the MGT from the divergence of ice flux — from surface ice velocity
determined via speckle tracking of satellite imagery — and from a digital elevation model of ice
thickness produced from field and remote sensing data. Independently we estimate submarine melt
rates along the length of the MGT, over the same period, using measured vertical profiles of ocean
temperature, salinity, and current speed. The method is based on the application of a two-equation
ice-ocean thermodynamic melt model. We then apply the ice-ocean thermodynamic model to the
entire fjord, including the MIS, to investigate spatial and interannual variability of submarine melt.
Finally, we discuss the role of submarine melting in recent changes observed in Milne Fiord, and
the implications for the future stability of the MIS, MGT, and the dynamics of the Milne Glacier.

4.2 Methods

4.2.1 Site description

Milne Fiord (82�35’N; 80�35’W) lies at the northwest coast of Ellesmere Island on the Arctic Ocean
(Fig. 4.1). Milne Fiord is perennially ice-covered, the majority of the fjord covered by the relatively
thick ice of the MGT and the MIS, with the thin (<1 m thick) freshwater ice of the MEL filling the
region between. The Milne Glacier (MG), a 4-5 km wide, 55 km long outlet glacier that drains ⇠4%
by area of the northern Ellesmere Island icefields, flows into the head of Milne Fiord. Van Wychen
et al. (2016) estimated the mean ice discharge of the Milne Glacier to be 0.06 ± 0.02 Gt a�1 between
2011 and 2015. The MGT varies from approximately 150 m thick near the grounding line to <10 m
thick at the terminus (Chapter 2). The terminus of the Milne Glacier advanced >5 km between
1950 and 2009 (Mortimer, 2011), and it has been identified as a possible surge-type glacier (Jeffries,
1984; Copland et al., 2003).

At the mouth of the fjord, spanning 18 km between Cape Egerton and Cape Evans, and distinct
from the MGT, is the MIS, formed through a combination of sea ice accretion, snow accumulation
and input from surrounding tributary glaciers and low-lying coastal ice caps (Jeffries, 1986a). The
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MIS has an average thickness of 50 m and a maximum thickness of 94 m (Chapter 2). Based on
surface morphology and ice characteristics the MIS has been divided into two regions (Jeffries,
1986a), an Outer Unit consisting of uniformly thick ice bisected by two re-healed fractures, and a
Central Unit consisting of variable, but generally thinner, ice. By comparing radar measurements
of ice thickness from 1981 and and 2009, Mortimer et al. (2012) estimated the ice shelf thinned
on average by 8.1±2.8 m over this period, an average rate of 0.26 ± 0.09 m w.e. a�1, although
they noted substantial spatial variability. By assuming surface mass balance was equivalent to that
measured on the Ward Hunt Ice Shelf, 100 km east of Milne Fiord, over approximately the same
period, the authors indirectly inferred that submarine melting may have accounted for ⇠73% of the
overall thickness change of the MIS, suggesting ocean melting was an important factor in ice shelf
mass balance.

Water properties and bathymetry in the fjord have been discussed in detail in Chapter 2 and 3,
so are only described here briefly. The near-freshwater MEL lies above a layer of seawater modified
by the presence of the MIS to a depth between 35 - 50 m. Below this level, to the approximate depth
of the Milne Glacier grounding line, water in the fjord shares similar characteristics to that offshore
in the Arctic Ocean, consisting of cool, relatively fresh Polar Water near the freezing point, above
warm, saline, modified Atlantic water to the bottom of the fjord at 436 m depth. A ⇠260 m deep
bathymetric sill lies under the MIS (Chapter 2), however it is substantially deeper than the thickest
ice in the fjord, and is not expected to influence submarine melt rates. Limited bathymetric data in
the fjord indicate the MIS maybe partially grounded on an seabed ridge near the confluence of the
re-healed fractures (Chapter 2) and that the sea bed slopes upward below the MGT toward the head
of the fjord.

4.2.2 Bulk mass balance of MGT

We calculate a bulk annual area-averaged annual basal mass balance, ab (m a�1; positive for melt-
ing) under steady state conditions for the MGT from conservation of mass as:

ab =
Qg f �Qc f

AMGT
�as f , (4.1)

where Qg f is the ice volume flow across the grounding line, Qc f is the change in ice volume over
time (m3 a�1) at the terminus (positive for calving, negative for terminus advance), AMGT is the
surface area of the MGT (66 km2), and as f (m a�1) is the area-averaged annual surface mass balance
(positive for melting).

4.2.3 Ice thickness, motion and terminus position

The digital elevation model (DEM) of ice surface and bed elevation for Milne Fiord produced in
Chapter 2 is used to constrain ice thicknesses for melt calculation. Qc f is estimated from changes in
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terminus position of the MGT, assuming no change in ice thickness over time. Terminus positions
were digitized from Radarsat-2 imagery acquired each winter from 2011 to 2015. Qg f is estimated
as the ice flow through a cross section at the grounding line (i.e. a flux gate) from ice surface
velocities and ice thickness. Ice surface velocities were calculated by Van Wychen et al. (2016)
using a custom speckle-tracking algorithm applied to Radarsat-2 fine beam (8 x 8 m resolution) and
ultrafine beam (3 x 3 m resolution) image pairs collected in early spring (November-April) . We
assume displacement over the period of image pair acquisition was representative of the entire year,
and that there is no vertical velocity shear. Error in velocity measurements are roughly 10 m a�1.
Surface velocities of the central ice stream were also measured by the displacement of three ablation
stakes, MG01, located 1 km upstream of the grounding line, MG02, located 1 km downstream of
the grounding line, and MG03, located 8 km downstream of the grounding line, between July 2012
and July 2013.

Van Wychen et al. (2016) calculated ice discharge through a flux gate near the Milne Glacier
grounding line, however we further constrain the position of the grounding line using data from
NASA’s Operation Icebridge 2014. The grounding line is assumed to correspond to the point of first
hydrostatic equilibrium, where the thickness of the ice derived from Airborne Topographic Mapper
(ATM) laser altimeter (Krabill, 2010) surface elevation equals that measured by the Multichannel
Coherent Radar Depth Sounder (MCoRDS; Leuschen et al., 2010). Upstream of the grounding line
the thickness of the glacier, estimated from surface altimetry assuming (incorrectly) that the ice
is in hydrostatic equilibrium, is much greater than the actual glacier thickness measured by radar.
Downstream of the grounding line, where the ice is floating, the thickness estimated from surface
elevation is equal to the actual thickness measured by radar. Therefore, moving from upstream to
downstream the first location where the two thickness estimates are equal indicates where the ice
goes afloat (i.e. the grounding line; Rignot et al., 2001). Error in the ice depth measurements is
± 10 m. The cross-sectional bed profile of the fjord at the grounding line was modelled as a U-
shaped valley as in Van Wychen et al. (2014), with the maximum cross-fjord ice thickness from the
MCoRDS data at the grounding line position.

4.2.4 Surface mass balance

Average annual surface mass balance was estimated from 6 ablation stakes on the MIS between
May 2009 and May 2011 and from 3 ablation stakes on the MGT and MG between July 2012 and
July 2013. The resulting annual surface melt of 0.78 ±0.64 m a�1 is assumed constant in time and
spatially uniform over the entire fjord.
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4.2.5 Divergence of ice flux along MGT

The depth integrated conservation of mass

∂H
∂ t

+— · (uH) =�as f �ab (4.2)

relates the change in ice thickness over time, ∂h/∂ t, and the flux divergence (— · (uH)), where u
is the depth-averaged along-stream velocity, to the surface mass balance as f and the basal mass
balance ab. We refer to this model as the divergence of ice flux model throughout this chapter.

Assuming steady state, with no change in ice thickness over time (∂h/∂ t = 0), and constant
surface melt, then basal mass balance can be calculated from the divergence in ice flux along the
flow line. Seroussi et al. (2011) showed that gridded ice thickness maps based on interpolation of
sparse ice thickness source data, produce strong anomalies in ice flux divergence if the interpolation
schemes do not conserve mass. Regions of the Milne Fiord DEM produced in Chapter 2 are based
on sparse source data (up to 2 km gaps between source data measurements) and did not include any
mass conservation scheme, so we refrain from calculating the two-dimensionally resolved ice flux
divergence for the entire MGT. Instead, we calculate a one-dimensional width-averaged basal melt
rate along the length of the MGT. For free-floating ice we can assume surface velocity is equal to
depth-average velocity, i.e. us = u, and calculate the along-stream velocity component. Velocity
and ice thickness data were then averaged over the width of the MGT (⇠4.2 km) and a distance of
2.5 km along-stream, and ice flux and melt rates were calculated every 500 m from the grounding
line to the terminus of the glacier tongue.

4.2.6 Ocean thermodynamic melt model

Thermodynamic models of ice-ocean interaction aim to obtain a realistic prediction of melt rate at
the ice shelf base from ocean properties. The models use prescribed interior properties of the ice
shelf and the ambient water column to estimate the characteristics exactly at the ice-ocean interface
where there are three physical constraints: the interface is at the freezing point, and both heat and
salt are conserved during phase changes (Holland and Jenkins, 1999). The transfer of heat and
salt through the oceanic boundary layer are parameterized as functions of the bulk differences in
velocity, heat, and salt between the ice-ocean interface and the far-field ocean mixed layer.

