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Abstract

Time lapse imagery, an audio recorder and geophones were used to detect iceberg
calving events on the Belcher Glacier, Devon Island, in the Canadian High Arctic,
in order to identify the major controls on the rate and style of calving. Eleven
calving events were identified between June 4™ and August 14" 2009 which
accounted for 44% of the annual calving flux. Several of the events recorded in
the audio data were associated with debris avalanching and disintegration of large
tabular bergs. The geophones did not identify calving events but did record hydro-

fracturing when terminus water-filled crevasses drained into the glacier.

None of the calving events were a direct response to an increase in ice velocity in
the terminus region, break-up of the sea ice/mélange, tidal flexure of the terminus,
or propagation of water-filled crevasses. The Belcher Glacier maintains a lightly
grounded stable terminus position but develops a protrusion at the glacier
centreline every few years. When this occurs, as it did in 2009, the meltwater
plume is active in eroding the lateral stability of the protrusion by locally
enhancing the calving rate. Further investigation is required to examine whether
basal melt also undercuts the protrusion, eventually leading to its flotation. In
2009 the protrusion calved off as a series of tabular icebergs which strongly
suggests it was floating, as do calculations of height-above-buoyancy and
subglacial effective pressure. In general, calving was not driven by a single
identifiable cause and its stochastic timing may reflect the progressive
accumulation of damage to the ice as it is transported to the terminus. The
interactions of ice flow with the ice and bed geometry, as well as ponding and
hydro-fracturing of supraglacial meltwater, seemed to be the main contributors to

this damage.
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Chapter 1. Introduction

1.1 Motivation

The largest outlet glaciers in the world terminate in the ocean, as grounded
tidewater margins, floating ice tongues or ice shelves. Glaciers connected to the
ocean can lose mass by iceberg calving as well as surface melt and they may be
more responsive to climate forcings because they are connected to an additional
heat sink: seawater (Nick et al., 2009). Tidewater glaciers in the Northern
Hemisphere, whether grounded on the bed at the calving margin or floating above
it, can lose up to 50% of their total annual mass loss through iceberg calving
(Rignot et al., 2008). The icebergs which calve from these margins range in size
from columnar shards less than a meter wide to extremely large tabular blocks
several kilometers in width. Small columnar blocks are usually lost at a frequent
rate on well grounded glaciers, whilst tabular blocks are calved more infrequently
from floating termini. Therefore the calving rate and style reflects whether or not
a glacier is grounded to its bed. Whilst there have been several attempts to
parameterize the calving process, it remains the most poorly understood
component of glacier mass balance. There are many calving glaciers but recent
research has focused on only a small number (e.g. Columbia Glacier, Alaska,
Jakobshavn Isbrae, SW Greenland and Helheim Glacier, SE Greenland). The
contribution of calving to mass loss and the processes which control it are largely
unknown in some regions, such as the Canadian Arctic. The Canadian Arctic
Archipelago (CAA) holds the third largest volume of land ice after the two large
ice sheets on Greenland and Antarctica (Radic and Hock, 2010). The greatest
Arctic contribution to sea level rise during the coming century is predicted to be
from the CAA and Alaska where there are many tidewater glaciers (Meier et al.,
2007; Radic and Hock, 2011). Gardner et al. (2011) recently observed that
between 2007 and 2009 the CAA became the largest contributor to global sea



level rise outside the Greenland and Antarctic ice sheets (0.24 + 0.03mm a™' SLR).
However the calving component of this mass loss is unknown and the processes
governing calving in this region have not been researched in detail. The primary
aim of this study is therefore to investigate the dynamics of calving mass loss on
the Belcher Glacier terminus, a tidewater glacier on Devon Island in the Canadian
Arctic. This will involve:
= Testing methods for detecting iceberg calving events: time lapse imagery,
audio recordings, and geophones
= Identifying potential triggers for these calving events, and determining
whether the timing of calving events is influenced more by:

o Glacier dynamics (terminus velocity or proximity to buoyancy
which is determined by glacier and bed geometry)

o External variables at the ice-ocean interface (subglacial meltwater
flux, the downward propagation of terminus water-filled crevasses,
changes in mélange/sea ice buttressing of the glacier terminus, tidal
flexure of the terminus region or changes in ocean temperature

which alter basal melt rates and undercut the ice cliff)

1.2 Review of Iceberg Calving Detection Methods

Iceberg calving is the detachment of ice from the main body of a glacier which
terminates in water (Benn and Evans, 2010). Calving results when new or pre-
existing fractures propagate through the ice thickness, eventually isolating an ice
block (Benn et al., 2007b; Cuffey and Paterson, 2010). It can occur on glaciers
which end in proglacial lakes, on land-terminating glaciers with terminal ice
cliffs, or on marine-terminating glaciers and ice shelves. For tidewater glaciers
grounded on the fjord bed, calving takes place at the grounding line (the position
where the ice starts to float because the basal water pressure exceeds the ice
overburden pressure (Van der Veen, 2002)). Iceberg calving from floating

tidewater glaciers can take place up to several kilometers seaward of the



grounding line. On ice shelves this may be at a distance of several hundred

kilometers from the grounding line (Benn and Evans, 2010).

This section will review the field methods that have been used to detect iceberg
calving events on tidewater glaciers. One of the reasons that there has been less
research on iceberg calving than on surface melt is that the glacier terminus region
often contains a complex crevasse field which is constantly changing and can be
difficult and dangerous to access. In the last ten years digital time lapse
photography, digital audio equipment, and seismometers have made it easier to
monitor the terminus region from afar and detect calving events. These techniques

are reviewed below.

1.2.1 Time Lapse Imagery

Time lapse images are valuable sources of data for many environmental
monitoring applications, including glacier change detection. One of the first
studies of calving to utilize time lapse cameras was made by Krimmel and
Rasmussen (1986) on the Columbia Glacier in Alaska. They used a film camera to
measure the daily displacement of ice in the terminus region and changes in the
position of the calving front. O’Neel et al. (2003, 2007) used Krimmel and
Rasmussen’s photogrammetry model to calculate the iceberg calving rate and
volume of ice lost from LeConte Glacier, Alaska, with the addition of stake
velocity data from O’Neel et al. (2001). These applications used mono-
photogrammetry, where the two-dimensional measurements of features in a single
photograph can be obtained by georeferencing their XY coordinates (Chapuis et
al., 2010), an approach which is becoming more popular than traditional stereo
photogrammetry. Stereo photogrammetry (where two or more images are used to
rectify topography) is still necessary if the vertical coordinates of the image scene
are required (Chapuis et al., 2010) but mono-photogrammetry is simple, fast and
easily automated. It is ideal for change detection studies because multiple
georeferenced images can easily be compared and the area of change computed.

However mono-photogrammetry only produces a relative position of the terminus



based on the parameters of the camera and not a ‘true’ position (e.g. compared to

a terminus margin mapped from georeferenced satellite images).

Images also provide information about the style of calving events that can be used
to infer whether or not the glacier is grounded. For example, grounded glaciers
tend to lose small amounts of mass very frequently, often as low volume columnar
shards. For instance, in 2008 on Kronebreen, Svalbard, there were 41 calving
events in four days, in which ice was lost mainly as columnar blocks (Chapuis et
al., 2010). In contrast, floating glaciers often lose most of their mass in large,
infrequent calving events which produce tabular blocks calved from up to 50% of
the ice front width at once (Walter et al., 2010). Walter et al. (2010) observed the
transition of Columbia Glacier from grounded to floating in time lapse imagery
from 2007 and noted an associated change in the style of calving. The icebergs
calved switched from frequent, low volume columns to large tabular blocks that
were rifted perpendicular to flow. However, the tabular blocks calved from the
Columbia Glacier tended to disintegrate during and immediately after the event,
which may suggest that the highly fractured floating tongue is not stable (Walter
et al.., 2010). Jakobshavn Isbrae is also an unusual tidewater glacier as it is
grounded in the summer and develops a floating tongue in the winter (Amundson
et al., 2008). The glacier had a 10-15km long permanently floating tongue until it
disintegrated in the early 2000s (Joughin et al., 2004; Motyka et al., 2010). Time
lapse imagery suggests that Jakobshavn Isbrae may begin to float in the winter as
the terminus advances ~5km into deeper water and calves back to a grounded

position by late summer (Amundson et al., 2008).

The interval between time lapse images is also an important factor in observing
calving events. A short time interval between images is ideal for capturing the
full sequence of a calving event but this must be weighed against the data storage
capacity restrictions of SD (Secure Digital) cards. Amundson et al. (2010)
installed four cameras at the terminus of Jakobshavn Isbrae in 2008 to monitor its

seasonal evolution. Image intervals ranged from 10 seconds to 6 hours. Images at



a 10 minute interval usually captured action scenes of longer duration events but
an additional camera with a 10s interval gave the highest resolution results and
was useful for comparison to seismic and acoustic data. However the camera
operating on the 10s time interval failed to operate after one week and there was a
very large data storage demand (Amundson et al., 2010). These results indicate
that accurate detection of calving events, with information about the style of berg
produced and its breakup pattern can only be obtained with a short interval
between time lapse images; but this must be balanced against available data

storage capacity and how often the data can be downloaded.

1.2.2 Audio Recordings

As time lapse photography becomes more widely used, it is also being used
alongside other techniques such acoustic recording of calving events to gain
further information about the timing and sequence of calving processes.
Amundson et al. (2010) were the first to use an audio recorder to obtain temporal
detail about calving events from Jakobshavn Isbrae, Greenland. They installed
two stereo condenser microphones located 50m apart in order to better determine
the source direction. The Tascam HD-P2 stereo audio recorder made a total of 28
days of recordings between May and August 2008, although the storage medium
(compact flash cards) had to be manually switched every 12 hours. A windshield
was used to reduce wind noise but the recorder was installed in a relatively
exposed location and some calving events were not distinguishable above
background noise (J. Amundson, pers. comm., 2009). Nevertheless, the audio
system detected several events, which were compared with 10s time lapse
imagery and seismic data. Amundson et al. identified three types of
seismic/acoustic signal:

(1) impulsive signals, duration 1-5s, frequency 6-9Hz, sharp cracking sound

(‘shotgun blast’)- likely to be fracturing ice
(2) emergent signals, duration 5-300s, frequency 4-6Hz, long low rumblings-

likely to be avalanching ice debris



Relative amplitude

(3) emergent, high-amplitude signals, duration 5-60min, combination of
cracks and rumbles- likely to be generated by calving icebergs, or bergs
overturning in the fjord

Calving events at Jakobshavn Isbrae typically began with widespread fracturing or
avalanching of debris from the terminus and were increasingly accompanied by
detectable seismic activity over time. Amundson et al. (2010 were not able to
detect motion at the terminus front prior to the calving being initiated. As the
iceberg began to rotate and break off, the mélange of sea ice and calved debris in
front of the calving margin would loosen and adjust, whilst there was an increase
in the number of audible type 1 events. Amundson et al. did not observe persistent
debris avalanching (type 2) during calving events at Jakobshavn. Much of the
seismic energy attributed to a calving event was generated by the mélange
offshore from the terminus (Amundson et al., 2010). An example of the seismic

and acoustic returns from a calving event at Jakobshavn is shown in Figure 1.1.
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Figure 1.1. Seismic and acoustic waveforms from a calving on 15™ July 2008 at Jakobshavn
Isbrae, SW Greenland, as observed by Amundson et al. (2010). (a) Vertical component of the
calving-generated seismogram (b) Close-up of Figure 1.4a showing the emergent onset of the
seismic signal (c) Acoustic waveform from the calving event (d) Close up of Figure 1.1c. The
gray bars in Figures 1.1a and 1.1c indicate the time periods shown in Figures 1.1b and 1.1d.

Figure and accompanying text from Amundson et al. (2010, p6).



1.2.3 Geophones

One of the main challenges in observing and modelling iceberg calving events is
the non-linear, three-dimensional character of tidewater glaciers (Pfefter, 2007).
Glaciers have fracture mechanisms comparable to those that cause an earthquake
(as well as being equally hard to predict in size and timing), which led to the
recent introduction of seismic monitoring to glaciology. Neave and Savage (1970)
used an eight-geophone array to examine fracture events (‘icequakes’) at depth
and on the surface of the Athabasca Glacier in the Canadian Rockies. They found
that all fractures originated near the ice surface, within crevasse zones, although
icequake swarms would sometimes travel in a line through a crevasse-free section
of the glacier. Qamar (1988) identified several types of icequake from different
source mechanisms: calving events, earthquakes, and crevassing activity.
However it was not until Ekstrom et al. (2003) used a global network of 100
seismometers designed for monitoring earthquake activity to identify ‘glacial
earthquakes’ that others were encouraged to try seismic monitoring on glaciers.
The ‘glacial earthquakes’ produce large-amplitude, long-period teleseismic
waveforms that last ~50 seconds (Tsai and Ekstrom, 2007). They had previously
gone undetected as they do not generate elastic waves across a fault surface like
tectonic earthquakes, which are detected in seismograms by high-frequency (1
second) P (primary) waves (Ekstrom et al., 2003; Nettles and Ekstrom, 2010).
Teleseismic waves have long durations like large magnitude elastic waves but
lack the easily detectable high frequency P wave (Nettles and Ekstrom, 2010).
Amundson et al. (2008; 2010) demonstrated that seismograms of ‘glacial
earthquakes’ produced at Jakobshavn Isbrae closely resemble seismic activity
during known calving events, suggesting they are most likely to be a product of
the same causal mechanism. Whilst it is mostly accepted that glacial earthquakes
are part of the continuum of ice-generated seismic activity, the source
mechanisms are still under debate and there may be several sources. The
seismicity is typically located less than 1km from the terminus but could be from
a number of mechanisms and is not necessarily a product of calving. Possible

source mechanisms include: stick-slip sliding acceleration of the glacier terminus



(Ekstrom et al., 2003; Nettles et al., 2008), overturning icebergs which scrape the
fjord bottom (Amundson et al., 2008), hydraulically-driven fracture propagation
(O’Neel and Pfeffer, 2007, see below), ocean wave action (Amundson et al.,
2008; MacAyeal et al., 2009) and motion of the ice mélange or sea ice
(Amundson et al., 2010). The ice mélange is described as a mixture of rifted
icebergs, cemented by sea ice, snow and ‘bergy bits’ (J. Amundson, Cryolist

discussion, 01/11/2010). It is common in Antarctica and southern Greenland.

Several projects have now installed a network of passive seismometers on or near
the glacier terminus to detect and monitor calving events. Calving events produce
low-frequency waveforms (1-3Hz) which are emergent (long-period) and have
long duration (2-1000s). Meanwhile crevassing events have impulsive onsets,
short durations (0.1-1s) and a high frequency (~100Hz) (O’Neel et al., 2007).
O’Neel et al. (2007) were able to reliably identify the temporal frequency, relative
magnitude and hypocenter (event location) of calving events at the terminus of the
Columbia Glacier, Alaska, using passive seismometers. The events were validated
with time lapse images. It is only possible to infer a relative magnitude of calving
events as the spectral power of the seismic records is always focused at 1-3Hz
regardless of event size (O’Neel and Pfeffer, 2007). O’Neel and Pfeffer (2007)
simulated these fracture events using a fluid-filled crack source model and suggest
that the seismic signal is generated by fracture propagation of water-filled
crevasses because both sub-aerial and submarine calving events produce
waveforms with similar frequencies, indicating a common source mechanism.
Walter et al. (2008) attempted to differentiate between surface and basal fracture
activity, and found that basal icequakes tended to occur when basal water
pressures were low, rather than following a lake drainage event which would
bring temporary high basal water pressures, as they had expected. Seismic activity
has also been detected upstream of the calving front, though most of the larger
events tend to occur near the terminus (O’Neel and Pfeffer, 2007). This suggests
that fluid-driven fracturing weakens the ice long before it reaches the terminus

region. Amongst other factors such as air temperature, the role of meltwater in



crevasse fracture propagation may also explain why most calving events occur

during the summer melt season (O’Neel and Pfeffer, 2007).

Monitoring seismic activity can also provide further information about the degree
of buoyancy of a glacier terminus. Walter et al. (2010) observed that following the
transition of Columbia Glacier to floating ice in 2007, there was a substantial
reduction in the generation of seismic energy during calving events. This may
partly reflect a change in source processes. They propose that calving of floating
ice is not initiated by hydraulic fracture propagation of large crevasses, but by
small linkages of existing damage which result in the reduction of seismic

activity.

1.3 Review of Potential Calving Triggers

The termini of tidewater glaciers are in direct contact with the ocean and are
therefore likely to be affected by external forcing factors that influence terminus
stability and calving rate, as well as by those that control the surface mass balance
of the glaciers (Dowdeswell, 2006). For example, some glaciers have been
observed to be weakly or discontinuously sensitive to tidal forcings (Nettles et al.,
2008; Walter et al., 2010). Other factors that can affect the short or long-term
stability of tidewater termini include: buttressing of the glacier margin by ice
mélange or sea ice, changes in the subglacial meltwater flux and water pressure in
the subglacial drainage system, and varying basal melt rates (which are affected
by ocean temperatures). However it is unlikely that any one variable is the sole
controlling factor at any stage as these influences will change over time and may
vary across different parts of the calving front depending on factors such as the
bed geometry and the location of subglacial meltwater channels. This indicates
that the terminus geometry, as well as ice flow dynamics (both categorized here as

‘internal drivers’) are significant controls on terminus dynamics and stability.



Amundson and Truffer (2010) summarized several parameterizations that have

been proposed to model calving rates:

1.

Relating the annual mean calving rate of 12 grounded Alaskan glaciers to
water depth at the terminus (Brown et al., 1982)- which intuitively reflects
glacier and basin geometry

Calculating the terminus position of grounded glaciers using the
assumption that calving will occur if the ice thickness becomes less than
the critical buoyant thickness defined by a height-above-
buoyancy/flotation criterion (Sikonia, 1982; Vieli et al., 2001)

. Equating the mean calving rate of ice shelves to the ice shelf thickness,

width and longitudinal strain rate (Alley et al., 2008)

Calculating the terminus position based on crevasse depths, longitudinal
strain rate and the amount of water ponding in crevasses, with calving
being triggered once surface crevasses propagate to the glacier freeboard
(sea level) (Benn et al., 2007a). This is the only model applicable to both
grounded and floating termini but it still does not explain all calving
variability (Amundson and Truffer, 2010). For example Jakobshavn Isbrae
advances during the winter and begins to calve icebergs in early spring,
before surface melt or enhanced summer velocities begin (Amundson and

Truffer, 2010)

These parameterizations point to several possible internal and external forcings

that might trigger calving events, which will be considered in the following

section.

1.3.1 Terminus Velocity

Joughin et al. (2008) observed that the terminus of Jakobshavn Isbrae exhibits a

velocity increase after terminus retreat, rather than prior to it. Joughin et al., as

well as Meier and Post (1987) and Howat et al. (2005), all argue that calving

reduces the near terminus longitudinal stress, which translates into a velocity

increase that propagates upglacier for a distance of up to 10 ice thicknesses (Vieli
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and Nick, 2011). This observation is part of an ongoing debate about whether
iceberg calving is a ‘slave’ or ‘slave-driver’ (Benn et al., 2007b). In the example
above, calving is the ‘slave-driver’ but this is in direct contrast to the popular
assertion by Van der Veen (2002) and many others that ice velocity is the primary
control on the iceberg calving rate (calving is the ‘slave’). This is based on the
principle that the velocity flux determines the rate at which ice is delivered to the
terminus, and then calved from its margin. Yet there is little definite evidence to
suggest that iceberg calving is always a response to velocity increases, or vice
versa (Benn et al., 2007b). O’Neel et al. (2003) observed that Columbia Glacier
did not seem to demonstrate either ‘slave’ or ‘master’ tendencies. Meanwhile
Hulbe et al. (2008) discovered that after the break-up of the Larsen B ice shelf in
2002 some of the glaciers that used to feed it accelerated and advanced in
response to the loss of the shelf, whilst others demonstrated prolonged retreat and
the rest maintained a stable front position. The ice shelf buttressed these glaciers
but the response to calving away from the shelf was not linear despite the glaciers
being in the same geographic area, and experiencing similar mass balance
conditions. In this case, local geometry was the primary control on the response of
the glaciers feeding Larsen B: wider glaciers retreated further as they experienced
less lateral drag from their valley walls which made them more responsive to the
reduced longitudinal stresses caused by the loss of shelf buttressing (Hulbe et al.,

2008).

Ahn and Box (2010) used time lapse photography to examine the interactions of
velocity and calving on several glaciers in West Greenland. They applied the
Multi-Image/Multi-Chip (MIMC) cross correlation technique, which is often used
in remote sensing (e.g. Scambos et al., 1992), to calculate the daily velocity. The
images were co-registered using ground control points (GCPs, landmarks
manually picked from ASTER imagery and the ASTER digital terrain model).
Pixel displacements were then projected onto a flat surface based on the rotation
angles of the camera position, from which velocities (m d™') could be derived.

There were large errors in the co-registration procedure as the GCPs were not
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measured by GPS, giving a conservative error of £30m at 3km distance from the
target (Ahn and Box, 2010). The resolvable lapse interval (the time interval over
which a displacement above the uncertainty can be identified) was a function of
the daily glacier velocity, the image pixel size, camera focal length, accuracy of
the registration/georeferencing procedure, the image resolution and the distance

from the camera to the glacier:

¢ o

where Ap represents ice displacement in pixels per day, Ad is the time interval in
days, € is uncertainty (in pixels) and the error budget (&) is the proportion of error
(0-1) you are willing to accept. For example selecting an error budget of 0.3
(30%) rather than 0.5 (50%) requires more confidence and makes the resolvable
lapse interval longer. Rink Isbrae had a resolvable lapse interval of 4.5 hours
because it moved on average 14m per day (14-18 pixels). A glacier moving less
than 2m per day would require a time interval of >1 day for displacement to
exceed the uncertainty (Ahn and Box, 2010). The results suggested that major
calving events on five glaciers in western Greenland drive terminus acceleration
for up to 10 days after the event, after which the velocity declines as resistance to
flow rebuilds. The technique only worked well for areas near the camera, for ice
nearest the terminus margin, and for the fastest flowing areas. In all other regions
the daily displacement was not as large as the uncertainty. Further research into

the relationship between ice velocity and calving events is clearly necessary.

1.3.2 Water-filled Crevasses

Meltwater is thought to be a key trigger mechanism in ice shelf collapse, as water
pressures in crevasses filled to the surface with water are likely to exceed the ice
overburden pressure and cause the fracture to propagate through the full ice
thickness (Scambos et al., 2000). For example, Larsen B Ice Shelf on the
Antarctic Peninsula exhibited extensive surface melting for several years prior to

its collapse in March 2002, which is likely to have weakened the ice. Final break-
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up appears to have been driven by water-filled crevasse propagation (Scambos et
al., 2004). However the role of water-driven crevasse propagation in triggering
calving events on tidewater glaciers is less clear, and requires a detailed
quantitative assessment (Vieli and Nick, 2011). It is well known that meltwater
can reach the bed of temperate glaciers through hydraulic fracturing of crevasses
(which often creates moulins). Water reaching the bed enhances the sliding
velocity of the glacier (e.g. Iken et al., 1983), but only more recently has it been
understood that this also occurs on larger ice sheets such as in Greenland (e.g.
Zwally et al., 2002) and on polythermal glaciers in the High Arctic (e.g. Copland
et al., 2003). Water-filled surface crevasses can propagate to the glacier bed,
opening the englacial connection to the subglacial drainage system on a timescale
of days (Boon and Sharp, 2003) to hours (Das et al., 2008). Benn et al. (2009)
mapped englacial drainage systems within several glaciers in Svalbard, Nepal and
Alaska. They observed that hydrofracturing occurred in a diverse range of
glaciological regimes and that it appears to be a very widespread process,
potentially occurring wherever ice is subjected to large tensile stresses, such as in
icefalls and terminus crevasse zones, where there is also a high meltwater supply.
Supraglacial ponds and lakes may play a particularly significant role in this
process as they provide an elevated head of water at the ice surface which assists
in the fracturing process (Boon and Sharp, 2003). Further information about the
routing system between small water-filled crevasses in the terminus zone and the
subglacial drainage system would indicate whether water is penetrating to the bed
via fractures, and how quickly these connections are established. The
accumulation of supraglacial meltwater on the terminus ice surface may weaken
the ice and prime it for calving when the ice arrives at the margin but it is not
clear whether water-driven fracture propagation actually takes place close enough
to the terminus margin to actually initiate calving events. Johannessen et al.
(2011) compiled a 30-year record of ice-front variations of Helheim Glacier, SE
Greenland and observed a strong correlation between a retreated ice position and
higher air temperatures, which explained 56% of the ice-front changes when a

two-year lag was applied. They proposed that the warmer air temperatures
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enhanced surface melt and led to more accumulation of water in terminus
crevasses, increasing basal lubrication which presumably caused thinning,
acceleration, enhanced calving and margin retreat. This suggestion also needs to

be examined more closely.

1.3.3 Meltwater / Sediment Plume

Glacial meltwater travels via supraglacial, englacial and subglacial routes through
and over the ice, often flowing into proglacial streams and lakes, or into the ocean
if the glacier is marine-terminating. Water exiting the glacier into an ocean or lake
forms a meltwater plume, and is often clearly distinguishable as the water
contains large quantities of sediment when it exits the base of the glacier (Powell,
1991). This sediment-laden fresh water rises quickly to the surface above the
denser marine water, and it spreads laterally to form a buoyant plume (McGrath et
al., 2010). This subglacial discharge can raise the basal water pressure and
enhance local flotation which could trigger a calving event. The plume can also
thin the surrounding ice because its turbulent fresh water enhances the basal melt
rates, and this may increase the local calving rate (Motyka et al., 2003). In order
to investigate these relationships, the plume extent can be mapped and used to
quantify the amount of meltwater being discharged from the glacier, which can
then be compared to the calving flux. Chu et al. (2009) examined MODIS satellite
imagery of meltwater plumes discharged near Kangerlussuaq, W Greenland and
distinguished between ‘turbid’ sediment-rich plume water found closest to the
terminus which has very low salinity, and ‘brackish’ plume water found in the
intermediate mixing zone between turbid and clear ocean water, where the
suspended sediment concentration is lower and salinity is higher. Chu et al. (2009)
focused on mapping the brackish plume and found it extended 5-65km beyond the
turbid plume boundary (Chu et al., 2009). The turbid plume contains more
concentrated glacier meltwater and may be a better gauge of meltwater discharge;
however it has not yet been mapped in detail throughout a meltwater drainage

sc€ason.
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Halverson and Pawlowicz (2008) found that plume area, delimited from MODIS
satellite imagery, is a robust measure of discharge which provides a high temporal
resolution. Chu et al. (2009) and McGrath et al. (2010) both mapped the river
plume emerging into Kangerlussuaq Fjord, West Greenland, which is fed by
several outlet glaciers. Plume occurrence correlated with melt onset and
conclusion but the plume appeared to disappear before meltwater runoff ended,
possibly implying a late-season exhaustion of the sediment supply (Chu et al.,
2009; McGrath et al., 2010). It was expected that plume area would increase
directly due to supraglacial lake drainage events and melt pulses, but only 38% of
lake drainages and 69% of melt pulses triggering an increase in plume area (Chu
et al., 2009). Further investigation of the relationship between lake drainage
events and meltwater discharge responses is needed, as well as consideration of
whether large changes in subglacial discharge, which will increase basal water
pressures, could instigate local flotation or ice velocity acceleration and trigger a
calving event. Motyka et al. (2003) also suggest that meltwater plumes often
enhance the local calving rate and create a seasonal embayment due to the mixing
of the plume with seawater, which increases the basal melt rate below the

waterline.

1.3.4 Meélange / Sea ice buttressing

Glaciers feeding the Larsen B Ice Shelf in Antarctica sped up following the loss of
the ice shelf in 2002, as was already mentioned, and this also occurred on
Jakobshavn Isbrae when the floating ice tongue broke up in the early 2000s
(Joughin et al., 2008). In both situations, the ice tongue or shelf had been
‘buttressing’ the grounded ice behind it, increasing the longitudinal stress and
hence impeding its flow. Large calving events can force a redistribution of
resistive stresses once floating ice is lost, leading to the upglacier propagation of a
velocity increase (e.g. Nettles et al., 2008). This longitudinal coupling can occur
over a distance of up to 10 ice thicknesses, or 15-20km on large outlet glaciers

(Vieli and Nick, 2011). However the possible buttressing effect of more
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temporary features like ice mélange and sea ice has only recently been recognized
and its importance has not yet been widely tested. Amundson et al. (2010)
proposed that the ice mélange in front of Jakobshavn Isbrae, which is a dense
mixture of calved icebergs cemented together by sea ice, becomes so rigid during
winter that it may act as a floating ice tongue, buttressing the glacier’s flow.
During the winter it stems the production of icebergs and its buttressing effect
only diminishes in the late spring when air temperatures rise. At Jakobshavn
Isbrae, the onset of terminus retreat in spring coincides more strongly with the
breakup of the ice mélange than with the rising air temperatures and initiation of
surface melt (which begin later), indicating that the mélange may play a
significant role in terminus stability. This was also the conclusion of Sohn et al.
(1998), who found that the iceberg calving rate at Jakobshavn Isbrae (1950-1996)
was six times higher in the summer than in winter, and that it gradually decreased
as the mélange/sea ice consolidated, increasing its buttressing resistance. Vieli and
Nick (2011) modeled the buttressing effect by applying a small nominal
longitudinal stress of 40kPa at the terminus boundary during the winter, which
was the minimum value required to recreate the seasonal variations in terminus
position at Jakobshavn Isbrae. However the actual compressive strength of sea ice

has not yet been measured so this value was arbitrary.

Whilst ice mélange may buttress a glacier, it is less clear whether a sea ice slab
can do the same. Amundson et al. (2010) suggest that first year sea ice (<1-2m
thick) may temporarily buttress tidewater glaciers and limit calving activity whilst
the sea ice is present. Copland et al. (2007) found that the Ayles Ice Shelf on
Ellesmere Island in the Canadian High Arctic eventually disintegrated after the
warmest summer on record led to enhanced meltwater ponding on the ice surface,
as well as low sea ice conditions and loss of the landfast sea ice fringe that may
have been stabilizing the ice shelf. The eventual calving seems to have been
driven by high winds. Reeh et al. (2001) observed that the stability of
Nioghalvfjerdsfjorden glacier, a floating glacier in northeast Greenland was

dependent on the presence of fast-ice cover in front of the terminus. No calving
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occurred when the sea ice was present, although the glacier continued to advance,
indicating the sea ice did not have enough buttressing resistance to completely
halt winter glacier flow. Instead, the sea ice tended to merely prevent the partly
disintegrated glacier front from calving off. It is not clear whether the same
resistive capacity can be expected on grounded glaciers. Herdes et al. (in review)
argued that major iceberg calving events from the Belcher and Fitzroy Glaciers on
Devon Island in the Canadian High Arctic could be primarily related to the timing
of the loss of sea ice, but break-up only occurs once a year and if calving takes
place at other times of the year this argument does not fully explain the calving
rate. Furthermore it is not clear whether sea ice break-up is associated with a
major calving event every year. Williamson et al. (2008) found that some glaciers
on Ellesmere Island responded to the removal of summer sea ice with a velocity
increase, whilst others did not, implying that sea ice loss is not a necessary or
sufficient condition for seasonal velocity changes. The buttressing resistance of
sea ice and mélange has not yet been well investigated, particularly on glaciers
smaller than Jakobshavn Isbrae which produce fewer icebergs and therefore have

a higher sea ice to iceberg ratio.

1.3.5 Tidal Flexure

Tides have semi-diurnal (twice daily), diurnal (daily) and long-period components
which may control aspects of terminus stability including ice velocity (possibly
due to the influence on basal water pressure) and the proximity to flotation (which
can affect the calving flux). Tides have been implicated in driving a proportion of
the velocity variability of ice shelves and ice streams in Antarctica, including the
Rutford Ice Stream, West Antarctica, where there is a 10-20% modulation of
surface velocity in response to a fortnightly tidal periodicity (Gudmundsson,
2007; Murray et al., 2007). Walters and Dunlap (1986) identified semi-diurnal and
diurnal tidal influences on the velocity of Columbia Glacier, Alaska, with a 20%
modulation of velocity per meter of water height. Meanwhile O’Neel et al. (2001)

observed an out-of-phase relationship between the semi-diurnal tide and

17



horizontal ice speed of LeConte Glacier, Alaska, due to the effect of tidal
buttressing on longitudinal stress. The ice near the terminus rose and fell in phase
with the tide, indicating that some of the ice nearest the terminus was close to
flotation. There was also a smaller diurnal signal in ice velocities but this reflected
ablation and surface meltwater input rather than the diurnal component of the tide
as this was quite small (O’Neel et al., 2001). Nevertheless, there are a number of
glaciers where no tidal influence on velocity can be identified, generally well
grounded glaciers such as Jakobshavn Isbrae in summer (Amundson et al., 2010).
De Juan et al. (2010) note that the response of tidewater termini to tidal forcing
can also vary over time: for example Helheim Glacier in SE Greenland ordinarily
displayed a barely-detectable response to tidal changes but following a calving
event with associated glacial earthquake seismicity there was suddenly a
substantial response to tidal fluctuations. They propose that a simultaneous
increase in velocity and surface strain rate disrupted the subglacial drainage
system, reducing the volume of subglacial channels and increasing the water
pressure. This reduced friction at the ice-bed interface, allowing the glacier flow

to respond more strongly to tidal changes.

Tides can also affect the meltwater plume because incoming tides push dense
ocean water (beneath the plume) towards the terminus and can cause spreading of
the surface plume (Dowdeswell and Cromack, 1991). Cowan and Powell (1990)
found that the suspended sediment concentration (SSC) in the plume at McBride
Glacier, Alaska is controlled by semi-diurnal fluctuations of the tide (mean tidal
range 4.2m), with maximum settling of particles at low tide. Chu et al. (2009)
assessed the meltwater plume in Kangerlussuaq Fjord, West Greenland, but found
that there was no significant change in plume area in response to incoming or
outgoing tidal patterns, although the tidal range in this area is negligible. The tides
may also affect the stability of the terminus, particularly during spring tides (the
largest in the fortnightly cycle) where the high tide creates greater flexure of the

terminus ice and enhances its proximity to flotation, which is closely tied to the
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subglacial effective pressure (O’Neel et al., 2003). The subglacial effective
pressure (o) 1s defined as:

Petr = pgh + prv 826 — 8hw(pw — Ppv) ()
where p;is the density of ice, pj, is the density of freshwater, g is the acceleration
of gravity, h is ice thickness, zy is bed elevation, hy, is the terminus water depth
and p, is the density of sea water (Meier and Post, 1987). Through their effect on
subglacial water pressure, tides may also influence the iceberg calving rate. The
control exerted by tidal action on the terminus stability (plume and calving flux
activity) of smaller, grounded or floating tidewater glaciers has not yet been

thoroughly considered.

1.3.6 Ocean Temperatures

Zweng and Munchow (2006) documented statistically significant warming of
subsurface waters of the West Greenland Current at 400-2400m depth between
1920 and 2003, with warming of 0.2°C/decade at 600-800m depth. Holland et al.
(2008) also discussed this trend, which was alluded to in Thomas et al. (2003), but
implied a more rapid increase in temperatures due to a pulse of warm water
originating in the Irminger Sea near Iceland which travelled up the west coast of
Greenland during the late 1990s. Murray et al. (2010) note that this warm
subsurface water does not normally reach the coast due to fresh waters being
emitted from coastal glaciers. Nevertheless, Holland et al. reported that the warm
subsurface waters flow over the sills which guard the mouths of most of the
Greenland Fjords, in areas such as Disko Bay. At Jakobshavn Isbrae, the arrival of
warm waters in 1997 coincided with initiation of rapid dynamic thinning of its
floating tongue and the beginning of its disintegration due to increased basal melt
rates (Motyka et al., 2011). Tidewater glaciers with floating termini are
particularly susceptible to basal melting, which can be up to tens of metres per
year (Thomas et al., 2003). For example between 1984 and 1985 Jakobshavn
Isbrae experienced an average of 0.62+0.13m d™' of basal melt across the

submerged floating ice tongue (Motyka et al., 2011). Rignot and Steffen (2008)
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described an 80% thinning by basal melt of the floating tongue of Petermann
Glacier, NW Greenland before calving took place, during the 2002-2005
observations. The warm Irminger-sourced current which has been melting
Jakobshavn Isbrae is influenced by the North Atlantic Oscillation (NAO), an
atmospheric phenomenon which switched to a prolonged negative phase in 1996.
This produced weaker winds and allowed the North Atlantic subpolar frontal
system (the boundary between cold polar waters and warm subpolar waters) to
move further westward, with the warm subpolar water travelling even further west
beneath the cold surface water (Holland et al., 2008). Laidre et al. (2010) were
able to use temperature-salinity data gathered by tagged narwhals to investigate
deep ocean temperature changes in Baffin Bay, and provided the first winter
temperature data from below sea ice. The results confirmed the warming of Baffin
Bay documented by Zweng and Munchow (2006), which does appear to be due to
a warmer West Greenland Current. It remains unknown how long the warm water
will continue to penetrate the coastline, and how far north the warm water will
reach before the currents carry it south along the west coast of Baffin Bay.
However new work by Andresen et al. (2011) suggests that there have been a
number of episodes of enhanced iceberg calving from Jakobshavn Isbrae in the
past ¢.5000 years due to subsurface warming of the West Greenland Current.