A hierarchy of models have been formulated to calculate the heat and freshwater fluxes that
result from deviations in the far-field ocean properties from freezing point conditions, and these
are reviewed in Holland and Jenkins (1999). The three-equation formulation makes no assumption
about the conditions at the ice-ocean interface and solves equations for each of the freezing point
dependency and the conservation of heat and salt (Chapter 1). This formulation is the most sophis-
ticated, and has been widely used to predict melt rates of ice shelves in ice-ocean thermodynamic
models (e.g. Hellmer and Olbers, 1989; Holland and Jenkins, 2001; Losch, 2008; Kimura et al.,
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2013). The three-equation model is generally preferred owing to its wider applicability over a range
of thermal forcing (the elevation of the mixed layer temperature above freezing). Alternatively, a
two-equation model assumes the interface salinity and mixed layer salinity are identical (implying
infinite salt diffusivity across the boundary layer) and the model is evaluated using the far-field salin-
ity. In this formulation the rate at which the mixed layer temperature relaxes toward the freezing
point is governed by the transport of heat through the oceanic boundary layer. The simpler two-
equation model is advantageous in reduced or analytic models, and Jenkins et al. (2010) showed
that observations of melting under moderate thermal forcing at the base of the Ronne Ice Shelf could
be fitted equally well by either the three-equation or two-equation model. Similarly, McPhee 1992
and McPhee et al. (1999) have shown that beneath sea ice the two-equation formulation produces
heat fluxes that agree well with measurements over wide range of basal roughness characteristics.

In any model of ice-ocean interaction, a calculation of the freezing temperature at the ice-ocean
interface is required. The freezing point of seawater is a non-linear function of salinity and a lin-
ear function of pressure. Solving the fundamental equations requires simultaneously solving three
equations with three unknowns, and while the complex polynomial form of the freezing point could
be used, a linearized version of the freezing point relation is often invoked to simplify solving the
equation analytically and is the standard form used in much of the ice-ocean thermodynamic lit-
erature (Hellmer and Olbers, 1989; Holland and Jenkins, 1999; Jenkins et al., 2001; Losch, 2008;
Kimura et al., 2013). In this formulation the freezing point Tf equation has the form

Tf = l1Sw +l2 +l3 pb (4.3)

where Sw is the salinity in the mixed layer, pb is the sea pressure at the interface, and l1,2,3 are
empirical constants (Millero, 1978). The linearized formulation is only valid over a limited salin-
ity range (e.g. 4-40 psu in Holland and Jenkins (1999)), acceptable for typical seawater salinities
under ice shelves. However, the low salinity of the epishelf lake in Milne Fiord lies outside of
this range (<0.2 g kg�1), and freezing temperatures calculated using the linearized formulation at
freshwater salinities could be incorrect by up to 0.1�C, introducing error into the calculated subma-
rine melt rates. To avoid this error we use the International Thermodynamic Equation of Seawater
2010 (TEOS-10) Gibbs Seawater Oceanographic Matlab Toolbox (www.TEOS-10.org) polynomial
function to calculate the temperature (ITS-90) at which seawater freezes as a function of Absolute
Salinity, SA (in g kg�1) and sea pressure, p (dbar) (we neglect the influence of dissolved gases on
the freezing temperature).

The need for the polynomial form of the Tf equation means solving the three-equation model
(??) would be non-trivial, so we use the simpler two-equation model of the form

riabLi = riciab(Ti �Tf )�rwcwu⇤G(T S)(Tf �Tw) (4.4)
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where Tf is calculated using the TEOS-10 function instead of the typical linear form (Eq. 4.3). In the
above equations r is density, L is latent heat of fusion, c is specific heat capacity, T is temperature,
S is salinity; the subscripts i, b, w, and f refer to ice, ice-ocean boundary, water, and the freezing
point, respectively. The ablation rate at the ice-ocean boundary, ab, is expressed as a change in
thickness of solid ice per unit time, is positive for ablation, and is determined by the divergence
of the sensible heat flux at the phase change interface. The turbulent transfer coefficient for heat
and salinity G(T S) is derived from a single observation beneath the Ronne Ice Shelf in Antarctica
(Jenkins et al., 2010). We refer to this model as the ice-ocean model throughout this chapter.

Friction velocity (u⇤) is calculated as:

u2
⇤ =CdU2, (4.5)

where U is the free-stream velocity beyond the ice-ocean boundary layer and Cd the drag coefficient
(Table 4.2). The drag coefficient is based on measurements below sea ice and is not constrained
by observations below ice shelves. Its use implies that the turbulent transfer coefficients estimated
for sea ice are appropriate for the base of an ice shelf. Temporal variability of the boundary layer
and the differing nature of the boundary flow beneath ice shelves, where the forcing comes from
buoyancy and tides, and beneath sea ice, where the primary forcing is the wind-driven drift of the ice
cover, could violate these assumptions. However, use of the values for Cd and G(T S) recommended
by Jenkins et al. (2010) is required until further observations below ice shelves are available. By
applying the two-equation model Jenkins et al. (2010) found these values were able to reproduce
observed melt rates at the base of the Ronne Ice Shelf, Antarctica, within observational error.

The model does not explicitly account for circulation induced by buoyant convection of the
meltwater plume along the base of a sloping ice shelf. One consequence of this is that the model
does not directly account for the so-called ‘ice pump’, the possibility of ice accretion from the as-
cending meltwater plume on the base of the ice shelf due to the pressure dependency of the freezing
temperature (-7.53 x 10�4 �C dbar�1). Therefore the possibility of ice accretion on the shallower
portions of the ice shelf or glacier tongue is not accounted for in the model. However, the relatively
shallow maximum draft (150 m) of ice in Milne Fiord means this effect will be relatively small (the
freezing point changes by ⇠0.1�C over the water column). This is in contrast to Antarctica where
ice shelves are an order of magnitude thicker, and a change in freezing point of >1�C over the water
column in contact with ice means the ice pump can be the main driver of cavity circulation and basal
mass balance.

We also note that the ice-ocean model used here was developed for the near-horizontal slope at
the base of an ice shelf and may underestimate the melt rate near vertical ice walls, such as those of
the MGT. Using a model based upon one-dimensional buoyant plume theory, Jenkins et al. (2010)
showed that changing the slope of the ice-ocean interface from that of a floating ice tongue (basal
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slope of ⇠4%) to a vertical wall, resulted in a near doubling of the melt rate. This suggests the actual
melt rates along the near vertical margins of the MGT could be twice as high as those calculated
here.

We use vertical profiles of ocean properties and currents collected each year from 2011 to 2015
in Milne Fiord to derive a depth-dependent melt rate. Then, assuming water properties and currents
measured at the mooring site were uniform throughout the fjord, we project the melt rate profile
onto the ice draft DEM.

To assess the effect of changing the input values to the calculated melt rates, a sensitivity analysis
was performed whereby the model was run adjusting one variable over its likely range while all
other variables were held constant. A sensitivity analysis was run for all variables, however the
model is only very weakly sensitive to the values of internal ice temperature (a value of - 15�C
was used based on 10 m borehole temperature of the Ward Hunt Ice Shelf (Jeffries, 1991)) and the
densities of water and ice so we do not include the results of those runs. The range of values for the
temperature of the ambient water above the freezing temperature, or thermal driving, (Tw �T f

w ) and
U were determined from the variation of observed properties from field measurements. Estimating
the appropriate range of possible values for Cd and G(T S) was more uncertain, given the paucity of
observations under ice shelves. We chose to test model sensitivity to these parameters using a range
values derived from observations under ice shelves and sea ice, varying Cd from 1 x 10�4 to 1 x
10�2 and GT S from 1 x 10�4 to 8 x 10�3 (McPhee, 1990; Shirasawa and Ingram, 1991; Holland and
Jenkins, 1999). Further investigation will be required to determine the most appropriate values for
Milne Fiord.

4.2.7 Ocean properties

To run the ice-ocean model we used conductivity-temperature-depth (CTD) profiles collected May
of 2011 and 2012, and July of 2013, 2014, and 2015 at the mooring site in Milne Fiord using a 6Hz
RBR XR-620 CTD (except in 2011 when a 4Hz SBE19+ was used). To investigate the influence
that the MIS had on melt rates in the fjord, we also run the model using profiles collected a few
kilometers off the seaward edge of the MIS (see Fig. 4.1) in the same year. In 2011 and 2012
the offshore profiles were collected as part of the SwitchYard Project (P.I. M. Steele, University of
Washington), while in all other years offshore profiles were collected as part of this study. Derived
variables were calculated using the TEOS-10 Gibbs Seawater Matlab Toolbox.

4.2.8 Ocean circulation

Water speeds were measured using an ice-anchored, downward-looking 300 kHz RDI acoustic
Doppler current profiler (ADCP) at the mooring site in May 2011, July 2012 and July 2013. We
calculated the time-averaged water speed over the duration of each deployment: 4, 7, and 10 days,
in 2011, 2012, and 2013, respectively. The current profile was consistent between each deployment
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so we calculated a time-average current profile over all years. The depth range of the ADCP was
limited to <100 m, so we estimate speeds below 100 m by assuming a constant speed with depth
equal to the measured average between 75 m and 100 m. Speeds are taken to represent the free-
stream current beyond the ice-ocean boundary layer. Finally, the vertical speed profile was assumed
to be uniform throughout the fjord and invariant in time, so the same averaged speed profile was
used every year.