Therefore, this most recent change in the current may be a recurrent phenomenon.

The Canadian Arctic Archipelago (CAA) is one of the major pathways for
exchange of ice and water between the Arctic and Atlantic oceans, yet there is
little information about water temperature changes, particularly within the
channels of the archipelago. Rabe et al. (2010) provided information about the
extent of the warm Atlantic-sourced water which is spreading up the coast of
Greenland towards the Canadian Arctic. They examined a transect of moorings
between Ellesmere Island and NW Greenland near 80°30°N. Warm saline waters
existed below ¢.80m depth on the Greenland coast but became generally colder,
fresher and thinner upon approach to Ellesmere Island, where most of the water is

sourced from the Arctic Ocean via the Archipelago channels. Most of the warm
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subsurface water that is following the West Greenland Current turns west in
northern Baffin Bay and flows south past Baffin Island but a small proportion
continues further north along Greenland and it is unknown whether any of this

water actually reaches the CAA.

Murray et al. (2010) extended the evidence of ocean temperature forcing with
research from the SE coast of Greenland where glaciers experienced rapid
thinning, acceleration and retreat between 2003 and 2005. This also coincided
with the penetration of warm Irminger subpolar water into the Eastern Greenland
coastal fjords. In 2006 two of the largest glaciers in the region, Helheim and
Kangerlussuaq, slowed down simultaneously and stopped thinning (Howat et al.,
2007) when cold waters returned to the coast. This may have been part of a
negative feedback loop, where increased meltwater discharge and calving from
the glaciers increased the volume of cold, fresh water in the fjords (Murray et al.,
2010). Murray et al. used moorings to monitor temperature and salinity at a range
of depths, supplemented by sea surface temperature anomaly (SSTA) maps from
the Reynolds SST dataset (Reynolds et al., 2002) and the MODIS SST product
(Armstrong, 2002). These SST data are only representative of the ocean surface
temperature but Murray et al. suggest that persistent high SSTs experienced in SE
Greenland between 2003 and 2005 must also reflect the warm water at depth
which was known to exist in separate measurements. Further research is clearly
required to examine both this assumed association and the relationships between
coastal glaciers and regional ocean temperatures more generally. Johannessen et
al. (2011) examined the relationships between ocean temperatures in front of
Helheim Glacier and its ice-front fluctuations from 1980 to 2010 using Argo float
data and satellite imagery. They observed that warm Irminger-sourced water (up
to 4°C) was reaching the glacier front below 250m depth and that 24% of the
changes in terminus position over the 30-year time period could be explained by

ocean temperature changes.
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1.3.7 Terminus Geometry

Pfeffer (2007) identified a ‘dynamic instability’ in some calving glaciers in which
thinning caused by rising surface air temperatures sufficiently alters the geometry
of the glacier that the resistive stresses imposed by the valley walls and glacier
bed can less effectively oppose the gravitational driving stress, leading to
catastrophic terminus retreat. The instability is triggered when the ice thins
enough to approach buoyancy, if the main resistance to flow is from basal drag.
Pfeffer uses the example of the Columbia Glacier, which retreated dramatically in
the 1980s. However many glaciers also experience lateral drag which introduces a
stabilizing effect, generally more influential on narrower glaciers, and explains
why not all glaciers exhibit this dynamic instability (Benn et al., 2007a). Pfeffer
(2007) argues that once a glacier crosses the threshold into unstable geometry, the
glacier is effectively decoupled from its mass balance and irreversible tidewater
retreat can occur, driven by major changes in ice velocity and glacier geometry in
response to seemingly insignificant climatic fluctuations. This may explain why
various authors have viewed tidewater glaciers to be either sensitive (e.g. Joughin
et al., 2008b) or insensitive to climate change (e.g. Meier and Post, 1987; Pfeffer,
2007). The glacier is not completely independent of mass balance, but the glacier
is more indirectly affected by changing climate, compared perhaps to land-
terminating or well-grounded glaciers. Nevertheless the transition into an
‘insensitive’ phase of glacier retreat is first triggered by a succession of negative

mass balance years (Pfeffer, 2007).

The most recent changes in the Columbia Glacier, described by Walter et al.
(2010), further demonstrate the importance of geometry in determining a glacier’s
calving style and rate. Basin geometry was a key control on the development of
floating ice at the Columbia Glacier in 2007: flotation only happened when the
glacier retreated from an overdeepened valley constriction into a wider valley
mouth which made the calving front three times longer. This also initiated
fortnightly cycles of advance and retreat, with calving events affecting >50% of

the glacier width at once. These changes partly reflect the water depth, as

22



described in the criterion by Brown et al. (1982) (which also included the
Columbia Glacier in its dataset), later expanded by Pelto and Warren (1991):
Uc=70+833Dy (ma™) (3)
Where Ug is the annual calving rate and Dy is the water depth. Nevertheless, it is
primarily glacier and basin geometry that defines water depth and hence
buoyancy. Each glacier system has a unique surface and basal geometry which
means there may not be a physical law that can explain every aspect of a glacier’s

local environment.

1.4 Research Objectives

The primary aim of this study is to investigate the dynamics of calving mass loss
from the Belcher Glacier in the Canadian High Arctic. There is very little
information about the rate and style of calving events in this area, despite it being
currently one of the largest contributing regions to global sea level rise (Gardner
et al., 2011). The precise causes of individual calving events are often unclear
because many factors act towards culmination in a calving event, some
coincidental. Detailed analysis on an event-by-event basis may help to deconstruct
the relationships between calving, glacier dynamics (ice velocity and proximity to
buoyancy which is determined by glacier and bed geometry), and drivers at the
ice-ocean interface (subglacial meltwater discharge, propagation of terminus
water-filled crevasses, changes in mélange/sea ice buttressing, tidal fluctuations

and ocean temperature changes which alter basal melt rates).

The main research questions this study will consider are:
1. Does the Belcher Glacier exhibit a calving style and rate which suggests it
has a grounded or floating terminus in summer?
2. Are calving events on the Belcher Glacier triggered by:
a. A speed-up of the near-terminus region which may be caused by a
meltwater pulse or drainage of the terminus water-filled crevasses,

which enhance its proximity to flotation?
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b. Propagation of the terminus water-filled crevasses to the glacier
freeboard?

c. Removal of buttressing resistance provided by the mélange and sea
ice?

d. Tidal fluctuations, which reduce the height above buoyancy or
lower the buttressing pressure of the seawater, whilst also
influencing the meltwater plume discharge?

e. A change in ocean temperatures, either at depth or at different
times of the year, which could affect the sea ice concentration

and/or basal melt rates?

1.5 Thesis structure

Chapter 2 introduces the field location: the Belcher Glacier on Devon Island in the
Canadian Arctic, Canada. The methods used to investigate the iceberg calving and
terminus dynamics of this tidewater glacier are reviewed. Field methods involved

time lapse imagery, an audio recorder, geophones, GPS, meteorology stations and

CTD casts.

Chapter 3 details the field data collected. The primary data source was time lapse
images, supplemented with audio and geophone data to obtain an accurate calving

event history. Potential triggers of calving events are identified and evaluated.

In Chapter 4 the results are further assessed to consider whether the Belcher
Glacier has a grounded or floating ice terminus, and if any of the mechanisms
examined can explain the calving variability on this glacier between 2007 and
2009. The implications of these results for other tidewater glaciers, particularly in

the Canadian Arctic, are then summarized.

Finally, Chapter 5 reviews the conclusions drawn about the iceberg calving and

terminus dynamics of the Belcher Glacier.
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Chapter 2. FIELD SETTING AND METHODS

2.1 Field Location

The Belcher Glacier is a polythermal tidewater glacier on Devon Island, Nunavut,
in the Canadian High Arctic, located at 75°39'N latitude and 81°23'W longitude
(Figure 2.1). It drains the northeast side of Devon Ice Cap which is a ~14,000km?
domed ice mass that dominates the eastern part of Devon Island (Burgess et al.,
2005). The ice cap is a remnant of the Innuitian Ice Sheet which formed during
the Last Glacial Maximum and retreated ~10.3 ka BP (Dyke, 1999). The Belcher
Glacier is approximately 35km long and has a drainage area of 718km” (Duncan,
2011). The main glacier trunk flows north through a mountainous fjord landscape
and terminates in Jones Sound alongside a slower moving unnamed northern
tributary glacier (catchment 6 in Figure 2.2, tributary 2 in Burgess and Sharp,
2008), which does not contribute to the flow of the main glacier trunk (Figure 2.2)
(Burgess and Sharp, 2008). The Belcher Glacier trunk is 2.4km wide at the
terminus. The final Skm length of the Belcher Glacier is heavily crevassed and has
an average surface slope of 0.3°. Its terminal ice cliff has an average height of
50.45m.a.s.l. and the ice thickness at the terminus ranges from 36m - 320m.

Average water depth near the terminus is 217m.

Historical aerial photographs indicate that terminus position has been essentially
stable since 1960 (Burgess and Sharp, 2004; F. Wyatt (pers. comm.)). However
ice volume loss from the basin between 1960 and 1999 was 11.19+1.44km’ w.e.
and its surface has been thinning by 0.35+0.04m a™' along the entire glacier length
(Burgess and Sharp, 2008). Over this period, iceberg calving from the Belcher
Glacier accounted for around 30% of the net mass loss from the whole ice cap
(Burgess et al., 2005). Belcher Glacier may lose approximately 36% of its annual
mean net mass loss by calving (calculated following Burgess et al., 2005; Burgess
and Sharp, 2008; Boon et al., 2010; A. Gardner (unpublished data)). Consequently
the Belcher Glacier is of
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Figure 2.1. Glaciers and ice caps of the Canadian Arctic Archipelago, with the location of
Devon Island and the Belcher Glacier shown (red rectangle). The main panel is an
enlargement of the red rectangle shown in the inset of the Arctic region. Figure adapted

from Gardner et al. (2011), which was created by G. Wolken.
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Figure 2.2. The Belcher Glacier (a) The main
Belcher Glacier catchment, showing various
radar and bathymetry transects in the
region, as well as the location of four
supraglacial lakes referred to in the text in
connection with Danielson and Sharp (in
review), the general region of terminus
water-filled crevasses, and the location of
geophone and weather stations discussed in
the text. (b) A close up of the Belcher
Glacier terminus, the main study area.
Shown are the locations of: nearby CTD
casts, the geophone stations (which includes
the audio recorder and GPS site at
Geophone Station 1), the 2007/8 and 2009
time lapse cameras, the general area of
water-filled crevasses observed from the
2009 time lapse camera, and the locations of
crevasse measured for depth by L. Tarasov

and team. Base map is a Landsat 2000 image
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Figure 2.3. (a) Transects along the Belcher Glacier centreline showing ice surface and bed

topography (b) Cross-profile transect running parallel to the Belcher Glacier terminus,

showing ice surface, bed topography and bathymetry data from offshore of the terminus;

location shown in Figure 2.2. Ice surface and bed elevations in (b) and ‘centreline transect’ in

(a) were obtained in 2005 from NASA’s Airborne Topographic Mapper (ATM) Laser

Altimeter and the University of Kansas ice penetrating Radar Depth Sounder instruments as

part of the CReSIS (Centre for Remote Sensing of Ice Sheets) project (Gogineni et al., 2005;

Krabill et al., 2006). ‘Confluence transect’ in (a) was obtained in 2000 from the survey of ice

thickness described in Dowdeswell et al. (2004).
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significant interest for the contribution of calving to both its own mass balance

and that of the Devon Ice Cap.

Belcher Glacier is grounded below sea level for a distance of around 25km
upstream from its terminus and has a minimum bed elevation of 300m below sea
level in the centre of the fjord, within 2km of the ice margin (Figure 2.3) (Burgess
et al., 2005). Along the centreline of the glacier, the bed elevation increases
upglacier but there is a steep reverse slope around Skm from the margin which is
manifest as an ice fall at the surface. A high resolution DEM of bed topography is
not available, but the abrupt changes in bed surface apparent in the contrast
between the airborne ice penetrating radar transects surveyed along the Belcher
Centreline (Gogineni et al., 2005; Krabill et al., 2006) and across the confluence
between the Belcher glacier and its tributary (J. Dowdeswell, 2000, unpublished
data) are an insight into the substantial roughness of the glacier bed, which is
likely to affect the glacier flow dynamics. There is a significant c. 250m
overdeepening evident in the ‘confluence’ transect (Figure 2.3) which is not
present at the centreline, only 2km away. Along the confluence the ice surface has
a distinct wave-like topography which may be due to the overdeepening as well as

the joining of two ice masses (B. Danielson, pers. comm.).

The eastern half of Devon Island is composed of Precambrian Shield gneisses
(Frisch, 1988), while the region offshore from the Belcher Glacier (Jones Sound)
has a floor of Cretaceous-Tertiary clastic sediments filling in grabens in the
Precambrian gneisses (Dyke, 1999). The Canadian High Arctic climate is
generally cold and dry although there is a strong east-west precipitation gradient
over Devon Island and the east-facing Belcher Glacier receives precipitation of
~500kg m™~ a”', mostly as snow (Duncan, 2011). The North Open Water (NOW)
polynya, an area of northern Baffin Bay where there is usually open water
throughout the winter, is a primary moisture source for the Devon Ice Cap
(Koerner, 1977). The mean surface air temperature in winter (December-March)

for 2008-09 at 500m.a.s.1. on the Belcher Glacier was -27.8°C, whilst in summer

29



(June-August) it was 1.2°C (B. Danielson, unpublished data). Koerner (2005)
noted that in the Canadian High Arctic there is typically low interannual
variability in precipitation but high variability in melt production due to annual
differences in summer solar insolation. Gardner et al. (2011) found that between
2007 and 2009 the Canadian Arctic Archipelago was the largest regional
contributor to eustatic sea level rise outside Greenland and Antarctica
(‘overtaking’ Alaska during that period, but in 2010 Alaska was almost certainly
the bigger contributor again). Sharp et al. (2011) have suggested that the
significant increase in summer air temperatures since 2005 is a response to a
summer atmospheric circulation configuration that favoured heat transport from a
region of anomalously high sea surface temperatures (SSTs) in the North Atlantic.
Summer melt rates in the Canadian Arctic and NW Greenland appear to be most
responsive to variations in solar insolation (Koerner, 2005; Duncan, 2011), whilst
in other parts of Greenland high melt may occur under cloudy skies, as in Norway

(Giesen et al., 2008).

2.1.1 Field Campaign

The Belcher Glacier project was a major collaborative study developed for the
2007-2009 International Polar Year (IPY). The aim of the project was to research
the dynamic response of Arctic tidewater glaciers to climate change under an
international project called GLACIODYN. GLACIODYN was proposed by the
International Arctic Science Committee Network on Glaciology (IASC-NAG) and
involved collaborators from 18 countries. In situ and remote sensing fieldwork on
Devon ice cap took place alongside research on ten other glaciers in the
Circumpolar Arctic including several in Svalbard and Alaska. Collaborators on
Devon Ice Cap included the Geological Survey of Canada, the Universities of
Ottawa and Lethbridge, Simon Fraser University, Memorial University of
Newfoundland, and University of Alaska Fairbanks. Previous collaborations with

NASA and the University of Cambridge generated airborne geophysical
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measurements of ice surface topography and ice thickness for the whole Devon

Ice Cap, and Belcher Glacier in particular.

The ultimate goal of the Belcher Glacier project is to develop and validate a high
resolution coupled model of the hydrology and dynamics of the Belcher Glacier
(G. Flowers, S. Pimentel) that can be nested within a lower resolution model of
the whole ice cap (L. Tarasov). It will be used to investigate the dynamic response
of tidewater glacier flow to changes in climate, sea level, and ocean temperatures,
as well as investigating the role of meltwater input variations and iceberg calving
in this process. A DEM (Digital Elevation Model) of the ice thickness and
subglacial topography is being developed by W. Clavano and J. Kavanaugh using
GPR (Ground Penetrating Radar) and RES (Radio-echo sounding) data. Snow
accumulation patterns in the catchment have been mapped by T. Sylvestre
(Sylvestre, 2009). A surface melt/mass balance model developed by R. Hock and
C. Tijm-Reimer has been applied to Belcher Glacier by A. Duncan (Duncan,
2011). Mapping of the seasonal development of the ice cap supraglacial drainage
system was conducted by J. Padolsky and F. Wyatt. The influence of meltwater
supply on ice velocity using GPS measurements and time lapse imagery is being
investigated by B. Danielson (Danielson and Sharp, in review). Synoptic scale
multi-temporal velocity mapping of the Belcher Glacier using RadarSat-2 speckle
tracking was completed by W. Van Wychen and L. Gray (Van Wychen, 2010).
Reconstruction of annual velocity fields 1999-2009 using gradient correlation
methods has been applied by J. Davis to Landsat-7 imagery to look at long-term
variability in ice flow and calving fluxes. Finally, mapping of the fjord seafloor
bathymetry was completed in 2006 (Bell and Hughes-Clark, 2006). The
relationship between iceberg calving rate and glacier flow dynamics is the focus

of this M.Sc. project.
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2.2 Iceberg Calving Detection

The next section outlines the methods used to collect the data for this study. The
primary field season was May-August 2009. The datasets collected primarily by
the author to identify calving events were as follows: time lapse imagery, audio

recordings, and geophone logs. However some time lapse imagery was collected
in 2007 and 2008 which was primarily installed by B. Danielson, and L. Tarasov

and team.

2.2.1 Time Lapse Imagery

In this study of the Belcher Glacier terminus, time lapse images were used to
identify iceberg calving events, to calculate the area of ice lost, and to provide
qualitative information about the style of the calving events which may indicate
whether the glacier is floating or grounded. Time lapse images of the calving front
were gathered at 2 hour intervals between June 4™ and August 14™ 2009. The
camera system consisted of a Pentax K110D 6 Megapixel digital SLR with an
adjustable lens set to 18mm focal length, timed by a Harbotronics Digisnap and
powered with a 7Ah lithium gel cell battery and 10W solar panel. The largest
calving events were identified by visual inspection of imagery supplemented by
audio data information, as described in section 2.2.2. Smaller events and their
precise locations were identified via manual digitization of the glacier margin
position. Repeat digitizing of the margin allowed quantification of the magnitude
of each calving event in terms of the area of ice lost. The UTM coordinates of the
margin and the area of ice lost (in square metres) were calculated using a simple
photogrammetry model based on Krimmel and Rasmussen (1986), which was

developed as Matlab® code by M. Truffer and utilized in O’Neel et al.. (2007).