4.2.9 Temperature timeseries

Theoretical considerations of thermodynamics at the ice-ocean interface suggest submarine melt
rate varies in proportion to the thermal driving of the ambient water (Holland and Jenkins, 1999; Jenk-
ins, 2011). To understand the variability of ocean temperature in Milne Fiord over time we deployed
an ice-tethered mooring deployed through the epishelf lake from May 2011 toJuly 2014. Thermis-
tors were suspended at 5 m, 25 m, 50 m, and 125 m depths. To calculate T f

w salinity is also required,
however we did not have salinity sensors moored at each depth for the full timeseries. Instead we
use the average salinity measured at each depth from all CTD profiles collected at the mooring site
between May 2011 and July 2015. The range of salinity then gives an estimate of uncertainty in the
calculation of T f

w . Salinity at 5 m, 25 m, 50 m, and 125 m depths varied by 0.1, 10, 6, and 2 g kg�1,
respectively. The saline coefficient of the freezing point in the TEOS-10 equation is approximately
-59 mK (g kg�1)�1, resulting in an error in the calculation of T f

w due to salinity variation of approx-
imately 0.001, 0.059, 0.035, and 0.012�C at 5, 25, 50, and 125 m, respectively. The largest error
in T f

w , at 25 m depth, was equal to approximately 10% the total variation in thermal driving at this
depth over the full timeseries.

4.3 Results

4.3.1 Milne Glacier grounding line

The Milne Glacier is presently grounded on a reverse-sloping bed at about 150 m depth, the bed
deepens upstream of the grounding line (Fig. 4.2). The glacier thins rapidly within the first 5 km
downstream of the grounding line and then tapers more slowly toward the terminus. We note the
aerial survey line flown by the 2014 Icebridge mission crossed over from the central ice stream of
the Milne Glacier to the highly fractured north-east and south-west ice streams so surface elevation-
derived thicknesses for some sections are highly variable (e.g. from 200 m to 5 km, and 10 km to
12 km). The DEM shown in Fig. 4.1 is better constrained with additional data and shows the cross-
fjord variability in the thickness of the MGT. Upstream of the grounding line the bed over-deepens
to 200 m below sea level within 2–3 km, and remains below sea level for 26 km inland (not shown).
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4.3.2 Glacier surface velocities

Glacier surface velocities showed substantial spatial variability and interannual variation from 2011
to 2015 (Fig. 4.3). From 2011 to 2015, glacier velocities averaged 100 m a�1 at the grounding
line, with a maximum of 150 m a�1 in 2011, and a minimum of 70 m a�1 in 2012. These values
are broadly consistent with the measured displacement of the ablation stake just upstream of the
grounding line (MG01), which showed an average displacement of 95 m just upstream of the
grounding line from 2012 to 2015 (Table ??). Downstream of the grounding line velocities of the
MGT generally decreased rapidly in the first 5 km to about 60 m a�1 and gradually slowed toward
the terminus. However, velocities and flow patterns in 2012 and 2013 were somewhat different,
with nearly uniform velocities of 60 m a�1 along the full length of the MGT in 2012, while in 2013
velocities were <25 m a�1 over most of the MGT. Ablation stake displacements on the MGT from
2012-2013 were anomalously high, with both MG02 and MG03 showing 290 m displacement over
that interval. Measurements from 2013 to 2015 showed a displacement of 60 m a�1, consistent
with the speckle tracking data in those years.

A review of available satellite imagery shows the main transverse fracture at the grounding
line, which is first apparent in 2006, grew and extended completely across the width of the central
ice stream by 2012, perhaps even 2011. This observation suggests that the MGT became partially
detached from the grounded glacier sometime during or prior to 2012. If so, this would help explain
the anomalous inter annual velocities for the MGT in 2012 and 2013, and suggest that the melt rates
calculated in these years must be viewed in with caution as the MGT was not in steady state.

4.3.3 Ocean properties

Annual CTD profiles revealed the vertical distribution of heat available to drive submarine melting
changes annually (Fig. 4.4). The strong salinity stratification in the fjord above 50 m depth, that
was not present in offshore profiles, was due to the MIS damming runoff within the fjord. The
nearly fresh surface waters (<15 m depth) indicated the presence of the epishelf lake. The epishelf
lake was associated with a near-surface temperature maximum between 5 m and 15 m depth, that
varied between 0.25�C and 2�C above freezing in 2011 and 2015, respectively. Offshore profiles
collected in July of 2013-2015 showed a slight surface freshening and warming due to sea ice melt,
but temperatures remained at the in situ freezing point from the surface to 30 m depth. Below 50
m depth properties in Milne Fiord were similar to properties offshore that year. The temperature
above freezing, or thermal driving, increased steadily with depth below 50 m, the heat supplied by
warm waters of Atlantic origin. Deep fjord water near the depth of the Milne Glacier grounding line
showed temporal variation in thermal driving of 0.5�C among years, 2013 had the lowest thermal
driving (0.9�C) at depth, while 2015 had the highest (1.4�C). Temperature changes above 50 m
and below 50 m were not correlated (e.g. in 2013 near-surface waters had the highest thermal
driving, while deep waters had the least of all years). The lack of correlation over depth suggests
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that surface waters are influenced by local surface conditions (i.e. air temperature, snow cover,
solar radiation, surface runoff), while deep waters are influenced by other processes (e.g. offshore
variation transmitted into the fjord by intermediary exchange flows). Some of the differences in
temperature among years, particularly near the surface, were due seasonal differences in the timing
of profiling so interannual trends should not be inferred from the results.

Measured ocean current speeds revealed flow in the fjord was weak and baroclinic, speeds
increased from around 1 cm s�1 near the surface to a maximum of 3 to 6 cm s�1 between 50-60 m,
then decreased below this depth to about 2 cm s�1 (Fig. 4.5). Tidal oscillations on the order of 2
cm s�1 accounted for a substantial portion of the flow speeds in Milne Fiord. However, the MIS
formed an obstacle to flow, limiting speeds to ⇠ 1 cm s�1 in the upper 25 m of the water column.
We have assumed constant flow below 100 m, however we acknowledge that other processes, such
as intermediary exchange below the MIS could lead to variable and potentially higher flow speeds
at these depths (Jackson et al., 2014b).

4.3.4 Ocean model sensitivity

The ice-ocean model shows a linear dependence on Tw �T f
w , U , and GT S, and a non-linear depen-

dence on Cd (Fig. 4.6). Estimated melt rates are most sensitive to values of Tw �T f
w and U , which

in our model are based on field observations. Tw�T f
w is known from CTD profiles while U is based

on ADCP measurements. We assumed the properties measured at the mooring site were represen-
tative of properties throughout the fjord. CTD transects collected at many sites throughout the fjord
(Chapter 2) have shown water properties to be relatively homogenous, so our values of Tw �T f

w are
fairly robust. However, we only have current speed measurements from a single location, and only
over the top 100 m, so horizontal or vertical differences in current speeds from those used in the
model could change the estimated melt rates accordingly. The model is slightly less sensitive to the
chosen values of Cd and GT S, however the values used here are based on other studies, so further
observations are required to validate their use in this system. This study is most concerned with the
effect of depth variation of ocean properties on the vertical distribution of melt rates, so although the
actual magnitude of the melt rates calculated have some degree of uncertainty, the relative changes
with depth are based on field observations and should be fairly robust. We reiterate that the results
of the model must be interpreted with proper consideration of above uncertainties.

4.3.5 Submarine melt rates

Width-averaged MGT melt rates

Width-averaged submarine melt rates calculated by the divergence of ice flux and the ocean thermo-
dynamic model along the length of the MGT for 2011 to 2015 are shown in Fig 4.7. The MGT thins
rapidly from 150 m depth to <75 m depth within the first 2.5 km downstream of the grounding line,
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then thins more gradually toward the terminus where the ice is <10 m thick. The bottom profile of
the MGT is similar to that of other glacier tongues in Greenland (Rignot et al., 2001). Melt rates
calculated by both methods showed a similar pattern of high melt rates averaging ⇠4 m a�1 within
the first 2.5 km downstream of the grounding line, then decreasing to near zero within 5 km. The
ice-ocean model indicated a slight increase in melt rate near the terminus, while the ice flux model
did not. There was an ⇠1 m a�1 difference in melt rate between the two methods over the mid-
portion if the glacier tongue. Given the assumption inherent in each method it is difficult to quantify
the uncertainty in the absolute accuracy of the calculated values, however the offset is likely within
error limits. In 2012 and 2013 high variability in ice surface velocities along the MGT suggested the
glacier may not have been in steady state, and the values estimated by the ice flux method in those
years may not be reliable. Overall, the two method show general agreement in both the magnitude
and distribution of melt along the glacier tongue, and relatively little interannual variation (with the
noted exception of 2012 and 2013).

4.3.6 Area-averaged melt rates

Annual area-averaged submarine melt rates for the MGT and MIS from 2011 to 2015 calculated
using the grounding line flux, divergence of ice flux, and the ice-ocean model are shown in Table
4.3. The average melt rates for the MGT calculated by the grounding line flux method and the
divergence of ice flux method each year are comparable, showing <1 m a�1 melt, and possible
net ice accretion in some years (negative melt rates). In contrast, the ice-ocean model results are
consistently higher, showing a total average melt rate of 1.6 m a�1 for the MGT. Average melt rates
calculated by divergence of ice flux and the ice-ocean model over the first 2.5 km downstream of
the grounding line are consistently higher, averaging 3.5 m a�1. Annual melt rates for the first 2.5
km calculated by the divergence of ice flux method are quite variable, ranging from a maximum of
6.0±1.9 m a�1 in 2011, to a minimum of 0.9±0.3 in 2012, owing to the difference in ice surface
velocities in those years. Neglecting 2012 and 2013, when velocities of the MGT may have been
anomalous due to a partial detachment from the glacier, gives an average melt rate for the first 2.5
km of the MGT of 5 m a�1. Submarine melt rates calculated by the ocean thermodynamic model
for the MIS averaged 1.4 m a�1 over all years with only 0.2 m a�1 variation among years.