The position of the terminus margin is calculated using the static-surveyed
locations of two GCPs on bedrock summits within the camera view, as well as the
focal length of the lens, and an initial estimation of the Exterior Orientation

parameters (EOPs, the X, Y, Z position coordinates of the camera and the three
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rotation angles: roll (o), pointing angle (¢) and tilt (x)) (see Figure 2.4) (Ahn and
Box, 2010). The focal length and EOPs were checked using Photomodeler camera
calibration software. The position of the margin is then projected to a horizontal
plane (the intersection of the ice cliff with the sea surface) on which UTM Zone
17 map coordinates can be calculated. Tidal amplitude data from the Fisheries and
Oceans Canada Webtide Model (Hannah et al., 2008) were incorporated into the
code to solve for the varying height of the sea level plane (£1.5m near the Belcher
Glacier). The code was further developed in this project to include a different
digitizing routine (using a Matlab function rather than red pencil) and automatic
image control point (ICP) identification. This was done by assuming a stable
camera frame (assuming the camera does not wobble substantially in the wind)
rather than accounting for any shifts through ICP identification (which has its own
error associated with manual pixel picking). The camera box had been newly
secured strongly to the rock, was not exposed to high winds and any observable
wobble was less than the error associated with manual digitizing of the terminus

position.

Prior to georeferencing, the calving margin position was digitized in daily time
lapse images covering the study period (June 4" to August 140 2009). The margin
position was defined as the intersection of the ice front with sea level. It was
digitized in Matlab and the pixel coordinates were then imported into the
photogrammetry code described above. This produced UTM coordinates for the
calving front position. Histogram thresholding, image enhancement and edge
detection were tested to aid automatic detection of the margin but the terminus
environment was too complex for this to be done reliably. Sea ice, crevasses, and
a large range in lighting conditions posed the main challenges in this regard. Daily
images were used as a shorter time interval would not generate terminus position
changes that are large enough to be detectable above the manual digitizing error.
The 2009 image set was digitized twice to compare the manual digitizing
variability. Over stable ground in the near scene, the manual digitizing RMSE is

approximately 0.36m, extending to 5.19m at the island in the background
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Figure 2.4. Demonstration of the three camera rotation angles, which have various names
depending on the photogrammetry system used and are all listed here for clarity and for
comparison between O’Neel et al. (2007) and Ahn and Box (2010): ROLL/omega (®)/psi
(rotation clockwise around X axis), POINTING ANGLE/phi (¢)/pitch (dip below the
horizontal on the Y axis), TILT/kappa (x)/theta (tilt from the azimuth, counter-clockwise
around the Z axis where North is 90°. ®/@/k is the most accurate naming system which is

used in this thesis.
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Figure 2.5. The time lapse image scene of the Belcher terminus for 2009, with key features

annotated.

(Figure 2.5). Change in the terminus position was computed using a box area
measurement method, as opposed to a single along-flow reference line, because it
is often the case that some regions of the terminus advance while others
simultaneously retreat (Moon and Joughin, 2008). The box used was bounded by
the digitized margin at the downstream end, by parallel lines along its lateral
margins and by an arbitrary reference line upstream (Moon and Joughin, 2008).
The difference in the area of each polygon between successive images is the area
change of the front (dA/df) whilst the average displacement distance (L) is
calculated by dividing the area of retreat by the polygon width (Howat et al.,
2010). In order to somewhat account for manual digitizing errors and the
influence of tides, area gains or losses of less than 0.005km?* were not included in
the area change results. This value was less than the area of calved ice in the
smallest observed calving event but larger than the digitizing RMSE of each of
the two separate digitized datasets: both sets would include errors, neither being a

‘true’ estimate. The reliability of the margin position estimate, and the

35



photogrammetry model, was assessed through comparison with digitized margins
in quasi-monthly Landsat-7 ETM+ images from the same time period (resolution
+30m). MODIS (Moderate-Resolution Imaging Spectroradiometer) images could
not be used for additional mapping as they were usually too cloudy to allow
mapping of the full terminus, and the 250m resolution was not accurate enough to
allowing mapping of changes in the terminus position of a glacier that flows at
<300m/yr. Landsat-7 images were downloaded from the USGS Global
Visualization Viewer (GLOVIS).

Throughout this study, the results are compared to results from several other time
lapse cameras as well as to meteorological conditions measured at several
Automatic Weather Stations (AWS) established on the glacier. Reference is made
to the Lower Belcher Automatic Weather Station (LBAWS) installed by A.
Duncan in 2008 and the Belcher Camp Automatic Weather Station (BCAWS)
installed by B. Danielson in August 2006 (Figure 2.2). Hourly measurements of
air temperature, wind speed and direction, and snowfall are used to quantify
changes in weather conditions (see Table 2.1). Time lapse cameras were also
installed at the terminus in 2007 and 2008, but in a different location (Figure 2.2).
This viewing angle was more ‘face-on’ to the terminus and did not allow for
accurate delimitation of the daily margin position using the method described
above. However, they were useful for monitoring the meltwater/sediment plume,
and major calving events were still visible. The cameras had the same equipment
and setup as described for the 2009 camera above, but the time lapse interval was
3 hours in 2007, and 1 hour in 2008. Another time lapse camera was also installed
by L. Tarasov on a moraine at the glacier’s southern margin between July 7™ and
August 1% 2008. For differentiation, this camera is hereafter referred to as the
‘Tarasov camera’. In this study it is used to provide more detailed information
about the calving and sea ice dynamics near the southern margin during this time
period, supplementing the wider perspective of the 2008 time lapse camera
position. However the camera is not used to calculate the area of ice lost or

changes in the meltwater plume as the camera is very close to the glacier and does
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not capture any GCPs in its field of view. Its position was also adjusted several

times during its field installation.

Table 2.1. Selected meteorological instrument specifications as stated by the manufacturer.
All instruments were installed on the cross-arm, 2m above the surface at the time of
installation. Hourly averages of 15-second measurements were recorded on Campbell

Scientific CR1000 data loggers (table from Duncan, 2011)

VARIABLE SENSOR RANGE ACCURACY
Air Temperature | Campbell -50 to +50°C +0.1°C
Scientific
HMP45C212
Relative Humidity | Campbell 0 to 100% non- | +2% RH (0 to
(RH) Scientific condensing 90% RH)
HMP45C212 +3% RH (90 to
100% RH)
Wind speed RM Young 0to 60m s’ 0.3ms™
05103AP-10 wind
monitor
Wind direction RM Young 360° 3°
05103AP-10 wind | (mechanical)
monitor

2.2.2 Audio Recordings

A Sound Devices 702T audio recorder was installed on the glacier ~400m from
the calving front (Figure 2.2). It collected acoustic signals continuously from June
24™ _ July 24™ 2009. These were used to supplement the calving event history
detailed by the time-lapse imagery. The recorder was stored in a sturdy, water-
tight box which also contained the batteries. The microphone was attached to a
steel pipe drilled into the ice, on which three solar panels were also mounted. Data
were recorded in stereo using an Environmental Audio Recording Systems
(E.A.R.S. Canada) 48V phantom-powered omni-directional condenser
microphone, protected by a custom Gore-Tex windshield (Figure 2.6). The
frequency response of the microphone ranges from 10Hz to 40Hz. The
microphone preamplifier used a high pass filter to reduce sensitivity to wind noise

(low frequency signals <240Hz). Wind noise was also reduced by use of the
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Figure 2.6. The ‘Uberstation’ setup with audio recorder, geophones and GPS installed near

the terminus (at TNRS-6). Audio recorder is powered by the 3 large 80W solar panels
pictured, which feed the battery in the black box. E.A.R.S. Canada Microphone pictured in
inset, with purple Goretex windshield cover. Sound Devices 702T audio recorder pictured in
second inset, with LaCie ‘rugged’ hard drive which was also installed in the black box along

with a Campbell Scientific datalogger and a circuit board timing device.

windshield and by locating the equipment on a serac in a depression on the ice
surface. This is important as wind noise can potentially mask other sounds, but
strict elimination of this noise may hide calving events, which also produce low
frequency signals (1-2 Hz) (Qamar, 1988). The recorder gain range was 25 to
70dB; it logged with a sampling rate of 44.1 kHz and recorded 500Mb MP3 files
to a LaCie bus powered FireWire drive. The recorder was set for a delayed start
using a custom relay device designed by R. Stefaniuk and J. Kavanaugh that
interfaced with the clock from a Campbell Scientific CR10X datalogger. The
relay device was also used to monitor the audio recorder time code using a buzzer
which beeped aloud the day of year at a specified time each day. The clock drift

was only +60 seconds after one month of continuous recording (consistent with
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the stated accuracy of the datalogger clock) but tracking this was necessary in
case power inputs dropped below a threshold and the relay device cut recording
until enough power was available to restart it. This did not prove necessary as the
system was powered by three 80W solar panels and two 100Ah batteries, as well
as by a 4600mAh lithium-ion battery in the recorder. The Sound Devices recorder
is hardy and well-designed but can consume up to 20W/hr depending on the
number of active functions such as phantom microphone powering. On July 24"
the FireWire drive crashed due to overheating in its insulated black box whilst on

continuous recording for a month, but the data were eventually recovered.

2.2.3 Geophones

A set of simply-constructed geophones were installed on the Belcher Glacier to
test whether different source mechanisms of ice fracture events could be detected
and differentiated (for example identifying calving events and surface crevassing
activity). Three seismic stations were placed along the glacier centreline, 0.4km,
1.5km and 6.6km upstream of the terminus (Figure 2.2). Each station consisted of
a pair of two-component, 4.5Hz geophones at a depth of 5m, approximately 1m
apart. The geophones were interfaced with a Campbell Scientific CR10X data
logger through a simple circuit board. They counted the number of seismic events
above a defined ‘gain’ and output the total number of counts to the datalogger
every 2 minutes. The logger and circuit board were stored in a small sturdy box
attached to a steel pole drilled into the glacier ice, which also supported a 10W
solar panel. The geophones were set to different gain sensitivities (2000 and 3000)
to obtain additional detail about the relative size and location of events. During
each 2 minute measuring interval the circuit board counts the number of events
that have local amplitudes greater than the threshold gain value but neither the
magnitude nor timing of the events within this interval are recorded (Kavanaugh
and Clarke, 2001). A gain of 2000 was found to provide a good compromise
between sensitivity and noise rejection in studies at Trapridge Glacier, Canada

(Kavanaugh and Clarke, 1997). This value was also used by Copland et al. (2003)
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in work on John Evans Glacier, Canada. However as this gain only picked up the
largest seismic events, in our study the second geophone was set to a higher
sensitivity of 3000. These geophones differ from other bedrock or ice geophones
as they are not three-component and hence do not detect vertical movement. Two-
component geophones are only able to provide relative timing, location and
magnitude of seismic events because without a large network of seismometers it is
impossible to distinguish between small, local and large, distant activity.
Nevertheless as the geophones were spaced some distance apart it may be possible
to identify the general location of events by noting which geophones recorded

counts and the propagation of responses along the glacier (Copland et al., 2003).

2.3 Identifying Potential Calving Triggers

The three potential triggers for iceberg calving listed here were primarily
identified from time lapse imagery: changes in the terminus velocity, changes in
the subglacial meltwater flux (determined by the extent of the meltwater/sediment
plume, as well as the timing of drainage of water-filled crevasses) and changes in
sea ice buttressing of the glacier terminus. The methods of identifying these
features are presented, followed by a review of the methods used to identify tidal
interactions, ocean temperature methods and calculations of the glacier’s
proximity to flotation (a reflection of terminus ice and bed geometry). These
results are supplemented by tidal data, CTD casts and bathymetry maps, weather
station and GPS data, which were collected by other collaborators who are cited at
appropriate points in the text. All analyses of these processed datasets are my

own.

2.3.1 Terminus Velocity

Optical flow is potentially a new technique for measuring the flow of a glacier. In
the computer vision literature, it is currently used to compute change between two

sequential oblique camera images. The motion of pixels between two images is
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tracked, relative to the static position of the observer, on the assumption that pixel
brightness is similar in both images (Atcheson et al., 2009). In this sense, the
method is not dissimilar to feature tracking, which follows groups of pixels
(rather than individual pixels) between image pairs. Optical flow is also similar to
the MIMC cross correlation technique recently tested on oblique time-lapse
imagery by Ahn and Box (2010). This method can be used to derive a full spatial
velocity field for the whole oblique image, providing much higher spatial
resolution of displacements than point-based GPS measurements. This is
particularly useful at the hazardous, rapidly changing calving front (Ahn and Box,
2010). It would also have a much better temporal resolution than most satellite
imagery, with the potential for at least daily velocity maps on relatively fast-
flowing glaciers. An example of the spatial resolution of the results, superimposed
on an orthorectified image, is shown in Figure 2.7. The method has the potential
to be more fully automated than cross correlation methods, which require manual
picking of registration points. Optical flow is being tested because the spatially
dense velocity grid may reveal connections between the terminus flow and
iceberg calving events: for example localized speed up may occur in response to
changes in longitudinal stresses following a calving event (Benn, 2007b).
However the accuracy of optical flow results is highly dependent on the images
having closely comparable lighting conditions and not being obscured by clouds,

and this requirement results in sparse data availability.

Optical flow algorithms have improved substantially since their first use in the
computer vision literature by Lucas and Kanade (1981) and Horn and Schunk
(1983). For example, discontinuities in the flow field are minimized by applying
smoothness constraints, large displacements are resolved using a coarse-to-fine

iterative strategy (‘warping’), and slight changes in brightness between images
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Figure 2.7. An example of an optical flow result, displayed on the orthorectified time lapse
image. The images compared were taken on 19" July 2009 at 1am and 20™ July 2009 at 5am.
Vectors are enlarged by 5 times for visibility. Displacements which did not exceed the
bedrock uncertainty were removed and a mask is applied around the image margins as well

as over the ocean and bedrock.

(due to natural lighting conditions) are acceptable with a gradient constancy
assumption (Brox et al., 2004). These improvements may make it possible to take
optical flow algorithms out of the computer lab and test them on natural scenes.
Yang et al. (2000) used the Horn and Schunk (1983) algorithm to locate ‘singular
features’ such as ocean vortices in sea surface temperature (SST) data from
satellite images. Optical flow has not yet been applied in glaciology but the
closest example is a project on the Nisqually Glacier in Mt Rainier National Park,
where a sparse velocity grid was mapped from double-exposed oblique time-lapse
photographs using an early version of Particle Image Velocimetry (PIV) (Conley
and Cloud, 1986). PIV tracks velocity by pattern matching the displacement of
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laser speckle or a tracer fluid and applying cross correlation in a similar fashion to
the speckle tracking technique used for satellite radar imagery (e.g. Short and
Gray, 2005). This method is most commonly applied to turbulent flow fields
(Adrian, 2004). It was tested on river ice in the St Lawrence River, Canada, but
the complex cloud and lighting conditions influenced the results too much for the

method to be successful (Bourgault, 2008).

There are a large number of different optical flow algorithms in the computer
vision literature, along with several alternative methods for computing
displacement such as normalized cross-correlation, feature tracking, and PIV. On
the Belcher Glacier, we used optical flow because it can produce a dense velocity
field on oblique or orthorectified photographs, is automated and lacks a
requirement for manual GCP picking, and can be computationally inexpensive.
The algorithm chosen was ‘High Accuracy Optical Flow’ by V. Chari which is
freely available in the Matlab File Exchange. Chari adapted the essential numerics
from Brox et al. (2004) and Brox (2005), with the addition of different colour
channel analysis and a local smoothing function from Sand and Teller (2006) and
Sand (2006). The Sand algorithm addition was used as it was point-based, making
it computationally faster than the basic Brox function. Optical flow measurement
was initially performed on the original time lapse image (2000x3008) but each
pair took up to 3 hours to be processed. When optical flow was run on
orthorectified images (295x465), processing times were around two minutes and
additional errors associated with the aperture problem were reduced. The aperture
problem is an error in the interpretation of movement in oblique images that
occurs when the camera is not positioned directly perpendicular to the main flow
vectors. The Brox-Sand algorithm attempts to mitigate this problem and others
using a variational approach which combines brightness constancy, global
smoothness and gradient constancy constraints. It was chosen because the Brox et
al. (2004) results remain the most accurate reconstruction of flow in the Yosemite
image test sequence, a natural mountain scene that includes clouds (Chen and

Barron, 2010) and which compares best to the Belcher Glacier scene.
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The code was integrated into a multi-image loop which involves semi-automated
image selection and a graphical display of results. Whilst the optical flow code is
robust to some natural lighting changes, it operates on grayscale intensity values
and assumes brightness constancy so these variations must be kept to a minimum
(Brox et al., 2004). A pre-processing selection step removes cloudy, foggy,
shadowed and highly illuminated images based on file size and histogram
thresholds of intensity and saturation. This is one of the most crucial steps in
achieving reliable results. Ahn and Box (2010) reported a 15-20% image loss rate
due to factors such as cloud cover. Falling precipitation, strong winds, and lens
reflections were not problematic in the Belcher Glacier image sequence but 16.4%
of images were discarded due to cloud and fog, whilst only 9% had lighting
conditions suitable for optical flow analysis. Late evening and early morning
imagery was best as lighting was generally diffuse; uniform high cloud cover also
achieved similar conditions but fog, low cloud, light reflectance off water and cliff
shadow covering parts of the glacier produced distinctive flow anomalies.
Significant snowfall or snowmelt can produce misleading results, as with speckle
tracking of radar imagery (Van Wychen, 2010), but there were only two
significant changes in ice conditions in the May-August 2009 period, and these

were easily avoided in the image selection stage.