4.3.7 Spatial distribution of melt rates

The spatial distribution of submarine melt rates in Milne Fiord from 2011 to 2015, calculated from
the ice-ocean model using the CTD profiles acquired at the mooring site are shown in Fig. 4.8).
Melt rates are spatially heterogenous in both the magnitude and interannual variability. Thermo-
dynamic melt models predict a linear or quadratic dependence of melt rates with thermal driving
(Holland and Jenkins, 1999; Jenkins, 2011), and consequently the vertical distribution of heat in
Milne Fiord results in melt rates that vary vertically over the water column. The melt rate is thus
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largely dependent on ice draft (see the Discussion for a consideration of other processes that influ-
ence melt rate). High melt rates occur where the ice is thick and penetrates deep into warm AW
(e.g. the Milne Glacier grounding line and Outer Unit of the MIS), and where the ice is quite thin
(<15 m deep) and in contact with warm water of the epishelf lake (i.e. along the margins of the
epishelf lake). At mid-depths, for ice drafts between approximately 25 m and 60 m, the melt rate
is generally lower (<1 m a�1), but shows more interannual variability. The Central Unit of the
MIS shows a high degree of both spatial and interannual variability. The spatial variability is due
to the heterogeneity of ice thickness across the unit, owing to its composite origin of marine ice
accretion and input from tributary glaciers. Much of the ice of the Central Unit is between 30 m
and 50 m thick and shows much more interannual variability than the >80 m thick ice of the Outer
Unit. The variability is caused by the high current speeds at 50 m depth (Fig. 4.5) amplifying the
effects of small temperature variations at these depths (Fig. 4.4), leading to pronounced differences
in calculated melt rate for ice with a draft around 50 m.

The influence of the MIS and the epishelf lake on submarine melting in Milne Fiord is apparent
in the results of the ice-ocean model run using profiles acquired outside the fjord (Fig. 4.9). Similar
to the model run using the mooring profile, melt rates are consistently high where the ice is thick and
in contact with AW. However, where ice is very thin melt rates are low compared to the model run
with the mooring CTD profile. A comparison between melt rate calculated from the mooring CTD
profile versus the offshore CTD profile are shown in Figure 4.10, revealing the highest melt rate
anomalies occur where the ice is thin. This is evidence that the presence of the MIS, and its effect
on the water column structure within the fjord results in higher near-surface melt rates than would
otherwise be expected if the ice shelf was not present. The Central Unit of the MIS also shows a
high melt rate anomaly in 2012. This due to the substantial difference in salinity, temperature, and
thermal driving down to 40 m depth between the mooring CTD profile and the offshore CTD profile
that year (Fig. 4.4).

We note that the high near-surface ablation rates calculated using the mooring profile are only
valid where the water column structure and flow speeds are well represented by measurement taken
at the mooring site. CTD profiles acquired throughout the fjord indicate water properties are similar
everywhere landward of the Outer Unit, including under the Central Unit (Chapter 2 and 3). No
profiles have been acquired through the Outer Unit, the water properties here are unknown. Some-
where below the Outer Unit water properties of the upper water column must transition from having
characteristics similar to the mooring site, with a strong stratification and an elevated heat content,
to having characteristics similar to offshore, where the near-freezing surface mixed layer extends to
30–50 m depth. It is therefore uncertain whether melt rates estimated for the relatively thin portions
of the Outer Unit (i.e. along the re-healed fracture and just to the south of the western extreme
of the fracture) are best represented by those calculated using the mooring profile or the offshore
profile. In general, melt rates for the Outer Unit are best represented by those calculated using the
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offshore profile (Fig. 4.9), while melt rates for the Central Unit and MGT are best represented by
those calculated using the mooring profile (Fig. 4.8).

4.3.8 Thermal driving depth-dependence

In Figure 4.11 the variability of thermal driving over 3-years at different depths is shown. The wa-
ters of the epishelf lake, at 5 m depth, showed the highest average thermal driving and the greatest
magnitude of variation, with seasonal increases >2�C. This seasonal variation was due to inflow
of relatively warm meltwater and solar heating. Waters at 25 m depth showed an abrupt increase
of 0.5�C in June 2011, then a long-term gradual decrease over the remaining 3 years of the record,
with very little seasonal variation. The flow of water at this depth was largely restricted by the MIS,
and was influenced by the accumulation of subglacial runoff within the fjord and its slow drainage
under the ice shelf. Water at 50 m depth had the lowest thermal driving and the least interannual
variability. At this depth the flow of water under the ice shelf was less restricted and had character-
istics of the surface mixed layer of the Arctic Ocean. At 125 m depth there was substantial seasonal
and short-term (days to weeks) variation in thermal driving, with annual variation of 0.5�C. Water
as this depth was at the interface between Polar Water and Atlantic Water, and the variation was
likely representative of offshore depth variation of the main Arctic halocline being transmitted into
Milne Fiord under the MIS. Overall, the records indicated a strong depth-dependence on both the
magnitude and variability of thermal driving in Milne Fiord, that could substantially alter subma-
rine melt rates over time. The variability of thermal driving at 125 m is of particular interest, as this
record is representative of changes in thermal driving of waters in contact with the grounding line
of the Milne Glacier.

4.4 Discussion
Submarine melt rates are determined by the heat content and circulation of ocean waters in contact
with ice. We have shown that the heat content in Milne Fiord varies with depth, and the spatial
distribution of melting in the fjord is therefore largely dependent on ice thickness. The heat content
in Milne Fiord has a bimodal distribution, with a near-surface maximum in the epishelf lake, and a
gradient toward a deeper maximum in the Atlantic layer, and this has repercussions for the vertical,
and thus spatial, distribution of melting in the fjord.

4.4.1 Grounding line melt

Unsurprisingly, melt rates are highest near the Milne Glacier grounding line, a finding consistent
with other studies of submarine melting of glacier tongues and ice shelves (Rignot et al., 2001; Rig-
not and Steffen, 2008). The average melt rates calculated within 2.5 km of the Milne Glacier ground-
ing line are substantially less than those estimated near the grounding lines of other glacier tongues
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in Greenland. Rignot et al. (2001) estimated melt rates between 22 m a�1 and 26 m a�1 within
10 km of the grounding line for six glaciers with ice tongues in northern Greenland. However, the
depths of the glacier grounding lines surveyed in Rignot et al. (2001) ranged from 460 to 650 m,
so the combined effect of the pressure-induced depression of the freezing point and the increase of
temperature of the Atlantic water with depth (to a maximum between 300 m and 800 m; Carmack,
1990) means that thermal driving generally increases with depth in the Arctic, and the higher melt
rates for the thicker glaciers in Greenland are expected.

Although Milne Glacier appears to have a substantially lower melt rate than Greenland coun-
terparts, the melt could still cause retreat of the grounding line if basal melt is greater than surface
accumulation and dynamic thickening. Retreat of the grounding line into deeper water could in-
crease ice flux, and increase the glacial contribution to sea level. Neglecting other effects, if the
average basal melt rate of 5 ± 2 m a�1 induces an equivalent thinning of the glacier this could cause
the grounding line to retreat approximately 400 ± 200 m a�1 given the glacier surface slope (1.5%
from 2014 Icebridge ATM data) and bed slope (-3% from MCoRDs data). The appearance in 2013
of new transverse fractures a few hundred meters upstream of the previous hinge fracture suggested
the grounding line has retreated. The average rate of basal melt at the grounding line is fives times
greater than the estimated surface melt rate for the fjord, suggesting basal melt is a major factor in
retreat of the grounding line. The contribution from dynamic thinning, however, remains unclear.

The Milne Glacier is a suspected surge-type glacier (Jeffries, 1984; Copland et al., 2003), and
the differences in surface velocities recorded at the grounding line between 2011 and 2012 may
indicate the end of a surge cycle, which in the QEI are characterized by quasi-periodic fast flows
(7–15 years), followed by periods of slow flow (30–40 years; Van Wychen et al., 2016). Recent
evidence also suggests the existence of ‘pulse’ type tidewater glaciers, which are characterized by
brief periods of accelerated motion (2–5 years) (Van Wychen et al., 2016). In addition, the possible
detachment of the MGT from the glacier suggest the melt rates calculated by the divergence of ice
flux method at the grounding line in 2012 and 2013 are artifacts of unsteady dynamics. The lack of
oceanographic data for the fjord before 2011 means it is unclear what role changes in ocean forcing
may have had in influencing glacier dynamics prior to this time.

4.4.2 Near-surface melt

The enhanced near-surface melt rates in Milne Fiord due to the strong heat and salt stratification
created by the MIS dam are a unique feature of this fjord. Seasonal warming of surface waters from
solar radiation and runoff are expected in other glacial fjords, and may lead to seasonally enhanced
near-surface melting, however the effect is transient as surface waters return to near-freezing during
winter. In contrast, the strong stratification in Milne Fiord is present year-round, and temperatures
remain well above above freezing even in mid-winter (e.g. almost 3�C above freezing at 5 m in
January 2013; Fig. 4.11), so there is sufficient heat available to drive near-surface melting in Milne
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Fiord all year. Melting during winter could account for a significant portion of the total annual
near-surface melt in Milne Fiord. It is important to note that the calculated melt rates assume steady
state ice thickness. Melting and thinning of ice over time will substantially alter the melt rate over
time for ice drafts less than 20 m due to the strong gradients in thermal driving near the surface.