In order for the optical flow measurements to be converted from pixel
displacement to velocity, the time-lapse images first had to be orthorectified.
Orthorectification is the transformation of an oblique or otherwise distorted
photograph to one which has a uniform scale on which you can measure distances.
It essentially translates the position of each pixel from oblique to plan view with
the help of a DEM and the internal and external camera orientation parameters. It
was not possible to use the Krimmel and Rasmussen (1986) method in this
application because it only accounts for elevations which intersect with sea level
or some other flat plane. DEM elevations (which range from 10-240m.a.s.l. in the

terminus region) are required to create an accurate projection, otherwise the
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coordinates on a flat plane are stretched several kilometers beyond their true
position. The 2009 image scene also has a large roll angle (13°) so a fully
parameterized solution was required to produce a realistic result. For this reason
code used in Corripio (2004) and Bourgault (2008) did not make an accurate
translation of the Belcher imagery because not all of the camera parameters were
included. Instead a fully parameterized solution was created by A. Croitoru, which
was based on Croitoru and Ethrog (2001). The inputs to this procedure were the
2007 SPOT SPIRIT DEM, the EOPs (camera position, elevation and o, ¢, ), and
the interior orientation parameters (IOPs: focal length, X and Y image coordinates
of the central pixel). The procedure uses affine transformation to convert pixel
image coordinates to image coordinates, which are then restructured to create the
final orthoimage. The initial estimates of the EOPs (measured in the field) were
optimized alongside estimates of the IOPs from the Photomodeler calibration
software and the locations of GCPs, described in section 2.2.1. As a result, the
solution is accurate within its own reference system but may not be directly
comparable with on-the-ground measurements or georeferenced satellite images.
This is acceptable because the result required is an absolute displacement

distance, rather than the true position of known features.

Uncertainties due to the difference between actual and assumed brightness
conditions as well as camera motion were assessed by the root mean square error
(RMSE) of pixel movements over a 15 x 20 pixel area of stable ground in the
image foreground that was unaffected by snowmelt (Haug et al., 2010; Ahn and
Box, 2010). Any images with an RMSE above 0.5 pixels displacement in any
direction were removed from the dataset; whilst in the rest of the images any
displacements that were less than the apparent movement over bedrock were
masked from the results. Displacements within 10 pixels of the image margin
were also masked to minimize edge effects, along with areas outside the region of
interest (the main glacier trunk). Once images with excessive bedrock movement
were removed, the average displacement RMSE was 0.18+0.27 pixels. The image

registration uncertainty described by Ahn and Box (2010) in this case is the
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orthorectification error, which cannot easily be determined but is conservatively

estimated to be no more than 0.3 pixels.

Several experiments were performed to test the effect on the displacement results
of changing the optical flow parameters. In the optical flow literature this is done
with a hidden ground-truth field (visible only with a fluorescent camera) (Baker et
al., 2007), but in the Belcher Glacier imagery the optimizations were done
qualitatively, judging a balance between computation time and the elimination of
outlying vectors which were clearly orientated in the wrong direction. Edge
effects were apparent within 10 pixels of the image margin but within this
boundary most displacements were uniform in magnitude and direction. The
results of the parameter testing are presented in Table 2.2. The alpha global and
local terms are regularization parameters which assume neighbouring pixels move
in a similar direction but will allow discontinuities to occur at edges, for example
near a crevasse. They are a response to the aperture problem and the assumption
that each pixel goes somewhere (instead of perhaps vanishing into a crevasse).
The global term has the strongest smoothing effect on the whole image and should
be set higher when textureless regions are involved, whilst the local variable only
affects immediately neighbouring pixels in a gradient dependent manner which
helps preserve flow discontinuities (Brox et al., 2004). The optimized values are
minimum numbers needed to smooth major outliers but which do not undermine
the importance of the main data term (the difference in image intensities). The
downsampling value is the factor by which each layer in the Laplacian pyramid is
resampled and warped. The Laplacian pyramid is a coarse-to-fine method of
solving for flow and accounting for large displacements (Brox et al., 2004). The
first image is a coarse, small pixel-sized version of the original image for which
basic optical flow is calculated and then used as the initialization for the next
image which has more pixels and is less smoothed (Brox et al., 2004). A large
downsampling factor has more warping stages and produces a more accurate
result with less outliers at the edges, but too many iterations requires significantly

more computation time (Sun et al., 2010).
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Table 2.2. Testing the optimization of optical flow parameters

PARAMETER TYPICAL RANGE IN OPTIMIZED
RANGE ELAPSED VALUE
TIME (SEC) SELECTED
Alpha global 15-30 22-34 15
Alpha local 20-100 26-31 20
Downsampling 0.5-0.95 5-125 0.8
factor

Velocities determined by optical flow analysis of time lapse imagery were
compared to velocity measurements from a network of continuous logging
Trimble NetRS dual-frequency GPS systems established by B. Danielson in 2007.
TNRS-206 was at the site of the audio recorder and first geophone, ~400m from
the ice front in May 2009. The GPS logged data with a 15 second measurement
and 5 minute position schedule and referred to a base station near BCAWS to
provide a stable local reference frame (Figure 2.2). The GPS data were processed,
filtered and analyzed by B. Danielson, as described in Danielson and Sharp (in
review). The raw data were converted into Rinex files and differentially post-
processed in kinematic mode using Track kinematic software produced by the
Massachusetts Institute of Technology. Positions with a horizontal uncertainty ¢ >
0.05m and vertical position ¢ > 0.1m were removed from the dataset. A 4-hour
wide sliding window across the velocity measurements removed the effects of
high-frequency noise. The time series which will be presented here is the
horizontal displacement uniformly-sampled at 1-hour intervals from May —
August 2009 (Danielson and Sharp, in review). The horizontal ice displacement is
the difference between the GPS position at the time of the first and second time
lapse images being compared in optical flow. This dataset is preferable to the
horizontal ice velocity, which is normalized over a daily time step, because the

optical flow data also compare positions between the first and second image.
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2.3.2 Water-filled Crevasses

The time-lapse imagery was also used to map water-filled crevasses visible on the
terminus ice surface during the summer. These ‘water-filled crevasses’ are a
collection of small ponds which accumulate between crevasse walls and may
overflow onto the glacier surface. Water-filled crevasses are distinguished from
supraglacial lakes by their size, as they tend to be small and numerous (Figure
2.8), rather than a single large water body. The aerial extent of water-filled
crevasses could provide valuable information about the terminus stability as
water-filled crevasses have been known to weaken and propagate through the ice,
leading to the break-up of ice shelves e.g. Hulbe et al. (2004) and Rignot and
Steffen (2008). The timing of crevasse water drainage is also important because
the meltwater released may enter the subglacial drainage system and its release at
the margin could trigger a calving event. Danielson and Sharp (in review)
developed a method to calculate the area of these ponds, using a similar approach
to that used for digitization of the calving margin (as described in section 2.2.1).
A semi-automated detection procedure is very useful in this situation because
there are at least 30-50 small lakes visible on the ice surface (Figure 2.8), which
would be tedious to identify and map manually. The results will be compared with
measurements of the size of the meltwater plume to determine if the crevasses are
directly connected to subglacial drainage system during drainage events. If they
are, then initiation of drainage of the crevasses should lead to a larger meltwater
plume discharge. The main results of the camera lake-mapping project are
presented in Danielson and Sharp (in review) but the water-filled crevasse data are
presented here for comparison with the calving and meltwater plume results. The
2009 terminus time lapse imagery is of group ownership; the data analysis was
performed by B. Danielson; the data presentation and interpretation were made by

H. Milne.

The accumulation of water on the glacier surface can be semi-automatically

identified using image pattern recognition, where a function is ‘trained’ to
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Figure 2.8. A time lapse image from June 30™ 2009 at 7am which shows the water-filled

crevasses visible at the terminus that were outlined (in red) by the pixel-picking algorithm
developed by B. Danielson (figure adapted from Danielson and Sharp, in review). Lakes ‘A’
and ‘B’ are referred to in the text, in section 3.3.2. A small water-filled crevasse which the

algorithm missed is also shown in the foreground.

compare each pixel in an image against a set of criteria to determine whether the
pixel fits in the Target Class (water) or another category (ice, snow, rock or
shadow) (Danielson and Sharp, in review). The classification is made using
different categories of HSV (hue, saturation, value/intensity) and L*a*b
(luminance, red-green chromaticity, blue-yellow chromaticity) color space which
allowed the varying water colors of the crevasse lakes to be detected. The function
can then be ‘trained’ using a K-means algorithm in Matlab, which allowed the
user to cluster certain pixels into categories (such as water or ice) and then apply
this ‘remembered’ clustering to a series of images. The user then verifies the pixel
classification before the lake outline is drawn and the position converted to UTM
coordinates using the georeferencing technique described in section 2.2.1
(Danielson and Sharp, in review). This pixel-picking algorithm, developed by B.

Danielson, was then used to monitor the changing area of water-filled crevasses
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visible at the surface of the Belcher Glacier terminus. An ice/ocean mask was

applied to exclude the ocean and sea ice from the detection process.

2.3.3 Meltwater / Sediment plume

The limits of the meltwater/sediment plume can also be digitized from the time-
lapse imagery in a similar manner to the calving front position and the water-filled
crevasse area. Measurements of changes in plume area can then be used to
determine whether the water in the crevasses drains quickly and directly to the
subglacial drainage system and thus to the meltwater/sediment plume, whether
changes in subglacial meltwater flux (observed from differences in extent of the
plume) can trigger a calving event, or if the plume responds to supraglacial lake
drainage events, also indicating a surface connection to the subglacial drainage
system. A supraglacial lake drainage dataset for 2009 is now available (Danielson
and Sharp, in review), to which the meltwater plume flux will be compared. A
number of studies have found a significant correlation between river discharge
from land-terminating glaciers and plume area (e.g. Lihan et al., 2008; Chu et al.,
2009; McGrath et al., 2010) but this relationship has yet to be tested for marine-
terminating glaciers. The evolution of the Belcher Glacier meltwater/sediment
plume was observed by time-lapse camera. The 2007 and 2008 terminus time
lapse camera position offered an excellent view of the plume so they are included
here (Figure 2.9), whilst the 2009 camera position did not produce such useful
data for this application. In the region where the plume emerges near the ice front,
the manual digitizing RMSE is ¢.7.3m, which would improve as the plume flows
closer to the camera at its 2007/8 position. Every cloud-free image of the visible
plume was digitized manually and plume edge positions were translated to UTM
coordinates to allow calculation of plume area. Automatic detection of plumes
posed an additional challenge because the plume water changed colour with
different lighting conditions and, as with the calving front position, made
application of a ‘trained’ detection algorithm too difficult. Nevertheless, for the

purpose of manual digitization, the plume boundary is usually quite distinct
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Figure 2.9. Comparison of the 2007/8 terminus camera view (a) and the 2009 terminus

camera view (b) which demonstrates that much more plume water is visible in the 2007/8

imagery.
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because the glacial meltwater is rich in suspended sediment (Chu et al., 2009;
McGrath et al., 2010). In this paper the focus is on the ‘turbid plume’, formed
from the most sediment-rich water and found closest to the terminus, which is the

easiest part of the plume to identify in time-lapse imagery.

MYDO09 and MODO09 250m resolution band 1 MODIS imagery (available daily)
was evaluated to determine its suitability for validating the time-lapse plume
extent maps, as well as to confirm how much further the turbid plume extends
beyond the camera. Chu et al. (2009) and McGrath et al. (2010) used MODIS
imagery to map the area of the ‘brackish’ sediment plume, which extended 5-
65km from the Kangerlussuaq shoreline in West Greenland. In the time-lapse
imagery suspended sediment is most clearly visible in the ‘turbid’ plume which
occurs closest to the ice front. However whilst most of this plume was captured
from the 2007/8 camera position, it sometimes extended beyond the camera’s
field of view. Available MODIS images from 2008 and 2009 were compared with
time lapse images from the same dates to determine whether a distinction could be
made between the turbid and brackish plumes based on the SSC (see section
1.3.3), and how much area was being missed due to the camera position. The
MODIS instrument on the NASA Terra and Aqua satellites was used as it offers
daily coverage of the study area. MODO09 (Terra) and MYDO09 (Aqua) 250m
resolution surface reflectance products were downloaded from the NASA

Warehouse Inventory Search Tool (https://wist.echo.nasa.gov/api/). Only high

quality ‘clear-sky’ images were extracted, following the definition by Chu et al.
(2009). The hierarchical data format (hdf) files were converted to geotiff using the
freeware MODIS Reprojection Tool (MRT) and delineated to a local region of
interest (ROI) using ENVI. A land mask was created in MATLAB using Band 2
(820-870mm) to focus the analysis on the Belcher Fjord, following McGrath
(2009).

Surface reflectance values are dimensionless and range from -100 to 16000. This

range was used to convert values to percent surface reflectance. Chu et al. (2009),
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McGrath et al. (2010) and Miller and McKee (2004) analyzed the red portion of
the visible spectrum seen in band 1 (620-670nm) for a threshold reflectance value
that depicts suspended sediment near the water surface. Lahet and Stramski
(2010) compared the reliability of band 1 to band 4, and found that band 1 offers
higher spatial resolution and better highlights the distribution of runoff near a
coastline, making it ideal for this application. Chu et al. (2009) observed that a
surface reflectance percentage of >0.12 matched the spatial distribution of the
sediment plume in Kangerlussuaq Fjord, based on an empirical model calibrated
with ground-truth measurements. McGrath et al. (2010) also found similar values
for this region. However Lahet and Stramski (2010) caution against applying
these thresholds to other regions because they depend on environmental
conditions such as the catchment size, as well as the solar zenith angle (Miller and
McKee, 2004) and factors such as the melt and sediment contributions to the
plume. The solar zenith angle is a function of time, day and latitude, which differs
significantly between the Kangerlussuaq (66°57'N) and Belcher catchments
(75°39'N).

2.3.4 Meélange / Sea ice Buttressing

The buttressing strength of the sea ice in front of the Belcher terminus will be
assessed qualitatively using the time-lapse imagery and other photographic
evidence acquired in July 2008 and May 2009. The evolution of the sea ice from
its solid winter form to summer breakup will be described, and the timing of the
breakup will be examined in relation to the timing of calving events between 2007
and 2009 and any glacier velocity changes seen in the optical flow and GPS data
which might be a response to the loss of resistance at the terminus. The amount of
‘mélange’ left on the surface/incorporated into the sea ice close to the ice front

will also be discussed, particularly with respect to winter calving events.
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2.3.5 Tidal modelling
Dunphy et al.. (2005) and Hannah et al.. (2008) created the Fisheries and Oceans

Canada Webtide model, which can be used to compute coastal tidal predictions
within the Canadian Arctic Archipelago. In this study the modeled tidal height
dataset will be compared statistically to the timing of calving events to determine
whether tidal fluctuations played a role in triggering an event, which is more
likely if the glacier is floating as they can then exert flexure on the floating tongue
and increase the bending stress (O’Neel et al., 2003). Tidal fluctuations could also
affect the flow of the meltwater plume in ways that might lead to a calving event
(e.g. by reducing meltwater outflow at high tide, and increasing basal water

pressure and proximity to flotation).

Webtide is a finite element model with a static ice field to partially account for sea
ice coverage. It models the five major tidal constituents in this region: the semi-
diurnal principal lunar (M2), principal solar (S2) and lunar elliptic (N2), and the
diurnal principal lunar (O1) and lunar-solar (K1) constituents (Gudmundsson,
2007). The model is validated by a month-long data set from ‘Belcher Point’
(Figure 2.2), which improves its reliability in our area of study as it is located only
13km north of the Belcher Glacier terminus, and within the same fjord (Greisman
et al., 1986; Hannah et al., 2008). The model predictions also compared well to
measurements from a tide gauge installed in the fjord beyond the glacier terminus
in July 2008 (L. Tarasov, unpublished data). The maximum tidal range recorded
over the 10-day measurement period was +1.46m, whilst the modeled tidal range
for that time period was £1.40m. The root mean square error (RMSE) of the
difference between the 10-day measured tide and model predictions was 0.196m

and the correlation coefficient was r=0.96.

2.3.6 Ocean Temperatures

Murray et al. (2010) analyzed the interaction of glacier flow and changing ocean

temperatures in southeast Greenland using measurements of glacier flow speed,

54



terminus position, surface mass balance, and ocean temperature and salinity.
Following Murray et al., ocean temperatures offshore from the Belcher Glacier
were measured with CTD casts and spatial changes in SSTs were analyzed using
mean sea surface temperature anomaly (SSTA) maps available as a product from
Advanced Very High Resolution Radiometer (AVHRR) data
(http://iridl.1deo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBA
L/.Reyn_SmithOIv2/.monthly/.ssta/) (Reynolds et al., 2002). This SSTA series

uses the time period 1971-2000 as the baseline from which the anomalies are
calculated. Murray et al. (2010) also compared their results to a MODIS weekly
product and a Landsat radiance product, but as the Reynolds SSTA product were
found to be reliable, and are easily available, only this dataset was used here.
Whilst the SST dataset only represents the temperature of the topmost surface of
the ocean, Murray et al. (2010) argue that it was hard to explain the consistently
high SSTs observed in their study area without warm water occurring at depth as

well. This hypothesis will also be considered more closely.

Series of CTD casts was made in the Belcher Fjord in September 2006 and July
2008, in order to examine the ocean temperature profile. Seven casts were taken
from the CCGS Amundsen Icebreaker and the Heron launch vessel on 19"
September 2006, and L. Tarasov made 5 casts on 22" and 30™ July 2008.
Practical Salinity, Sp (PSS-78), was converted to the new standard, Absolute
Salinity (Sa), using the Gibbs Seawater (GSW) Matlab Oceanographic Toolbox of
TEOS-10 (Thermodynamics and Equation of State of Seawater). The casts taken
in 2008 had pressure converted to depth following UNESCO (1983), whilst
conductivity was converted first to Practical Salinity and then to Absolute Salinity

using the method described above.

2.3.7 Geometry

The stability of a glacier is strongly influenced by the ice and bedrock geometry at
the terminus. Instabilities often arise when the terminus ice approaches buoyancy,

caused by thinning due to a change in surface mass balance, enhanced basal or
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terminal ice cliff melt (especially below the waterline), or increased velocity or
calving rate. Wide bays or large basal over-deepenings are examples of bedrock
features which are more likely to promote catastrophic retreat from unstable
glacier termini. Calculation of the height-above-buoyancy (Sikonia, 1982)
indicates how well grounded the glacier is and provides information about the
stability of the terminus region. The height-above-buoyancy, Hj, is:

Hi=H-2'D, @)

pi

where H is the effective cross-sectional ice thickness, D,, is the water depth, p,, is
the density of sea water and p; is the density of ice. Water depth is interpreted
from the CTD data (described above) and the bathymetry map produced by the
CCGS Amundsen in September 2006. The bathymetry was mapped by imaging
deeper parts of the fjord using the EM300 30kHz multi-beam on the Amundsen
ship, along with detailed mapping closer to the tidewater front using the 300kHz
multi-beam on the Heron launch vessel (Bell and Hughes-Clark, 2006). CTD casts
made from the Heron Launch Vessel only went to 150m depth, but CTD casts by
L. Tarasov and those from the CCGS Amundsen reached the fjord floor, and can

be used as additional measurements of water depth.

2.4 Summary

The Belcher Glacier is a tidewater glacier located on Devon Island in the
Canadian High Arctic. The main aim of this project is to investigate those aspects
of the dynamics of the glacier’s terminus region that influence the timing and rate
of iceberg calving in the summer period. In particular, the research is aimed at
determining whether the glacier is grounded or floating in summer, and whether
individual calving events are related to the timing of changes at the ice-ocean
interface (subglacial meltwater flux variations, the downward propagation of
terminus water-filled crevasses, changes in mélange/sea ice buttressing of the
glacier terminus, tidal flexure of the terminus region, or changes in ocean

temperature which alter basal melt rates) or in glacier dynamics (terminus velocity

56



or proximity to buoyancy, which is controlled by glacier and bed geometry). In
order to consider these questions, several datasets were collected. The audio and
geophone data were gathered to supplement information about the history of
calving events that was derived from time-lapse photography. The time-lapse and
MODIS imagery, tidal height, CTD and AWS data were used to investigate the
linkages between weather conditions, meltwater/sediment plume extent, sea ice
conditions, tidal variability and the occurrence and magnitude of calving events.
The time lapse imagery, analysed using optical flow, and compared with GPS data
may inform us about the spatial and temporal patterns of ice flow variability in the
terminus region. Finally the CTD and bathymetry data are used to assess the

ocean temperatures, and the long-term stability of the glacier terminus region.
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Chapter 3. RESULTS

3.1 Introduction

This section describes data collected at the Belcher Glacier between 2006 and
2010. The primary field data are from 2009 though they are supplemented by
evidence from previous years that was gathered by other field researchers. Further
details are supplied in the text. The first section presents the iceberg calving
results, detected using time lapse imagery, audio recordings and geophones. The
following section then summarizes the results of optical flow analysis, water-
filled crevasse area mapping, meltwater/sediment plume mapping, sea ice
buttressing, ocean temperature and tidal analysis, and the glacier and basin

geometry.

3.2 Iceberg Calving Detection

3.2.1 Time Lapse Imagery

The primary method of identifying calving events was from daily digitized
positions of the glacier margin, which made it possible to locate small advances
and retreats not immediately visible to the eye. The time-averaged rate of change
in the position of the calving front (dL/df) and the change in area of the glacier
terminus region (dA/dt) between June 4" and August 14™ 2009 are shown in
Figure 3.1b. From June 4" to July 15™ the terminus advanced in a stepwise
fashion at a mean net rate of 0.0014km? d'. The maximum rate of margin advance
(0.0092km* d™) occurred on July 1%-2". Figure 3.2a clearly shows significant
advance of the ice cliff over a period of five days prior to sea ice breakup on July
16", the first day on which major calving was observed. This advance increased
the terminus area by 0.0275km?. It also followed a rise in air temperature at

LBAWS where air temperature remained continuously positive between July 10"
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Figure 3.1. Time-averaged rate of area change of the calving front, June 4"- August 14™
2009. a) Full array of calving front positions superimposed on a time lapse image to

demonstrate spatial change. b) Graph of area change over the time period
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Figure 3.2. Summary of calving activity, sediment plume activity and environmental

conditions for summer 2009. a) Bar chart of calving front area change, presenting only

(miday)

significant advance or retreat of the margin, and times when calving was visually observed.

The timing of sea ice initial independent movement and final break up are also shown. b) Air

temperature at LBAWS. ¢) Sediment plume area, compared to modeled runoff volume. d)

Area change of supraglacial terminus water-filled crevasses.
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Sea ice near ice cliff moving independently

Figure 3.3. A time lapse image from July 14™ 2009 at 9pm which shows leads opening up in
the sea ice, some areas of sea ice near the ice cliff beginning to move independently, as well as

water-filled crevasses on the glacier surface.

and 20™ (Figure 3.2b). In addition, the sea ice close to the cliff began to move
independently on July 14™ whilst the meltwater/sediment plume became visible
for the first time (Figure 3.3). Furthermore, the sea ice in the bay north of the
Belcher Glacier terminus changed significantly on July 14", with large leads
opening up and some pockets of open water becoming visible (Figure 3.3). In
front of the Belcher terminus, it was the sea ice up to 200m from the ice front
(which also contained iceberg remnants) that disintegrated first (Figure 3.3). Sea
ice chunks began to rotate with the wind and tides but were encased in a large
expanse of sea ice that was still intact even though its surface was flooded. Prior
to this, the sea ice slab had begun to rise and fall noticeably with the tides on July
3" and more obviously by July 10™ when the frontal sea ice slab started to
partially disintegrate. No calving event was recorded in the terminus area change
record on July 16" (Figure 3.2a) even though a small event did occur on that day,

because another berg had slumped forward but did not completely detach, giving
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the impression of a small ice advance (which was not above the error bounds). On
June 7™ and 19" the digitized results imply a calving retreat but these losses were
not visible in the imagery. The audio recorder did not begin recording until June
24™ 50 it is not possible to confirm these events with those data. However, the
computed total loss is as substantial as that observed on July 25" and may
therefore have been due to a series of minor losses none of which is clearly visible
to the eye. The most significant ice loss (a total of 0.23km?) occurred on July 22",
The overall margin position varied little between July 24™ and August 14", and no
significant advance was recorded due to a few small calving events. The area
difference between the start and end of the measurement period was -0.33km?,
though the difference between the maximum ice area on July 9" and the minimum
on August 13" was -0.4 km”. The total gain in ice area between June 4™ and
August 14" was O.O6km2, which, when subtracted from the total ice losses of
0.33km?, gives a net calving loss for the period June 4" to August 14™ of

0.27km>.

The time-lapse derived calving positions were compared with front positions
digitized from quasi-monthly Landsat-7 imagery over the same time period in
order to evaluate the accuracy of the georeferencing of the time lapse imagery
(Figure 3.4). Two images from the start and end of the time-lapse monitoring
period were orthorectified using the alternative georeferencing method described
in section 2.3.1 (Croitoru and Ethrog, 2001), and are shown for their comparable
accuracy. Each method has its own inaccuracies, but the Landsat imagery is likely
to be most reliable. There appears to be a systematic error in the area-change
margin positions (digitized from oblique time lapse imagery, using the method of
Krimmel and Rasmussen (1986)), in which the easting position is approximately
100m west of the Landsat position and the margins digitized in plan view imagery
(orthorectified using the method of Croitoru and Ethrog (2001)). The Croitoru and

Ethrog method appears to be a better match to the Landsat imagery, indicating it
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Figure 3.4. Comparison of ice margin positions from Landsat-7 ETM+ images and two
different methods of georeferencing the 2009 time lapse imagery. ‘Oblique-image’ margin
positions were digitized for the area-change measurements referred to in section 3.2.1
(georeferenced using the method of Krimmel and Rasmussen (1986)), whilst ‘Plan-image’
margin positions were digitized for comparison of accuracy but were georeferenced for use

with the optical flow data (see section 2.3.1) using the method of Croitoru and Ethrog (2001).
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is more accurate than the Krimmel and Rasmussen method, which is expected as
it uses the full array of camera rotation angles to solve the photogrammetry
problem. Figure 3.4 also shows that the glacier retreated substantially further in
the period after removal of the time-lapse camera on August 14™ 2009, as
indicated by the margin position in Landsat imagery on September 19" 2009. The
loss of area between the Landsat positions of August 1 1™ and September 19" was

0.297km>.

The net calving rate for the summer period can be calculated from the volume of
ice lost due to advance or retreat of the terminus and the flux of ice through the
terminus region (Williamson et al., 2008). The volume of ice lost due to glacier
length change is calculated from the surface area of ice lost and the glacier ice
thickness. The average ice thickness across the main Belcher Glacier trunk width
(2.4km) is 217m, which does not include the tributary alongside its northern
margin (Figure 2.3). Danielson and Sharp (in review) integrated the ice thickness
across the glacier width and found the cross-sectional area to be almost exactly
the same as that calculated using the average glacier thickness. Therefore:

Qioss = Atoss X H (3)
Where Qs is the net volume of ice lost, Ao 1s the area of ice lost and H is the
average ice thickness. Meanwhile, the flux of ice through the terminus region (the
calving volume) is determined from the mean annual ice displacement and the
cross-sectional area of the flux gate at which the displacement is measured
(Williamson et al., 2008). The annual surface flow rate near the centreline at the
terminus in 2009 was 267+0.1m a”', as measured with repeat differential static
GPS surveys (Danielson and Sharp, in review). This value is assumed to reflect
the depth-averaged displacement, as the terminus flow is almost entirely due to
basal motion (Burgess et al., 2005) and therefore the surface and depth-averaged
displacements are the same (Williamson et al., 2008). This means there is an

annual flux due to ice displacement through the terminus region of 0.139km’ a™'.
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Table 3.1. Glacier calving-rate components, ratio of flux components, and seasonal and

annual estimates of total volume lost for the Belcher Glacier, 2009-2010.

DATES | IMAGE TERMINUS | TERMINUS | ICEFLUX | TOTAL RATIO
SOURCE | AREA VOLUME THROUGH | VOLUME | OF ICE
CHANGE CHANGE TERMINUS | LOST FLUX TO
(KM?) FLUX GATE (KM?) TOTAL
(KM?) (KM?) VOLUME
LOST
4 June | Time -0.27 0.061 0.027 0.088 0.31
2009 to | Lapse
14
August
2009
8 June | Landsat -0.586 0.127 0.024 0.151 0.16
2009 to
11
August
2009
11 Landsat -0.297 0.064 0.013 0.077 0.17
August
2009 to
19 Sept
2009
14 May | Landsat -0.261 0.057 0.139 0.196 0.71
2009 to
26 May
2010

The results of the calculation of volume change, ice flux and total volume lost for

several different time periods are shown in Table 3.1. Between June 4™ and

August 14™ 2009, the time lapse observation period, the total volume lost by

calving was 0.088km’; but only 31% of this seasonal calving rate can be

explained by ice flux through the terminus. The area of change between several

Landsat images on which the margin had been digitized was also calculated. In

the Landsat imagery, the volume change during the time lapse observation period

(8" June to 11™ August 2009) was -0.151 km®, with only 16% of this calving

explained by ice flux through the terminus. Both estimates are likely to contain

errors, and it is expected that the time lapse data would underestimate the calving

mass loss as a large margin of error was included which probably also removed

evidence of real calving. Equally, the Landsat imagery has a resolution of £30m

which could have overestimated the changes through errors in the digitizing the

margin. From August 1 1" to September 19™ 2009, after the time lapse camera had
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been removed, the Belcher Glacier lost a further 0.077km’. Yet the annual calving
rate, between May 14™ 2009 and May 26™ 2010, was 0.196km’ a™' and in
comparison 71% of the annual calving rate was explained by ice flux through the
terminus. The total volume lost between June and September was 84% of the
annual calving rate, confirming that most of the annual calving takes place in the
summer but that calving definitely takes place in the winter (or between mid-
September and mid-May). Throughout the year, the glacier is losing mass faster
than it can be replenished at the terminus, but this loss is fastest during the
summer and partly replenished in the winter. The 2009-2010 annual calving rate
was 27% less than the estimate of 0.268km” a™' by Burgess et al. (2005) for the
period 1960-1999, assuming that 47% of the total ice volume calved from Devon
Ice Cap was lost from the Belcher Glacier. This is likely to reflect differences in
method rather than real change, particularly as Burgess et al. extrapolated the
calving flux estimates over a long time period and assumed velocities and ice
thicknesses remained the same, based only on less than a year of surface velocity
measurements on InSAR (Satellite Interferometry) data and the same ice thickness

dataset (Dowdeswell et al., 2004).

These estimates of calving volume loss actually reflect total mass loss by iceberg
calving and basal and terminus ice cliff melt, although the proportion of basal/ice
cliff melt is currently unknown. The 2009 time lapse imagery did not capture
calving as it was taking place, so it is not known whether the calving events
affected the full ice thickness, or whether subaqueous calving, or significant basal
melt also took place. Calving of full thickness icebergs is often observed on
floating glaciers, so this information could be used to provide anecdotal evidence
about whether the glacier is grounded or floating (Amundson et al., 2010). On
July 30" 2008 at 12.30am iceberg debris appeared in front of the terminus, visible
in the Tarasov Camera, which may have been due to subaqueous calving as it was

not lost from the ice cliff, but no other evidence exists.
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Figure 3.2a shows 11 observed calving events between June 4™ and August 14
2009 and five major events where the area of ice lost could be identified from the
change in margin position. The largest calving events took place on July 22", in
two separate events in which large tabular blocks were lost from the ice front,
affecting ~1.5km of the glacier’s 2.4km width (Figure 3.1). However the time
lapse imagery was not of high enough temporal resolution to observe whether a
single tabular berg was discharged or if the block disintegrated into several
icebergs. Further evidence of disintegration is presented in the audio data (section
3.2.2), but this was not recorded in the 2-hour time-lapse imagery because the
icebergs were immediately washed or blown out of view, restricting post-event
analysis. Following the calving of two large tabular bergs on July 22™, all other
calving events were much smaller in area, though still larger than the ‘columnar

blocks’ which are often calved from grounded glaciers (Chapuis et al., 2010).

3.2.2 Audio Recordings

The audio data provide a useful event history and supplement the calving dataset
described in section 3.2.2. The 2009 time lapse images were collected only every
2 hours and were often obscured by cloud, so the continuously recorded audio
data potentially provide more detailed event timings and insight into the calving
style. Detailed analysis or filtering of the waveforms collected was difficult as the
large .wav files could not be opened in Matlab. Comparison with audio clips from
the data presented in Amundson et al. (2010) was useful for identifying a calving
waveform, which has a distinctive amplitude in comparison to the short-duration,
rapidly decaying signals produced by rainfall or cables tapping in the wind (see
Figure 1.1 and Figure 3.5). In addition to recording calving events, the audio data
also provide a qualitative record of active melt (running surface meltwater),
rainfall, wind conditions, and small avalanches of local ice debris. The audio data
that were available during known lake drainage events, ice speed-ups, and major
seismic events (see the geophone data, section 3.2.3) were examined especially

carefully but there was no evidence of local fracturing or unusual surface
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Figure 3.5. Examples of features identified in the calving waveform: (a) high winds (<17m/s)
causes cables to tap in the wind on June 30™ 2009, 3am (b) rainfall and trickling meltwater

on July 7" 2009, 4pm

meltwater drainage at any of these times. In Table 3.2, the timing of calving
events identified in the audio data is compared with that of events detected in the
time-lapse imagery during the period when the recorder was operating (24th June
—24™ July 2009). It was not possible to improve the estimated timing of the sea
ice break up on 15™-16™ July as any evidence for this was muffled by the sound of
running meltwater and gusts of wind. The microphone was orientated towards the
northern part of the terminus, so any calving events occurring near the southern
ice margin would be harder to detect. Probably for this reason, small calving
events observed near the southern glacier margin in the imagery from July 17"

and 19" were not identifiable in the audio data.
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Table 3.2. A comparison of the timings of calving events timings identified in time lapse
imagery and audio data for the period 24™ June 2009 — 24™ July 2009. In the image data for
15-16 July and 19-20 July calving was observed in the imagery but was equalized by ice
advance and another partly-detached berg slipping forward. When nothing is audible in the
audio data, this was always because the calving involved a small event located near the south

margin (and the microphone was pointed towards the northern part of the margin).

EVENT TIMING FROM TIMING FROM AUDIO
IMAGERY DATA DATA

Calving observed 15/7/09, 0900 — -

(small) 16/7/09,1100

Calving (0.0191km®) 17/7/09, 0900 — 1100 -

Calving (0.0233km"®) 18/7/09, 1700 — 1900 18/7/09, 1823 — 1828

Calving observed 19/7/09, 0100 — 20/7/09, | -
0500

Calving (0.0767km") 20/7/09, 1700 — 22/7/09, | 21/7/09, 2230 — 2231
0300

Calving (0.2305km”) 22/7/09, 1100 — 1300 22/7/09, 1147 — 1158

Calving (0.0168km"?) 24/7/09, 0100 — 0300 Recorder malfunctioned at

0116

The audio recorder detected three distinct calving episodes which provide further
evidence of the style and precise duration of calving. All of the events can be
categorized as Type 2/3 acoustic signals (see section 1.2.2). At Jakobshavn Isbrae,
calving events generally began with widespread fracturing (type 1) or avalanching
debris from the terminus (type 2) (Amundson et al., 2010). On the Belcher, all of
the recorded events began with the rushing/rumbling sounds of avalanching
debris, and loud fractures were notably absent. In each event, the relative baseline
amplitude was ~0.01 as there was lots of trickling meltwater in nearby streams
and crevasses (Figure 3.6). The energy then built as a series of rushing/rumbling
sounds, and culminated in a thud, which is interpreted as the face of a newly
formed iceberg hitting the water. The rushing and rumbling noises appear to be
debris avalanching from the ice front into the water but it is not known whether
the bergs were released as a tabular piece or as smaller chunks, or whether the
sounds reflect a large berg disintegrating when it contacted the water. This is
important to determine as it may have some bearing on the stability of the glacier.

For example, Walter et al. (2010) observed that the tabular blocks produced by the
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Figure 3.6. Acoustic waveforms from three calving events, on (a) July 18th (b) July 21st (c)
July 22nd 2009. Red arrows point to ‘thud’ sounds, which are interpreted as an iceberg
hitting the water. The green lines in (c) are the timing confirmation from the datalogger,

which is transmitted at 12 noon each day. It beeps aloud the day of the year.

Columbia Glacier in 2007 disintegrated immediately and suggested that this might
mean that the glacier’s floating tongue was not stable. However iceberg
disintegration is best identified with high resolution time lapse imagery (~10s
interval), which was not available for this project. Similarly with this imagery and
acoustic evidence it is not possible to determine whether the bergs ‘topped out’ or
‘bottomed out’. Which of these situations occurs is dependent on the size of the
berg, the amount of basal melting which has taken place before calving, and the

resistive forces acting on the iceberg (such as the mélange) (Amundson et al.,
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2010). The 2007-2009 time-lapse cameras only captured one calving event when
it was actually taking place, on July 27™ 2008 (Figure 3.7). This event affected at
least 50% of the ice front, although the area of ice lost is unknown. One of the
icebergs is captured rolling ‘bottom out’, which Amundson et al. (2010) suggests
sometimes happens when subglacial meltwater is being discharged in the area but
this event was much further north than the Belcher Glacier plume. In Figure 3.7b
an iceberg with basal sediment is visible in the fjord, suggesting calving affected
the full ice thickness (sometimes more common on floating glaciers, Amundson et
al., 2010), although it is not clear whether iceberg disintegration occurred during

or after the calving event.

Figure 3.7. Calving on July 27" 2008, between 1am and 2am. a) Glacier is actively calving at
its northern margin, and appears to have already lost some ice, within the previous hour,
which has disappeared from view or disintegrated. The berg can be seen rolling ‘bottom
out’. b) After the calving event (4am), the area of ice front lost is clearly visible (the ice is a
deeper blue colour) and a large iceberg with a layer of sediment attached is seen in the fjord,

which appears to have come from the prior calving event.