The elevated heat content of the upper water column in Milne Fiord is due to the existence of the
MIS. The effect of the MIS was shown by the lower near-surface melt rates calculated when the ice-
ocean model was run with the profiles collected offshore. Using the offshore profile was analogous
to removing the MIS and its influence on the water properties of the fjord, as free-exchange at the
fjord mouth would mean surface properties within the fjord would be very similar to those offshore.
Surface temperatures in the Arctic Ocean remain close to the freezing point down to the base of the
mixed layer (30-50 m depth) year-round. The year-round enhanced near-surface melt rates in Milne
Fiord are then entirely dependent on the presence, and structural integrity, of the MIS dam.

MIS melting

Enhanced near-surface melting in Milne Fiord means the MIS may be contributing to its own
demise. Elevated melt rates of the inner margin of the Central Unit of the MIS are owing to its
contact with the epishelf lake, whose existence is dependent upon the integrity of the MIS. Analysis
of satellite imagery reveals the southern edge of the MIS retreated northward in recent years, and
the Central Unit has undergone widespread fracturing and calving (Chapter 3). Our results suggest
that weakening and retreat of the southern edge of the Central Unit, is due, in part, to submarine
melting (likely in combination with mass loss from surface ablation). This observation also suggests
a mechanism for the formation of the epishelf lake, something not explicitly addressed in previous
studies (Jeffries, 1984; Mortimer et al., 2012; Chapter 3). The epishelf lake is thought to have ex-
panded as a region of the MIS, known as the Inner Unit, was replaced with freshwater lake ice.
We have provided evidence that indicates enhanced submarine melting of the ice shelf, driven by
trapped surface runoff behind the ice shelf, was a plausible mechanism for the retreat of the ice shelf
margin, and the expansion of the epishelf lake. The melt rate for regions of the MIS with a draft
less than 35 m showed a 50% increase when the ice-ocean model was run with the mooring profile
compared to the offshore profile, highlighting the impact of the ice dam on melt rates in the fjord.
Continued melting induced by the epishelf lake could eventually lead to a compromise of the MIS
dam, and a loss of the epishelf lake.

We estimated a surface ablation rate of 0.78 m a�1 in Milne Fiord and an areal average basal melt
rate for the MIS of 1.4 m a�1, indicating basal melt accounted ⇠64% of total melt between 2011 and
2015. This is similar to the estimate of Mortimer et al. (2012) who suggested submarine melting
may have accounted for ⇠73% of the overall thickness change of the MIS over the period 1981 -
2009. Longer-term surface mass balance records from the Ward Hunt Ice Shelf show that surface
melt increased substantially in recent years, from 0.08 m a�1 between 1989-2003, to an average of
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0.5 m a�1 between 2002-2005 (Braun et al., 2004; Mueller et al., 2006). These observations are
consistent with the dramatic regional increases of surface mass loss across the CAA over the period
2003 to 2009 (Gardner et al., 2011; Gardner et al., 2013). The general trend suggests that although
submarine melting appeared to have been the dominant factor in thinning of the ice shelves in past
decades, surface melt has become an increasingly important factor in the past decade.

The rapid increase in surface melt over the past decade suggests changes in basal melt should
also be considered. Our 4-year study is too brief to identify a long-term trend in basal melt rate for
the MIS, but we did find interannual variability in the spatial distribution of melting. This was due to
both local changes in the water column in Milne Fiord, driven largely by annual variation in runoff,
but also changes in the properties of ambient source waters offshore. Jackson et al. (2014a) showed
that the water column structure in the Lincoln Sea, north-east of Ellesmere Island, from 1991 to
2012 varied yearly owing to the complex circulation in the region. The region is a bifurcation
point, where waters from the Canadian and Eurasian Basins flow toward Nares or Fram Strait, or
are advected westward along the continental shelf. Minor shifts in circulation patterns therefore
substantially altered the water properties along northern Ellesmere Island. How regional circulation
patterns influenced basal melt rate of ice shelves along northern Ellesmere Island in the past, and
how future circulation and water column changes may in the future is worthy of further investigation.
Although this is beyond the scope of the present study, what is apparent is that ocean-driven melt
rates in Milne Fiord are influenced by a variety of factors over a range of spatial and temporal scales.

4.4.3 Circulation in Milne Fiord

One of the key factors in determining melt rates is ocean circulation. The water column in Milne
Fiord has sufficient thermal driving to induce melt rates substantially higher than those estimated
here, however the transfer of heat to the ice boundary appears to be limited by relatively weak
currents. The main factors driving circulation in a typical ice covered fjord are tides, intermediary
exchange, and buoyancy-driven flow from freshwater discharge at the head of the fjord. Below
an ice shelf or glacier tongue, additional thermohaline processes can also drive circulation. Milne
Fiord is somewhat atypical, in that regardless of the forcing, the MIS impedes flow in the upper
water column. However, below the draft of the MIS, we expect the main drivers of circulation are
the same as a typical fjord. ADCP records showed that tidal flows below 80 m, deeper than the draft
of the MIS, were on the order of 2 cm s�1. Lacking observations of current speed below 100 m
depth we therefore estimated a constant speed of 2 cm s�1. But what are the potential contributions
of intermediary exchange and buoyancy-driven circulation to flow speeds at depth?

We can obtain a rough idea of the significance of buoyancy-driven flow by using a simple model
of estuarine circulation. To do so, we assume a simple 2-layer return flow driven by the release of
freshwater at the head of the fjord. Although recent studies, including this one, have shown that cir-
culation in glacial fjords is more complex than a simple 2-layer model (Straneo and Cenedese,
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2015), the exercise is still useful in providing a conceptual understanding of the magnitude of
buoyancy-driven flow as a factor in fjord circulation. We assume freshwater input at the head of
the fjord drives an outflowing surface layer with an inflowing bottom layer. From a considera-
tion of the steady state salt and volume continuity of a fjord, and neglecting diffusion, Knudsen’s
hydrographical theorem provides an estimate of the volume flow in the upper and lower layers

Q1 =
Q f w

S2
S1
�1

(4.6)

and
Q2 =

Q f w

1� S1
S2

(4.7)

where Q1, S1 and Q2, S2 are the volume flows and salinities of the upper and lowers layers, respec-
tively, Q f w is the freshwater (assumed zero salinity) discharged at the head of the fjord. We can
therefore estimate volume flow in the two layers from CTD profiles of salinity and an estimate of
Q f w. In a glacial fjord Q f w = Qs f +Qb, where Qs f is freshwater runoff from surface melt and Qb is
freshwater input from basal submarine melt. In reality, a portion of surface melt enters the fjord at
the surface, and feeds the epishelf lake, while the remainder enters the fjord at depth at the bed of
the glacier. However, for the purpose of this estimate we will use the combined total to understand
the influence of total runoff on driving estuarine circulation.

We estimate Qs f from regional surface mass loss for the CAA from 2006-2009 (Gardner et al.,
2011). Applying an average loss of 310 kg m�2 a�1 over the 1108 km2 glaciated area of the MG
catchment gives an annual average runoff of 3 x 108 m3 a�1, equivalent to 12 m3 s�1, or 73 m3 s�1

if only averaged over the 2 month melt season.
The other source of freshwater at the head of the fjord is submarine melting of glacial ice near

the grounding line. The average melt rate within 2.5 km of the grounding line was 3.8 m a�1 over
all years, equating to roughly 4 x 107 m3 a�1 of freshwater input from submarine melt. Submarine
melt therefore accounts for only 10% of the total freshwater input at the head of the fjord, 90%
originates as surface runoff.

Based on salinity and velocity profiles we estimate the upper layer is between 30 and 60 m
depth, and the lower layer is between 60 and 260 m depth (the sill depth). The average salinities
at these depths give S1 = 30 g kg�1 and S2 = 33 g kg�1. Inputting the above values into Eq. 4.7
results in upper and lower layer volume flows on the order of 100 m3 s�1. Assuming a rectangular
cross-section equal to the height of each layer, and a fjord width of 5 km, gives estimated current
speeds of <<1 cm s�1. Even if Q f w is an order of magnitude greater, the estimated current speeds
are still <1 cm s�1. It therefore appears unlikely that the small volume of freshwater discharged
into Milne Fiord will drive strong fjord-scale currents, and may therefore play only a minor role
in determining average melt rates across the fjord. While subglacial discharge could induce high
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melt rates at the grounding line, we expect the effect will be localized along subglacial discharge
channels and limited to the brief summer melt season. Similarly, outflow along the basal channel
in the MIS may enhance local melt rates in the channel, but the effect on fjord-scale circulation is
small given the slow export over several months.

Another process that could enhance flows in Milne Fiord is intermediary exchange below the
MIS. Jackson et al. (2014b) observed frequent velocity pulses that exceeded 50 cm s�1 in the upper
200 m of Sermilik Fjord, Greenland, lasting several days between September and May 2011-2012.
The pulses were largely attributed to wind-driven upwelling along the continental shelf setting up
baroclinic exchange between the fjord and the continental shelf. The authors suggested that glacier
melt rates could vary substantially throughout the year as a result. Similarly, Stigebrandt (1990)
found externally forced baroclinic exchange driven by density fluctuations at fjord mouth was an
order of magnitude higher than tidal or estuarine flow in a Scandinavian fjord.