There were several differences in the sound of calving events from the Belcher
Glacier which diverged from those recorded at Jakobshavn Isbrae, presented in
Amundson et al. (2010). The absence of fracturing sounds implies that the events
in Table 3.2 are type 2 signals rather than calving generated; however, the
duration of the event and the presence of ‘thudding’ sounds suggest that these

events represent a different style of type 3 calving event. Amundson et al. (2010)
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Figure 3.8 A small iceberg near the southern margin which has fractured to the water line,

probably following preexisting surface crevasses, but is still attached above the water at the

northern end. Image taken by L. Tarasov on 30™ July 2008.

defined calving-generated type 3 events as those with a duration of five minutes

or longer.

The event on the 21* July lasted only 1.5 minutes, so it may only be a type 2
signal. Despite this there was a large thud one minute into the event (Figure 3.6), a
phenomenon not discussed by Amundson et al.., which may represent an iceberg
hitting the water as it rotated away from the ice cliff. There were also a number of
thuds in the other events (seven in the five-minute long signal from July 18" and
eight in the eleven-minute long signal from July 22“d) (Figure 3.6). From their
duration alone, these are likely to be calving-generated signals. Amundson et al.
were able to use 10-second resolution time-lapse imagery and seismic data to

identify when three calved icebergs had finished rotating. This termination was
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characterized by a peak in seismic energy but was less marked in the audible
frequencies. Peaks in audible frequency at the Belcher Glacier generally coincided
with the culmination of the rumbling sounds (which were not persistent during
calving events at Jakobshavn, Amundson et al., 2010) and were generally
followed by the thudding sound. The thud may reflect icebergs hitting the water
and suggests that calving events took place in several stages, but higher-frequency

images are required to verify this.

The lack of type 1 fracture events at Belcher Glacier during the 2009 summer may
reflect the particular style of calving on this glacier, as well as the location of
events. For example, the location of a calving event may have been predetermined
by the location of crevasses and micro fractures (Pralong and Funk, 2005). Thus
in order to detach an iceberg, fracturing need only occur below the waterline
(where it is inaudible at the surface from some distance away). The time lapse
imagery suggests that the extent of about 50% of the 2009 summer calving events
could be delimited afterwards from the locations of pre-existing crevasses.
Equally, however, there are many surface crevasses and it is impossible to know
before an event which fracture(s) will propagate to define the iceberg. Figure 3.8
shows an example of an iceberg formed in 2008 that was well-defined by pre-
existing surface crevasses but which was presumably still attached to the glacier
below the water surface. Nevertheless the 2009 time lapse data show that calving
did not always occur from pre-defined fractures, and also did not involve the
largest, most-established crevasses. For example, the large berg that calved on
July 22" was not defined by crevasses along the edge where the iceberg calved
off, but the equally large berg calved on July 24™ was quite clearly delimited by
pre-existing surface crevasses. Unfortunately the audio recorder malfunctioned at
1:16am on July 24", shortly before this large calving event, so the acoustic energy

differences between these events could not be compared.
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3.2.3 Geophones

A network of three geophones was deployed near the glacier terminus in 2009 to
identify fracturing events and differentiate between several potential source
mechanisms: iceberg calving, surface and basal crevasse fracturing, as well as so-
called ‘glacial earthquakes’ and land earthquakes. The data loggers all recorded
data from 30™ May to 14™ August 2009.

It was expected that the geophones would only detect seismic energy associated
with icequakes as they were installed on the glacier centreline <2km from the
valley sides and on ice that is <800m deep. Nevertheless the geophones were still
connected enough to the bedrock to detect a large fault earthquake 260km away in
Baffin Bay. Devon Island is near the passive margin of North America. This
region was previously assumed to be geologically stable, but following a large
Mg= 7.3 earthquake in Baffin Bay in 1933 and several subsequent events, the
region is now known to be quite seismically active (Bent, 2002). Large
earthquakes can travel over long distances and it is important to check that events
assumed to be related to glacial activity did not originate on earthquake faults.
Several events detected with a geophone on Kronebreen, Svalbard, have been
correlated with large seismic events (>Mgs= 5) in other parts of the world (A.
Chapuis, pers. comm.., 2010). Belcher Glacier geophone count timings were
compared to world earthquake events from the USGS/NEIC 1973-present
catalogue

(http://earthquake.usgs.gov/earthquakes/egarchives/epic/epic_global.php) and the

earthquake wave arrival timings at the Belcher Glacier terminus were calculated

using http://neic.usgs.gov/neis/travel_times/compute_tt.html (Kennett and

Engdahl, 1991). There was one significant earthquake in the vicinity of Devon
Island at 75.2753°N, -72.2013°W during the summer 2009 data collection period.
The earthquake was a magnitude 6.1 on the Richter scale and occurred at 19km
depth. It was detected by GLISN (Greenland Ice Sheet Monitoring Network)
stations at Resolute Bay (74.68923°N, -94.896164°W), Eureka (80.05322°N, -
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86.41575°W) and Alert (82.5033°N, -62.35°W). Seismograms were downloaded
using JWEED from the IRIS Data Center (www.iris.edu/data).
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Figure 3.9. Geophone events at Stations 1-3 on the Belcher Glacier on July 7™ 2009: the day
of the earthquake in Baffin Bay, directly east of Devon Island. At all three stations, the only
events recorded were at 19:12 and 19:14 UTC (with 2 min totaling interval). The number of
counts recorded at the 2 geophones at each station (A and B) is shown; geophone A had a

lower sensitivity (2000) than geophone B (3000).

The earthquake at 19:11 UTC on 7" July 2009 coincided with the largest seasonal
peak in geophone counts, which was recorded simultaneously at all three stations
on the glacier at 19:12 UTC (Figure 3.9). The earthquake, which occurred directly
east of Devon Island, would have produced waves that travelled from its
hypocenter to the Belcher Glacier in 37 seconds. It is recorded as counts at 19:12
and 19:14 because the logger only recorded the number of counts every 2 minutes,

and travel times would have been different for the faster primary and slower
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secondary body waves, which would have taken an extra 29 seconds to arrive.
Geophones at stations 1 and 2 identified more events at 19:14 than 19:12, whilst
station 3 picked up more at 19:12 (Figure 3.9). Yet, station 3 is the furthest from
the earthquake source. This indicates that station 3 may be better connected to the
bedrock (station 1 and 2 are in the highly fractured terminus crevasse zone so ice
near the glacier centreline may not be well connected to the valley walls and bed).
Alternatively, the number of counts may reflect ice fracture events in response to
the initial earthquake, rather than a passive record of the seismic waves. Nothing
unusual was recorded in the audio data at 19:12 UTC on July 7" 2009, though the
sound of rain may have masked the sound of ice fracture responses to the

earthquake.

Once the major earthquake was eliminated from the dataset, the geophone results
were then compared with the time lapse imagery and acoustic record of calving
events at the Belcher terminus in 2009. Figure 3.10 displays the geophone counts
for Stations 1-3 over the 2009 summer period, compared with the known calving
events. Geophone activity recorded at Station 3 during the main calving time

period (July 16™ to 24™ 2009) is shown in
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Table 3.3. No events were recorded at Stations 1 and 2 (closer to the terminus)
during this time period, except 2 counts at 17:46 on July 18™ at Station 2. This

came just before a known calving event at 18:23 on the same day. According to
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Table 3.3, the only geophone counts which may have been associated with a
calving event on the 19" and 20" July, which was poorly constrained in the time
lapse imagery (occurring sometime between lam on July 19™ and 5am on July
20™). As Station 3 was ~6.6km from the terminus, this station is unlikely to have
detected the calving event, particularly as none of the stations closer to the
terminus detected any calving events during the summer, even the largest ones.
These results suggest that no major geophone activity occurred during the major
calving events. The geophones were simply too far from the calving front and
only responsive to local fracturing. Stations 1 and 2 were installed on seracs (ice
blocks isolated by large crevasses) at the terminus and were only drilled in to a
depth of 5m. This might explain why the upper geophone (Station 3) recorded
1879 counts between June 2™ and August 14™ 2009 whilst station 2 recorded 497
and station 1 counted only 132, despite being closest to the terminus. Station 3
was not installed in close proximity to major crevasses and therefore was better
connected to the glacier, whilst Station 1, only ~400m from the terminus, was
likely the poorest connected to other parts of the glacier. This meant it identified
only very local events and did not respond to calving events. The lack of detected
seismic activity released during calving events could also mean that the glacier is
floating. In this case, calving often occurs along pre-existing crevasse fractures
and releases very little seismic energy (Walter et al., 2010). However a geophone

would have to be installed much closer to the terminus for this to be confirmed.
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Figure 3.10. Geophone activity and calving events as recorded in the time lapse and audio

records, between June 4™ and August 13™2009. (a) Observed and recorded calving events,

as well as sea ice movement and break-up (b) Geophone counts at Station 1 and 2 (c)

Geophone counts at Station 3. High concentrations of event counts in a day are annotated. a
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Table 3.3. Geophone events at Station 3 (6.6km from the terminus) between July 16™ and
24™ 2009: when most of the calving events took place at the Belcher Glacier terminus.
Counts which occurred during the known timeframe of a calving event (according to Table

3.2) are highlighted in grey.

DATE TIME COUNTS AT COUNTS AT
GEOPHONE A GEOPHONE B

16™ July 2009 21:50 2

21:54

18™ July 2009 00:36
03:04

19" July 2009 03:14

20" July 2009 01:52

21% July 2009 02:38
07:04
07:36
23:38

22™ July 2009 02:22
08:42
18:58

23" July 2009 08:20
08:26
08:30
12:56

24" July 2009 17:38
17:40
23:38
23:42
23:52

DN[WINN[HDN[W[WIN[N N[N [WIN[N NN W NN
== [ = NN =] =W =N W[N] |W]—=|—

There was a significant period of icequake activity at Station 2 on June 30" and
July 1** which was not associated with calving events (Figure 3.10). The fractures
detected at Station 2 occurred in clusters around 6am on June 30™, 1 Ipm on June
30™ to 4am July 1%, and ~2pm on July 1** (Figure 3.11). A few events were
detected at Station 1, close to the terminus. The water-filled crevasses at the
terminus also began to drain at 7pm on June 30" (see section 3.3.2 for more
details). This icequake activity coincides well with the initiation of crevasse water
draining which took place over several days. The fractures appear to have

occurred as the connection from the ice surface to the subglacial drainage system

80



MNurmber of counts Surface area ()

Murnber of counts

was established. The water-filled crevasses were also closest to Station 2, so it is
logical that the largest number of events were detected there, and that none were
recorded at Station 3, several kilometers away. The geophones do not appear to
strongly detect other icequakes associated with the lake drainage events reported
in Danielson and Sharp (in review) (Figure 3.11), presumably again as the
geophones only pick up very local fractures so basal fracturing in response to

increased subglacial discharge was not detected through the thick ice.
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Figure 3.11. Geophone activity and lake drainage events between June 4™ and August 13"
2009. The lake drainage dataset in (a) is ownership of B. Danielson and is reproduced from
Danielson and Sharp (in review) (a) Supraglacial and water-filled crevasse lake areas (legend
denotes distance upstream of terminus) (b) Geophone counts at Station 1 and 2 (¢) Geophone

counts at Station 3. High concentrations of event counts in a day are annotated.
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Figure 3.12. Stacked times of icequake occurrences (per hour) for summer 2009 at Stations

1-3.

There were no other periods of major icequake activity in the summer 2009
geophone data, but the concentrations of small numbers of counts may also be
significant. Stations 1 and 3 demonstrated contrasting patterns of ‘concentrated
counts’ (see Figure 3.11) whilst Station 2 did not have any concentration of counts
at all. A high concentration of events (at least 1 count every 2 minutes, several
times a day) occurred at Station 3 between June 4™ and August 9™ 2009, whilst
Station 1 has a shorter ‘concentrated’ period, from August 2" t0 9 At Station 3,
this concentration appears to be when the glacier was most active: with calving
events, ablation, meltwater drainage and runoff. At Station 1, the concentration
appears after the major calving events had occurred, but when the meltwater
plume and drainage network were still active. If these concentrated periods of
counts reflect hydro-fracturing activity, the largest number of events would be
expected during the warm afternoon hours of the day when melt and drainage are
at their peak (Walter et al., 2008). However most of the events occurred in the late

evening and early morning hours (Figure 3.12). Walter et al. (2008) found that
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seismic energy sourced at the glacier bed, which was often recorded in the late
evening and early morning, may be from tensile fracturing due to diurnal basal
and englacial water-pressure fluctuations. Without further information about the
source of icequake events on the Belcher Glacier, it is assumed that late evening
and early morning fracture activity is a response to diurnal water pressure
fluctuations, and events in the afternoon (during the warmest part of the day) are

caused by surface fracturing.

In summary, the geophone stations on the Belcher Glacier did not detect any
calving events but did identify one major land earthquake on July 7" 2009. One of
the stations recorded lots of fracturing activity on June 30™ and July 1*, which
primed the terminus region for the draining of the water-filled crevasses. Other
local fracture events may be connected to meltwater drainage, as the counts were
more concentrated in July and early August when the meltwater plume was

particularly active.

3.3 Potential Calving Triggers

3.3.1 Terminus Velocity Changes

It is expected that ice near the terminus may respond to a calving event: either
advancing prior to calving or accelerating after the ice is lost. These changes may
not happen uniformly across the whole glacier, so optical flow analysis of time
lapse imagery is used to assess the spatial variations in terminus flow (Figure 2.7).
In order to produce a reliable result, the resolvable lapse interval was calculated,
following Ahn and Box (2010) (equation 1, section 1.3.1). This helped ensure that
displacements between image pairs exceeded the combined image
registration/orthorectification and optical flow uncertainty of 0.48+0.27 pixels
(see section 2.3.1). A range of image pair intervals were tested, from 12 hours to
11 days, and the resolvable lapse intervals are shown in Table 3.4. Given that the

average daily displacement at the terminus GPS (TNRS-6) was an average
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0.9m/day between June 4™ and August 14™ 2009, and given that each pixel in the
orthorectified image equates to 10m on the ground, the approximate expected
pixel displacement per day would be 0.09 pixels. However in Table 3.4 the
displacements in pixels/day and metres/day actually decrease with the increasing
time intervals between image pairs, even though the normalized daily
displacements would be expected to be similar. Furthermore, when images were
selected at 0.5-3 day spacings and the resolvable lapse interval was calculated
from this, the ideal resolvable lapse interval was estimated to be 3-5 days. Yet
when images were paired at this ideal lapse interval, the suggested resolvable
lapse period became 22-37 days, which suggests the data may be erroneous. To
examine this conflicting relationship between the image pair interval and the
observed displacement further, the displacements were compared with the
terminus GPS data. A 21x27 pixel window (210x270m) was centered over the
GPS location, which accounted for its position change between June 4™ and
August 14™ 2009. The normalized velocity in metres/day was extracted to match
the start and end of the optical flow image pairs, and they are compared in Figure
3.13. The wildly fluctuating optical flow results in Figure 3.13a, and the large
overestimation above the GPS velocity, indicates that a resolvable lapse interval
of 0.5-3 days was too short to produce reliable results. In Figure 3.13b, the GPS
and optical flow data align more similarly but the optical flow data still shows
unexpected fluctuations (such as the erroneous peak on June 28th) and this time
the optical flow velocity is ¢.0.5m underestimated. A resolvable lapse interval of
7-11 days provides the best relative match of the GPS data (Figure 3.13c), as they
have a 95% significant correlation (r=0.62), though the optical flow is 0.5-1m
below the normalized GPS results. It suggests that the optical flow algorithm can
provide a relative measurement of displacement, over fairly long time intervals (7-
11 days) but cannot detect absolute velocities. A lapse interval of 7-11 days also
means the method is not very valuable for identifying motion prior to or following
a calving event, as a lot can happen in the intermediate time. Finally, when the
optical flow vector maps were examined (as in Figure 2.7), many of the vectors

did not make physical glaciological sense, with vectors on successive days
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Figure 3.13. Comparison of GPS and optical flow displacements as measured between the

same image pair time intervals. The result is presented against the start date of each pair in

the x-axis. Displacements are normalized (metres/day). Note the different y-axes between (a)

and (b/c) in order for small fluctuations to be seen clearly. a) Images were paired 0.5 to 3

days apart b) Images were paired 3 to 6 days apart c) Images were paired 7 to 11 days apart.

GPS data property of B. Danielson, presented with permission.

Table 3.4. Resolvable Lapse Interval calculated based on three different time ranges between

optical flow image pairs. Both Ap (ice displacement, pixels and metres) and & (uncertainty,

pixels) are normalized daily mean values. The resolvable lapse interval in days, Ad, is

presented as two results for the optical flow data based on estimates with a 30% and 50%

error budget expressed as a percentage (€,). The average daily ice displacement at the GPS,

comparing only the same time periods examined in the optical flow analysis, is shown for

comparison with the Ap in metres estimated from optical flow.

IMAGE e AP AP GPS AP AD AD
PAIR (PIXELS) | (PIXELS) | (METRES) | (METRES) | (WITH | (WITH
INTERVALS 50% €g) 30% ¢g)
(DAYS)
0.5-3 0.14 0.29 2.9 0.89 3.08 5.14
3-6 0.05 0.038 0.38 0.93 22.5 37.47
7-11 0.018 0.012 0.12 0.92 7.08 11.8
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Figure 3.14. Calving front area change compared to horizontal ice surface velocities
measured by GPS at TNRS-6 (GPS data from B. Danielson). Only significant advance or
retreat of the margin is presented, along with times when calving was visually observed. Note
that many of the events represent total change in the previous 24-hours, so advance/retreat
may appear to occur the day after it actually did. The timing of sea ice initial independent
movement and final break up are also shown. b) Ice surface velocities measured by GPS at

TNRS-6.

flowing in completely different directions and some of them travelling upglacier.
Therefore, it is surmised that when carefully applied, the algorithm may be able to
identify relative velocity changes, although further testing is required on a faster
moving glacier where the resolvable lapse interval would be shorter. Great care
also needs to be taken with camera setup particularly that the camera is orientated
perpendicular to the main flow velocity vectors (in this study there was a roll
angle of 13°) (Krimmel and Rasmussen, 1986). Nevertheless one useful result

from this aspect of the study was that the georeferencing method utilized from
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Croitoru and Ethrog (2001) proved to be accurate and is thus potentially useful in
future oblique photogrammetry projects.
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Figure 3.15. Detailed comparison of calving event timings to GPS velocity at TNRS-6 (GPS
data from B Danielson). The known timings of each calving event (see Table 3.2) in (a)-(g) is

defined by the red lines, with the horizontal GPS velocity shown in blue.