Although we lack long-term current measurements at depth that can directly address variability
in flow due to offshore exchange, we can obtain a first order estimate of exchange flow in Milne
Fiord from changes in isotherm depths from the multiyear temperature timeseries presented in Chap-
ter 2. Those observations showed that isotherms around 125 m depth varied by up to 50 m depth
over the course of several days. If the change in height of the isotherm was uniform throughout
the inner ⇠66 km2 of the fjord, this is equivalent to an inflow volume of 3 x 109 m3. Immediately,
we see this is an order of magnitude larger than the total annual freshwater inflow from surface and
submarine melting. If we assume the inflow of water occurred over a depth of 200 m across the 5
km width of the fjord, and occurred over 5 days, this would have resulted in an average inflow speed
on the order of 1 cm s�1, although peak flows could be substantially higher. This is an admittedly
crude calculation, but it does suggest that intermediary exchange flow is of the same order of mag-
nitude as tidal flow, and further investigation is this process is required to accurately estimate basal
melt rates in Milne Fiord.

In summary, it appears that tidal and intermediary exchange are important drivers of circulation
in Milne Fiord over most of the year. Thermohaline circulation in the ice cavity is a factor that we
have not addressed here, but will discuss further in the next section. It is likely that buoyancy-driven
flow from subglacial discharge is an important factor in determining localized melt rates in summer,
but does not appear to play a large role in fjord-scale circulation and can assumed to be negligible
over most of the year. Overall, melt rates are then largely determined by tidal and intermediary
exchange flows and the thermal driving of the ambient water column.

4.4.4 Future work

The thermodynamic melt model used here was based on the assumption that water properties and
currents speeds were uniform throughout the fjord, and that physical parameterizations of heat trans-
fer through the ice-ocean boundary layer based on observations below a single Antarctic ice shelf
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were appropriate for Milne Fiord. Clearly, this is a substantially oversimplified view of the fjord
and the results of the melt model presented here must be viewed in this context, as a useful first
attempt that can inform future studies.

There are several improvements that could be made to the ocean melt model. First, circulation
under the glacier tongue (and ice shelf) can be driven by the thermohaline differences which result
from mass and energy exchange at the ice-ocean interface. This process has been modelled using a
one-dimensional flow-line model based on buoyant plume theory, where the rising plume along the
ice base is treated as a turbulent gravity current initiated at the grounding line, by a flow of subglacial
water or in situ melting (Jenkins, 1991; Jenkins, 2011). The subsequent evolution of the plume as
it ascends along the ice base has been used to explain the observed distribution of melting and
freezing along several ice shelves in Antarctica and glacier tongues and tidewater glacier faces in
Greenland and Alaska (Jenkins, 1991; Jenkins, 2011). However, given the complex ice topography
and bathymetry of Milne Fiord, circulation may be best derived from 3-dimensional numerical
modelling, as has been done for other tidewater glacier fjords in Greenland (Xu et al., 2012; Kimura
et al., 2013; Sciascia et al., 2013; ; Xu et al., 2013; Cenedese and Linden, 2014). A numerical
modelling approach is likely required for Milne Fiord because melt rates for the MIS are also of
interest, and the complex ice topography may defy reduction to a one- or two-dimensional model.
Three-dimensional numerical models, however, still rely on turbulent transfer and drag coefficients
that have not been validated for these systems, so it is apparent that further observations are needed.

In this study we chose to use the two-equation formulation of ice-ocean thermodynamics rather
than the three-equation formulation, due primarily to the error that a linearization of the freezing
point equation would introduce across the large salinity range in Milne Fiord. However, in doing
so the effects of salinity stratification below the ice, both ambient stratification and that induced by
melting at the ice base, have largely been neglected. The value of the combined turbulent transfer
coefficient for heat and salt (GT S) does in theory account for this, however it was validated below
an Antarctic ice shelf, where ambient stratification is much less than that observed in Milne Fiord
(Jenkins et al., 2010). Although Jenkins et al. (2010) emphasized that there was no difference in the
fit between calculated and observed ablation rates using the two-equation formulation compared to
the three-equation formulation for their limited set of measurements, they do state that the three-
equation formulation is likely the best parameterization to use over a broader range of oceanographic
conditions given its explicit treatment of salt transfer through the boundary layer. A comparison of
melt rates calculated between the two- and three-equation formulations for the conditions observed
in Milne Fiord would be a useful avenue for future research. Fundamentally, however, improve-
ments to the accuracy of derived melt rates from measured ocean properties can only come with
validation against direct observations.

Although the actual magnitude of melt rates calculated using the ice-ocean model must be
viewed with caution given the limitations to the model discussed above, the depth-dependence is
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likely a robust finding. Thermodynamic melt models predict a linear or quadratic dependence of
melt rates with thermal driving (Holland and Jenkins, 1999; Jenkins, 2011), and the vertical dis-
tribution of heat in Milne Fiord indicates melting will vary substantially over the water column.
Variations in the vertical and horizontal distribution of melt, assuming values of Cd and G(T,S,T S)

are constant throughout the fjord, is therefore dependent on the spatial variation in thermal driving
and current speed. Current speeds are the least well constrained of these two measurable variables,
and suggests these would be a valuable focus for future field studies. In particular, current speeds at
the grounding line of the Milne Glacier could be substantially higher in the vicinity of a subglacial
discharge channel, potentially leading to much higher melt rates in localized regions. In addition,
current speeds at the base of the MGT, and along the basal outflow channel in the MIS, could be
higher and result in higher melt rates at these locations.

4.5 Summary and conclusion
We have estimated submarine melt rates in Milne Fiord using independent methods, including a
divergence of ice flux model and an ocean thermodynamic model. Melt rates calculated by both
methods were broadly consistent, and revealed a depth-dependence. This was related to the vertical
distribution of heat in the fjord and vertical velocity variation. The depth-dependence created spatial
heterogeneity of melt rates owing to the variability of ice thickness in Milne Fiord. Melt rates were
highest where thick ice penetrated into warm AW, including at the grounding line of the Milne
Glacier and below the Outer Unit of the MIS. The ice-ocean model also predicted enhanced near-
surface melt rates within the fjord caused by the elevated heat content of the highly stratified waters
dammed by the MIS. We found substantial interannual and spatial variability of melt rates around
the Central Unit of the MIS, caused by its mean draft being at the depth of maximum current speeds,
so minor variations in thermal driving caused large changes in melt rate.

This study provides the first direct estimates of submarine melt rates for an ice shelf or tidewater
glacier in the Canadian Arctic Archipelago. The oceanography of glacial fjords in the CAA is in
general poorly known. If an effort is made to understand or predict how ocean forcing influences
tidewater glaciers in the region, measurements of thermal driving, which are relatively easy to ob-
tain by CTD profiling, must be accompanied by observations of circulation patterns, which require
sustained, long-term monitoring. In Milne Fiord, tidal flows and intermediary exchange appear to be
the main drivers of circulation, however as surface meltwater production increases, buoyancy-driven
circulation may be an increasingly important factor. Although these findings are generally transfer-
able to other fjords in the region, we expect different fjords will respond in different ways owing to
variations in bathymetry, ambient stratification, the magnitude and seasonality of meltwater input,
ice-cover, and glacier dynamics.

Milne Fiord contains the last intact ice shelf along the northern coast of Ellesmere Island, retains
one of only a few floating glacier tongues in the Arctic, and the last known epishelf lake in the
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Northern Hemisphere. Our results have revealed that the evolution, and eventual fate, of these
features is interlinked. The MIS impounds freshwater within the fjord, which enhances melt rates
within the fjord, which in turn is leading to a thinning and erosion of the MIS. The thinning of the
MIS could eventually contribute its own demise, and the subsequent loss of the epishelf lake. The
loss of the epishelf lake will reduce submarine melting along the margins of the MGT, however,
the associated loss of perennial lake ice cover that has been observed with the loss of other epishelf
lakes (e.g. in Disraeli Fiord; W. Vincent, pers. comm.), would likely result in increased calving of
the Milne Glacier. As the Milne Glacier is currently grounded on a reverse-sloping bed, increased
calving could result in further grounding line retreat into deeper water, further enhancing submarine
melting, and accelerated glacier flux to the ocean.
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4.6 Tables

Table 4.1 Annual horizontal displacement of ablation stakes on the Milne Glacier.

Stake Latitude* Longitude* Time Interval Displacement
Name (�N) (�W) (m)
MG01 82.438880 -80.234604 07/2012 - 07/2013 99

07/2013 - 07/2014 94
07/2014 - 07/2015 93

MG02 82.463561 -80.429472 07/2012 - 07/2013 288
07/2013 - 07/2014 64
07/2014 - 07/2015 61

MG03 82.528931 -80.673765 07/2012 - 07/2013 295
07/2013 - 07/2014 63
07/2014 - 07/2015 na

* Positions are given at the time of ablation stake installation in July 2012.
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Table 4.2 Values of physical constants and parameterizations used in ocean thermodynamic ice shelf ablation
model.

Symbol Value Units Description
ri 900 kg m�3 Density of ice
Li 334 000 J kg�1 Latent heat of fusion of ice
rw 1024 kg m�3 Density of seawater
cw 3974 J �C�1 kg�1 Specific heat capacity of seawater
ci 2009 J �C�1 kg�1 Specific heat capacity of ice
Ti -15 �C Internal ice shelf temperature
Cd 0.01 Drag coefficient
G(T S) 0.006 Turbulent transfer coefficient

Table 4.3 Submarine melt rates (m a�1) in Milne Fiord from 2011 to 2015.

Grdln flux Divergence of ice flux Ocean therm. model
Year MGT MGT MGT MGT MGT MIS

(2.5 km) (2.5 km)
2011 0.2±0.4 0.6±2.5 6.0±1.9 1.2±1.1 3.0±1.3 1.2±0.8
2012 0.0±0.4 -0.2±0.5 0.9±0.3 1.5±1.1 3.3±1.4 1.6±0.8
2013 -0.2±0.3 -0.1±1.4 3.0±0.9 1.7±1.0 2.6±1.0 1.6±0.7
2014 0.0±0.3 0.3±2.0 4.6±1.4 1.6±1.3 3.3±1.6 1.1±0.8
2015 0.2±0.4 0.2±1.9 4.4±1.7 2.2±1.6 3.7±1.8 1.3±1.0
The three methods used to calculate submarine melt rates are the grounding line flux,
the width-averaged divergence of ice flux, and the ocean thermodynamic melt model.
Values reported are area-averaged for the entire Milne Glacier tongue (66 km2),
the first 2.5 km downstream of the grounding line where melt rates are highest, and
the Milne Ice Shelf (215 km2). One standard deviation is shown.
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4.7 Figures
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Figure 4.1 Map of Milne Fiord. In A) locations of ocean profiles (coloured circules) collected between 2011
and 2015 are overlain on a RADARSat-2 image acquired in January 2015. Note that profiles were collected
at the mooring site (black triangle) in Milne Fiord in all years. Labeled features include the Milne Glacier
(MG), the Milne Glacier tongue (MGT), the Milne Fiord epishelf lake (MEL), the Milne Ice Shelf (MIS),
and multiyear land-fast sea ice (MLSI). The grounding line of the Milne Glacier is shown in red. B) Digital
elevation model of ice draft in Milne Fiord. Grey area indicates thin (⇠1 m) epishelf lake ice.
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Figure 4.2 Surface and bed elevations along a profile of the MGT. Data are from the NASA IceBridge 2014
aerial survey, with surface elevations (thin solid line) from the airborne topographic mapping (ATM) and
bottom elevations (thick solid line) from the Multichannel Coherent Radar Depth Sounder (MCoRDS). The
position of the grounding line is the point of first hydrostatic equilibrium of the ice where the thickness
calculated from the surface elevation (dashed line) crosses that measured by the MCoRDs. Note the aerial
survey line crossed over from the central stream of the Milne Glacier to the highly fractured north-east
tributary stream ⇠100 m downstream of the grounding line for 5 km, so surface elevation-derived thicknesses
along this section are variable and are not representative of the central ice stream.
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Figure 4.3 Surface ice speed for the Milne Glacier from 2011 to 2015. The model domain used for area-
averaged basal melt calculations for the MGT (shown in Fig. 4.7) is marked by the black line. Velocity data
is reproduced with permission from Van Wychen et al. (2016).
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Figure 4.4 Profiles of A) Absolute Salinity (SA), B) in situ temperature (Tw), and C) temperature above
freezing (Tw �Tf ) in Milne Fiord from 2011 to 2015. Solid lines indicate profiles collected in Milne Fiord at
the mooring site, dotted lines are profiles collected offshore (see Fig. 4.1 for locations).
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Figure 4.5 Time-averaged current speeds in Milne Fiord. Profiles were collected at the mooring site using
an 300 kHz ADCP in May 2011, and July of 2012 and 2013. Input to the ice-ocean model is the average
observed velocity from all years from 1 to 100 m depth (solid black line), and an extrapolated velocity below
100 m (dashed black line).
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Figure 4.6 Melt rate dependence on the A) thermal driving (Tw �T f
w ), B) mixed layer speed (U), C) drag
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the depth-integrated average of the velocity profile shown in Fig. 4.5.
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Figure 4.7 Area-averaged submarine melt along the length of the MGT for years 2011 to 2015. Cross-fjord
average A) ice draft, B) ice speed, C) ice flux, and D) submarine melt rate vs distance from the Milne Glacier
grounding line. The domain used for calculation is shown in Fig. 4.3. Lines in B), C), & D) are coloured by
year. Shown in D) are the submarine melt rates calculated by the divergence of ice flux method (solid lines)
and the ocean thermodynamic method (dashed lines) for each year.
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Figure 4.8 Submarine ice melt rates in Milne Fiord from 2011 to 2015 calculated using the ocean thermody-
namic model based on ocean profiles collected at the mooring site in the fjord. The grey area indicates the
area of the epishelf lake where melt rates were not calculated.
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Figure 4.9 Submarine ice melt rates in Milne Fiord from 2011 to 2015 calculated using the ocean thermody-
namic model based on profiles collected offshore. The grey area indicates the area of the epishelf lake where
melt rates were not calculated.
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Figure 4.10 Difference in submarine ice melt rates in Milne Fiord from 2011 to 2015 calculated using the
ocean thermodynamic model between profiles collected at the mooring site in the fjord versus profiles col-
lected offshore. The grey area indicates the area of the epishelf lake where melt rates were not calculated.
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Figure 4.11 Variation in thermal driving (Tw �T f
w ) over from May 2011 to July 2014 at A) 5 m, B) 25 m,

C) 50 m, and D) 125 m depths. The y-axes scales are equal in B), C) and D), allowing for direct comparison
of the magnitude of variability at these depths, although the origins are offset. The y-scale in A) is different
given the substantially larger variation.
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Chapter 5

Conclusions

5.1 Summary
This thesis has demonstrated the importance of ice-ocean interactions in determining the water
properties and circulation in a glacial fjord. Field and analytical methods were used to describe
the spatial and temporal variation of water column structure, circulation, and submarine melting
in Milne Fiord between 2011 and 2015. The thesis began by setting the geophysical context of
the fjord, then provided a general description of the horizontal and temporal variation of water
properties and how they were influenced by interaction with ice. Next, factors influencing the
seasonal and long-term dynamics of the Milne Fiord epishelf lake, the last remaining epishelf lake
in the Arctic, were investigated. Finally, the magnitude and spatial variations of submarine melt rate
of an ice shelf and glacier tongue were estimated.

Chapter 2 provided an overall description of the geophysical and oceanographic properties of
Milne Fiord. By undertaking an extensive field study I was able to produce the first comprehensive
map of both the ice topography and bathymetry over the entire fjord. This provided the critical
context in which the oceanographic observations could be interpreted. The vertical distribution of
water masses in the fjord reflected the general structure of the adjacent Arctic Ocean, consisting of
Polar Water above Atlantic Water. However, I found that the Milne Ice Shelf had a profound impact
on both the vertical structure and circulation in the fjord. Inflow of freshwater at the surface was
trapped by the ice shelf, creating the epishelf lake, while upwelling of subglacial runoff created an
intermediate layer termed fjord-modified water. Export of fjord-modified water was restricted to a
narrow basal channel in the ice shelf, resulting in a prolonged (by several months) drainage from
the fjord over winter. This effectively de-coupled the timing of freshwater export from the seasonal
cycle of meltwater production at the surface. Intermediate water properties varied substantially over
broad timescales, from days to months, likely reflecting depth variation of the main Arctic halocline
offshore being transmitted into the fjord under the ice shelf. I also inferred the presence of a sill
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under the ice shelf from hydrographic data, and presented evidence of a renewal of deep water below
sill depth in Milne Fiord.

The work presented in Chapter 2 demonstrated the strong impact that an ice shelf could have on
fjord oceanography. The loss of the Milne Ice Shelf will fundamentally alter the water properties and
circulation of the fjord, with consequences for the stability and dynamics of the Milne Glacier. The
Milne Ice Shelf is the last remaining intact ice shelf along the northern coast of Ellesmere Island,
and the observations presented here provide a valuable reference to understand future oceanographic
changes in the fjord after the inevitable collapse of the ice shelf.

Chapter 3 related an investigation of the seasonal and long-term dynamics of the last remaining
Arctic epishelf lake. Continuous mooring records from the lake revealed that the halocline varied
by several meters each year. It was determined this was due to the balance between the volume of
meltwater inflow, a function of the intensity of summer surface melt, and hydraulically controlled
outflow under the ice shelf, a function of the geometry of the outflow channel. On a long-term basis
the depth of the lake was dependent on the thickness of the ice shelf, and the interannual shoaling of
the halocline suggested a long-term thinning of the Milne Ice Shelf. However, it was also shown that
episodic events that provide sufficient kinetic energy to the system, such as the calving or capsize
of an iceberg, could induce mixing of the halocline, thereby altering the depth of the lake.

The findings in Chapter 3 strongly suggest that a full consideration of the hydrology and hy-
draulics of an epishelf lake must be undertaken where hydrographic profiles are used to infer the
thickness of the impounding ice shelf. Epishelf lakes are much more dynamic than previously
thought, which also has important implications for the ecology of these rare aquatic ecosystems.

Chapter 4 discussed efforts to estimate submarine melting in Milne Fiord. An average melt rate
of ⇠4 m a�1 near the grounding line of the Milne Glacier was found, as was an enhanced near-
surface melt rate of ⇠2 m a�1 for ice in contact with the epishelf lake. This finding indicated a
depth-dependence of melt rates due, in part, to the vertical distribution of the water temperature
above freezing, or thermal driving, in the fjord. The melt rate depth-dependence suggested a com-
plex spatial patterns of basal melting on the Milne Ice Shelf, owing to its variable ice thickness.
However, the relationship between melt rate and thermal driving in Milne Fiord was not linear (e.g.
the epishelf lake had higher average thermal driving than water near the grounding line, yet the
grounding line showed higher melt rates), indicating other factors, notably circulation, were also
important in determining melt rates.

The work in Chapter 4 has confirmed that knowledge of current speeds and their variation are
fundamental for predicting melt rates and ice-ocean interaction processes in glacial fjords. The
results suggest efforts to measure circulation, and its spatial and temporal variation, will be invalu-
able for more accurate prediction of melt rates. This is particularly important as surface runoff is
predicted to continue to increase in the Canadian Arctic Archipelago (CAA; Lenaerts et al., 2013)
which is likely to impact buoyancy-driven circulation in tidewater glacial fjords. The submarine
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melt rates presented in Chapter 4 are, to the best of my knowledge, the first direct estimates of sub-
marine melt rates for an ice shelf or tidewater glacier in the CAA. The work indicates that processes
that alter the vertical distribution of heat in the fjord or circulation patterns, including the collapse
of the Milne Ice Shelf, will change the rate and distribution of melting of the Milne Glacier tongue.

The present state of knowledge of Milne Fiord, based on this thesis, is summarized schemati-
cally in Figure 5.1. The Milne Ice Shelf is partially grounded on a bathymetric ridge near the mouth
of the fjord. There is no freshwater outflow or exchange above the minimum draft of the ice shelf
(⇠10 m). The epishelf lake, which seasonally deepens by several meters during summers of intense
surface melt, drains over several months after the summer melt season along a basal channel in the
ice shelf, its rate hydraulically controlled by the dimensions of the channel and the excess depth of
the lake below the ice. Warm waters of the epishelf lake are enhancing submarine melting along
the landward edge of the ice shelf and around the margins of the glacier tongue. Water exchange
across the ice shelf is restricted down to approximately 50 m depth, creating a relatively fresh, warm
layer in the fjord that is termed fjord-modified water. Fjord-modified water is also slowly exported
along the basal channel in the ice shelf. The source of the fjord-modified water is largely subglacial
discharge plume, which enter the fjord at the grounding line of the Milne Glacier, mix with ambient
water on their ascent, but do not reach the surface due to the strong stratification imposed by the
presence of the epishelf lake, and are consequently exported at depth through the basal channel in
the Milne Ice Shelf. Relatively free exchange of water occurs below the ice shelf to the depth of the
bathymetric sill, resulting in vertical excursions of water masses, particularly the interface between
Polar Water and Atlantic Water, in the fjord that are driven by offshore processes. The warm water
of the Atlantic layer drives the highest submarine melt rates at the glacier grounding line, leading
to a retreat of the grounding line. Below the sill, deep water of the fjord is relatively homogenous,
with evidence of complete deep water renewal events that occur with an as yet unknown frequency.

Milne Fiord presently retains the last intact ice shelf, the last deep epishelf lake, and the last ex-
tensive glacier tongue on the northern coast of Ellesmere Island. However, until very recently these
features were widespread on this coast: in 2000 there were 6 major ice shelves (Ayles, Markham,
Milne, Petersen, Serson, and Ward Hunt), at least two (Milne and Ward Hunt) were known to
dam deep (>10 m) epishelf lakes, while the others were associated with shallower epishelf or ice-
dammed lakes (Veillette et al., 2008; White et al., 2015b), and there were at least two extensive
(>10 km) glacier tongues (Milne and Yelverton Bay; Copland et al., 2015). Even these features
however, are just remnants of what was once a continuous ice shelf that extended at least 500 km
along this coast in the late 19th century (Vincent et al., 2001), that Veillette et al. (2008) suggest
may have retained up to 17 epishelf lakes, and a larger number of the 11 major tidewater glaciers
along this coast (Copland et al., 2015) may have terminated in glacier tongues. The present-day
geophysical setting of Milne Fiord, and the oceanographic processes described in this thesis, may
be representative what was once a common system along this coast.
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5.2 Future directions
The findings presented in this thesis have answered many of the questions that originally motivated
the research. There remain, however, a number of unanswered questions that ongoing and future
efforts aim to resolve. The findings have also raised a number of important new questions that could
motivate future research directions.

One of the most unexpected findings, presented in Chapter 2, was the discovery that the MIS
may be partially grounded on a sea bed ridge. If so, this could explain both the origin of the main
re-healed fractures in the ice shelf and provide an explanation for the ice shelf’s relative stability
compared to others along this coast. Confirmation that the ice shelf is actually grounded, and over
what extent, will help constrain the fate of the ice shelf and inform the possible mechanisms of
future breakup.

The results of the hydraulic drainage model presented in Chapter 3 strongly suggest that epishelf
lake outflow occurs along the basal channel in the MIS, which preliminary field observations ap-
pear to support. If confirmed, the geometry of the channel must be further constrained along its
length, and measurements of water properties and flow rates will be needed to validate, or refute,
the drainage theory. Another important aspect necessitating further study is to investigate how the
mechanics and thermodynamics of stratified flow influence melting or freezing along the channel
walls and ceiling. A better understanding of this process will provide insight into the variation of the
depth of the epishelf lake and preferential melting in basal channels as a mechanism contributing
to the breakup of Ellesmere Island ice shelves (Mueller et al., 2003) and leading to highly complex
patterns of melt on Antarctic ice shelves (Dutrieux et al., 2013).

Submarine melt rates are strongly influenced by the transport of heat along a fjord and through
the boundary layer at the ice-ocean interface. The melt rates estimated using the ocean model in
Chapter 4 were based on limited field measurements, requiring broad assumptions about the water
properties and circulation under the glacier tongue and ice shelf. The model also required the use
of parameterizations that have not been validated for Milne Fiord. Despite these acknowledged
limitations the magnitude and distribution of melt predicted for the Milne Glacier tongue generally
compared well with those based on the independent divergence of ice flux method, suggesting the
assumptions applied were not unrealistic. However, it is clear that improved measurements of cir-
culation, both at the scale of the entire fjord, including intermediary exchange flows and buoyancy-
driven circulation, but also proximal to the ice face, including near subglacial outlet channels, are
required to more accurately model melt rates. Direct measurements of basal ablation, ocean prop-
erties, and currents through the oceanic boundary layer below ice shelves are also required to refine
the turbulent transfer and drag coefficients used in the ocean model. These measurements must be
acquired in systems appropriate for use in Milne Fiord, that is highly stratified, low energy environ-
ments, with similar ice roughness characteristics. If parameterizations are validated, then numerical
modelling could provide a valuable tool for understanding the contribution of basal melt to total ice
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mass balance in Milne Fiord.
In addition to improved estimates of basal ablation, proper mass balance estimates for the Milne

Ice Shelf and Milne Glacier tongue require better resolved, in space and time, measurements of sur-
face ablation. The ablation stake network used in this study was extremely sparse, but the available
data indicated there is an along-fjord gradient in surface mass balance with greater accumulation
toward the coast on the Outer Unit of the Milne Ice Shelf. Production of repeat, annual high res-
olution surface elevation models from remote sensing data, calibrated against the existing ablation
stake network, would dramatically enhance understanding of surface mass balance, and thus further
constrain the contribution of basal melt to total mass balance of the ice shelf and glacier tongue.

Expansion of surface mass balance estimates throughout the Milne Glacier catchment would
allow for more precise estimates of surface meltwater into the fjord. This would improve the under-
standing of both inflow to the epishelf lake, as well as the volume of subglacial discharge. As surface
melt is predicted to increase with climate warming, buoyancy-driven circulation and convection-
driven melting at the grounding line of the Milne Glacier may be increasingly important, indicating
a well-constrained estimate of freshwater input to the fjord is critical to understanding how the
dynamics of the fjord will evolve in the future, and how this may effect the stability of ice in the
fjord.

Water properties and circulation in Milne Fiord are also strongly dependent on variations of wa-
ter mass structure and circulation on the continental shelf. How large-scale and long-term changes
to ocean properties in the Arctic Ocean are transmitted into Milne Fiord, and what effect this may
have on the dynamics of the fjord is unknown. The dynamics of fjords on Ellesmere Island are
linked to regional changes in the ocean, atmosphere, and cryosphere, so an interdisciplinary broad-
scale view of these processes could help inform the factors driving the observed local changes along
this coast.

The eventual collapse of the Milne Ice Shelf, and the loss of the epishelf lake, will have a
profound impact on fjord water properties and circulation. These changes are shown schematically
in Figure 5.2. Some of the changes predicted to occur include weaker stratification of the upper
water column, seasonal export of runoff at the surface, and a transition from perennial to seasonal
ice cover. These changes will impact, among other processes, the vertical distribution of heat,
buoyancy-driven circulation, wind-mixing of the water column, and wave erosion of the glacier
tongue. Ultimately, the loss the Milne Ice Shelf is expected to lead to a collapse of the Milne Glacier
tongue with implications for the dynamics of the Milne Glacier. Long-term monitoring of Milne
Fiord during its transition from an ice shelf-epishelf lake-glacier tongue system to a seasonally ice
covered tidewater glacier system could provide rare insight into the dynamics of glacial fjords.
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5.3 Figures
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Figure 5.1 Schematic representation of Milne Fiord at present in A) plan and B) elevation view showing
known ice features and oceanographic properties based on the work detailed in this thesis. See text for
discussion. Water masses are labelled: PW - Polar Water, AW - Atlantic Water, FMW - fjord modified water,
DW - deep water.
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Figure 5.2 Schematic representation of the future of Milne Fiord in A) plan and B) elevation view showing
collapse of ice features and associated oceanographic changes. See text for discussion. Water masses are
labelled: PW - Polar Water, AW - Atlantic Water, DW - deep water.
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