As optical flow did not produce reliable velocity records, the GPS ice surface
velocity on the glacier centreline at the terminus was compared to the timing of
calving events to determine whether a there is any relationship between velocity
changes and calving events. Horizontal ice velocity measured by GPS at TNRS-6
(Figure 2.2) is shown alongside the calving event dataset from summer 2009 in
Figure 3.14. The timings of major calving events are presented alongside the
velocity record from the specific event periods in Figure 3.15, for more detailed
comparison. There is no clear unidirectional relationship between calving and
velocity during these events: in some instances there is a slow increase in velocity

during a calving event, but in others there is a slow velocity decrease. In the hours
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prior to and following an event there is usually no apparent linear connection.
This could be because the GPS is too far from the terminus (~300m away) to
detect coupling between velocity and calving events. However Vieli and Nick
(2011) expect instantaneous redistribution of stresses in the terminus region in
response to calving events, within a longitudinal coupling distance of around 10
ice thicknesses (which equates to ~2.17km on the Belcher Glacier). There was no
obvious velocity response to such redistribution- if it occurred- even during the

largest calving events on July 22" 2009.

3.3.2 Water-filled Crevasses

In this section, the growth and drainage of the area of water-filled crevasses at the
terminus, shown in Figure 3.2d, will be compared with the timing of calving
events and fluctuations in meltwater plume area. The data are unevenly spread
due to the inherent problems with time lapse imagery: cloud cover and severe
lighting conditions (e.g. extremely bright or low light). The highest temporal
resolution data were collected between June 29™ and July 7™ 2009, when some
diurnal fluctuations in water area may be discernible. In 2009, the crevasse ponds
began to form on June 4™ and were visible on the terminus throughout the
summer until the camera was removed on August 14", though they were most
prolific in June and early July. The total lake area peaked at 0.098km?, at 7pm on
June 30™. This was followed by a steady loss of water area until July 6™ (area
change of -0.043 km?) after which the dataset became much sparser but the water
area continued to decline. The lake area peak coincided with one of the warmest
days in 2009, when air temperatures reached 8°C. The crevasses all appeared to
drain downwards into the glacier rather than across the surface, the implications
of which will be discussed in section 3.3.3. These water-filled crevasses grew to a
total lake area of 0.083km? over a 27 day period from their initial emergence, and
then decreased in area by almost the same amount over 44 days during the latter
part of the season. Qualitative comparison of the time-lapse imagery with Digital

Globe® imagery (http://browse.digitalglobe.com/imagefinder/main.jsp) indicates
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that the camera only captures around 70% of the total area of water-filled
crevasses at the terminus. Therefore the results only relate to a sample of the area
of water-filled crevasses but it is assumed that the timing of meltwater
accumulation and release these ponds is representative of the population as a
whole. In terms of accuracy, to allow for errors in the image georeferencing and
the lake picking algorithm, these results will be primarily examined for changes in
trend between water filling and draining, rather than precise changes in area

which may not be temporally correct due to the sparsely sampled dataset.

The change in trend of the area of water-filled crevasses will now be compared to
the timing of calving events, ice fracturing events, margin advances and GPS
velocity data. It has already been shown that the timing of the drainage of water-
filled crevasses seems to coincide with a series of major fracturing events
recorded by the terminus geophones that are likely to have been caused by hydro-
fracturing when the crevasse water establishes a drainage connection to the bed
(see section 3.2.3). However the drainage of the water-filled crevasses does not
seem to relate directly to the timing of calving events, the largest of which
occurred between July 16™ and 24™ 2009. In Figure 3.2 it can be seen that
crevasse water drainage, which was initiated temporarily on June 20™-21% and
again on June 30", had been going on for some time before calving took place.
The water-filled crevasses area data are also sparse during the period of major
calving, so it is difficult to make a more thorough interpretation of this
relationship. Instead, the initiation of drainage appears to be more closely linked
to advances of the terminus margin which first occurred on June 22™ and then
again on July 2" As discussed in section 3.3.1, these margin advances also
coincided with velocity increases measured in the GPS record (Figure 3.14)
(Danielson and Sharp, in review). The advance of the terminus margin in response
to water-filled crevasse drainage indicates that these water-filled crevasses play at
least a small indirect role in driving calving by increasing the ice flux through the

terminus region. Danielson and Sharp (in review) estimated that the seasonal ice
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acceleration due to the total water-filled crevasses and supraglacial lake drainages

throughout the 2009 summer explained 4.8% of the summer calving flux.

Figure 3.16. A small potentially meltwater propagation-driven calving event which took

place on July 30™ (a) July 27", 11pm: crevasse, where calving will later takes place, widens.
Note melt pond, and location of plume (b) July 29", 7pm: melt pond has drained, and
crevasse has widened and begun to slump forwards (c¢) July 30", 9pm: calving has taken
place along the pre-existing crevasse fracture and another melt pond appears to have formed

and drained in the intervening time.

It will now be considered whether any of the water-filled crevasses at the Belcher
Glacier terminus could have triggered a calving event, as hypothesized by Benn et
al. (2007). In Figure 2.8, the water-filled crevasses identified by the lake-picking
algorithm are shown for June 30M 2009 at 7am. This is almost the maximum areal
extent of water-filled crevasses in 2009, as they began to drain at 7pm that day. A
few very small water-filled crevasses which were missed by the algorithm are
identified in the foreground. One crevasse pond (marked ‘Lake A’) is only ~10m
from the terminus. However it had drained by July 16", when calving events
began and the sea ice broke up. At this stage, the closest lake was ~150m away
from the terminus (marked ‘Lake B’). Water-filled crevasses were not in the
vicinity of ice calved during the major events (July 16"™-24™), though the presence
of the water-filled crevasses may have played a role in weakening the ice as it
advanced to terminus. The only example of a water-filled crevasse very close to
the terminus which potentially triggered a calving event is shown in Figure 3.16.

In this case, a crevasse very close to the terminus began to widen on July 27", and
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enlarged over several days until calving took place on July 30™. A melt pond
visible on the surface near the crevasse drained at 7pm on July 29" and was
followed by calving between 11am and 1pm on July 30"™. The melt pond formed
on ice that later calved, whilst after the event another small pond appears to have
formed for a short time on the surface but must have drained quickly (images are
missing due to cloud cover). It is not clear whether there was meltwater in the
crevasse, but certainly the presence and drainage of two melt ponds, as well as the
continuing flux of the meltwater plume beneath the ice may have weakened the

nearby ice, ‘priming’ it for iceberg calving.

3.3.3 Meltwater / Sediment Plume

The meltwater plume area was mapped in order to assess whether large meltwater
discharges caused calving events by temporarily increasing the buoyancy of the
glacier terminus and/or increasing the basal melt rate. The evolution of the area of
the meltwater/sediment plume during the summers of 2007, 2008 and 2009 is
presented in Figure 3.17c¢, Figure 3.18c and Figure 3.2c respectively. Firstly it
should be noted that the 2007 and 2009 datasets are not complete as the camera
was removed before the plume had finished discharging for the season, which
may have affected the calculation of the integral of the plume area over the melt
season. It also explains why the longest duration of plume discharge appeared to
occur in 2008. However the most significant control on the seasonal integral of
plume area was the camera position in each year. The 2009 integral of plume area
was 9.3km?, compared with 49.1km?” in 2007 and 49.9km? in 2008. If we compare
the length of plume extending east from the prominent medial moraine, only
200m was visible from the 2009 camera position but 2km was seen in 2008
(Figure 2.9). This meant that while small plumes were delimited accurately in
2009, the extents of large plumes were severely underestimated. This is confirmed
with cross correlation: there was a strong positive relationship between plume
area and modeled runoff (Duncan, 2011) in 2008 (99% significance with no lag,
r=0.52), whilst in 2009 this relationship was slightly weaker (95% significance
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with no lag, r=0.39). The results clearly demonstrate the need for multiple

cameras to observe different terminus phenomena such as calving or plume

activity. The 2009 camera position was better for mapping the calving front, but

the 2008 angle showed more of the meltwater/sediment plume. It is therefore

unfortunate that the camera installed in the 2008 position did not work during the

2009 season.
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Figure 3.17. Summary of calving activity, sediment plume calving activity and

environmental conditions for summer 2007. a) Bar chart displaying observed calving events

as well as the timing of sea ice initial independent movement and final break up. b) Air

temperature at Hobo 25, a GPS station close to LBAWS (which was installed in 2008). c)

Sediment plume area (modeled runoff was not available as the weather station was not

installed).
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Figure 3.18. Summary of calving activity, sediment plume calving activity and
environmental conditions for summer 2008. a) Bar chart displaying observed calving events
as well as the timing of sea ice initial independent movement and final break up. b) Air

temperature at LBAWS. ¢) Sediment plume area and modeled runoff volume.

MODIS imagery was used to estimate how much of the plume was missing from
the 2007-2009 time lapse images, due to the camera positions. A threshold
reflectance value was used to automatically identify the plume in the imagery.
Comparison of plume extents derived using different threshold reflectance values
with those derived from true colour images (bands 1-4-3) in which the plume is
visible to the eye suggests a threshold reflectance value of 0.012 is appropriate for
the Belcher Glacier system. No reflectance values exceeded 0.12 (the threshold
value used by Chu et al., 2009 in their study at Kangerlussuaq). This may reflect
the differences in latitude between the sites. The 250m resolution of MODIS data
is too low to differentiate the turbid plume from the brackish plume, so it cannot

be used to validate the interpretations of the time lapse imagery. However the
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MODIS images do suggest a plume continued to emerge in 2009 after the time
lapse camera was removed on August 14™h (Figure 3.19). No quantitative
interpretation can be made without ground validation (with the time lapse camera,
SSC measurements or stream outflow data) but the results clearly show that
sediment (and presumably meltwater) continued to exit the Belcher Glacier
terminus. Melt runoff was predicted to cease on August 15™ (Duncan, 2011) but

stored water may have been continuing to drain after melt ceased.
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Figure 3.19. Surface reflectance values from cloud-free MYD09 and MOD09 250m
resolution band 1 MODIS images between August 10™ and September 4™ 2009. The results
are plotted on the same base image (August 11™ 2009) which is in colour using bands 1-1-2.
Only reflectance values >0.012 are shown highlighted in red. The results from August 10" to
19™ match qualitatively to the greenish-grey plume visible in true colour (bands 1-4-3) jpg
images (available at 500m resolution) but this greenish-grey is not present on August 27"

and September 4™ - although it is not possible to prove that sediment is not present.
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In previous studies of marine meltwater/sediment plumes, such as Chu et al.
(2009), the plume was not identified until the sea ice had broken up. This is
mainly because the presence of sea ice in the fjord confounds the spectral signal
of MODIS imagery and prevents plume detection (Chu et al., 2009). Yet in the
Belcher Glacier time lapse imagery it was possible to identify a small plume
(<0.13km?) which emerged at the ice front up to 6 days before sea ice breakup.
This plume was only visible once the sea ice surface was covered with water and
some sections near the ice cliff had begun to move independently, ahead of full
breakout of the sea ice cover in the fjord. The first independent shifting of the sea
ice prior to breakup is marked in Figure 3.17 and Figure 3.18a. In 2007 and 2009
it occurred 3-13 days after the air temperature rose and stayed above 0°C but in
2008 the temperature never remained above 0°C for more than a few days at a
time. Figure 3.18 and Figure 3.2c also present daily runoff for 2008 and 2009, as
modeled by Duncan (2011) using a spatially distributed energy balance melt
model based on Hock and Holmgren (2005). This melt model was forced using air
temperature, relative humidity, wind speed and direction, radiation and
precipitation data monitored at three weather stations (included LBAWS) that
were installed for this purpose. The appearance of the plume lagged the modeled
onset of runoff by an average of 27 days. The only record of snowpack changes
available is from 2008, when rapid snow melt and glacier ice exposure occurred
between June 26" and July 1% on areas of the glacier below 1000m (Duncan,
2011). There was likely to have been some melt between June 1* and June 26"
but frequent snow flurries occurred during this period and runoff may have been
minimal (Duncan, 2011). The lag between modeled runoff onset (June 17th) and
plume appearance (July 1 lth) in 2008 was 26 days. The sea ice often breaks up
first in the vicinity of the meltwater plume, prior to full breakup, but it is not clear
whether the plume emerges beneath the sea ice before this and slowly weakens
the sea ice above it through basal melt. A plume would be expected following
water-filled crevasse drainage initiation on June 30" as it corresponded with a

velocity increase which suggested sliding facilitated by basal meltwater.
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Figure 3.20. Sequence of changes in the meltwater/sediment plume leading up to a calving
event on July 17" 2009 (a) Following sea ice break-up, an iceberg was left partly detached,
and 2 sediment plumes were emerging on July 16™ at 11am (b) The plumes then began to
emerge in 3 separate places, the newest one on the other side of the soon-to-be-iceberg,
shown here on July 17™ at 9am (c) Calving took place between 11am and 1pm on July 17"
This photo was taken at 1pm. The meltwater has reverted to a single plume and the iceberg

has been calved off.

In 2009, the timing of iceberg calving events seems to have been influenced by
the location of the meltwater plume, which sometimes also shifted its position and
appeared to instigate a calving event. For example the calving events on July 17"
and 22" were caused by re-routing of meltwater around ice that was about to
calve off. On July 16", the plume began emerging on the northern side of an
iceberg that was already partly detached (Figure 3.20). There was an increasingly
large discharge on both sides of the iceberg until its eventual calving between 9
and 11am on July 17", Meanwhile, from July 20" and 22" 2009 the plume began
to emerge further north than it had done during the rest of 2007-2009 (Figure
3.21). Prior to this, between July 19" at 1am and July 20" at 5am, a small 1656m”
area of ice calved off from near the sediment plume. This may have facilitated re-
routing of the meltwater plume in some manner. The ‘bulge’ (see Figure 3.21),
which was soon to calve off, also advanced by 734m” during this time period, and
the plume began to emerge in two locations- one much further north than usual.
These displacements were not picked up in Figure 3.2a because the advance offset
the small calving event. Following the calving of the ‘bulge’ which occurred by
July 22" at 3am, the plume reverted to its ‘normal’ location near the southern

margin. It is important to note that the location of the new northern plume was
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precisely where a major calving event took place several days later. The
implications of these events are two fold. First, iceberg calving can be facilitated
by changes in subglacial discharge and is most likely to occur near where the
plume exits the glacier. This is either due to an increase in subglacial discharge
which raised local flotation, or as a product of basal melt in which mixing of the
plume water with seawater lowers the pressure melting point (Motyka et al.,
2003). Second, the plume can be rapidly re-routed beneath the terminus, either by
changing basal water pressures or by creation of basal channels or fractures in

which the water travels.

= 15th July 1am
20th July Sam
22nd July 3am

Figure 3.21. The sediment plume began to emerge from a new northern location between
July 20" and 22" 2009, shown here in an image from 7am on July 20™. The digitized ice
margin positions from July 19", 20™ and 22" are shown. Note also the small calving event
between July 19" (red) and 20™ (yellow), which coincided with the advance of the ice that is
about to be calved on July 22"°. The assumed ‘normal’ subglacial route of the meltwater, and

its temporary additional rerouting beneath the ice that is about to be calved is also shown.

However not all calving events in the time lapse imagery were associated with the
presence of subglacial discharge. For example two events in August 2009

occurred at the northern end of the margin where the plume was not observed.
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Figure 3.22. Meltwater plume discharge, lake drainage and calving events between July 11"

and August 13™ 2009. The lake drainage dataset is ownership of B. Danielson and is

reproduced from Danielson and Sharp (in review) (a) Meltwater plume discharge area, and

supraglacial and water-filled crevasse lake areas (legend denotes distance upstream of

terminus) (b) Bar chart of calving front area change, presenting only significant advance or

retreat of the margin, and times when calving was visually observed. The timing of sea ice

initial independent movement and final break up are also shown.

There was only one calving event after sea ice break up in the 2007 time lapse

imagery, and it occurred slightly north of the meltwater plume. Likewise in 2008

the event on July 15™ occurred just north of the plume, and the large event on July

27"/28"™ took place at the northern end of the margin when the plume was not

even active. This indicates that calving took place under very different conditions

in 2007/8 than in 2009. This may be because the average margin position in 2009

was more advanced than 2007/8, which led to weaknesses in different parts of the

ice front (see section 4.2). The meltwater plume does appear to have had some
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role in facilitating calving events during the peak of the 2009 melt season, and in
the right circumstances it may enhance the calving rate, but its presence alone
does not necessitate a calving event. There is also no clear evidence that the
meltwater plume responds with a size increase to supraglacial drainage events, as
shown in Figure 3.22, but this might be seen better with data of higher temporal

resolution.

3.3.4 Mélange / Sea ice buttressing

The changes in the state of the sea ice visible in the 2007-2009 time lapse imagery
are used to examine whether the sea ice may have a buttressing effect on the
glacier terminus that reduces the incidence of calving events in winter. In 2007
(refer to Figure 3.17) the sea ice and mélange near the plume exit began to move
on July 12" This coincided with a calving event near the southern margin that
pushed the ice mélange forwards and widened leads in the sea ice behind the
mélange. There was a calving event at the northern margin on July 14" which
was followed by sea ice breakup by 2am on July 18™. However in 2007 the plume
was not visible until the sea ice had completely broken up. Upon break-up, water
near the southern margin which was affected by the plume was completely free of
sea ice but ice chunks remained in the northern part of the time lapse view for an
extra day until they were also blown away, and the terminus then remained free of

sea ice for the rest of the summer.

In the 2008 time lapse imagery (refer to Figure 3.18), the sea ice began to move
independently near the meltwater plume exit on July 11™ and became increasingly
disintegrated until all of the sea ice visible in the 2008 camera view was drifting
freely by July 17", The Tarasov camera shows that ice in the northern bay
remained coalesced until July 18" when leads began to open up (Figure 3.23).
Free-floating sea ice plates appeared on the 19" and were finally lost from the bay
at 4.30am on July 20™, This was when sea ice also disappeared from in front of

the Belcher Glacier terminus. Sea ice remnants were blown back into the bays at
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9pm on July 20™ and remained floating around for most of the season. Ice in the
northern bay and beyond the view of the cameras appears to have been kept the
sea ice near the Belcher terminus in place, even though this ice had already
disintegrated. Wind played a major role in the eventual disintegration of the sea
ice. On the 1 lth, when sea ice near the terminus began to move, the wind was 5-
6m/s from the SW. However on the 18", when sea ice in the northern bay began
to disintegrate, the wind switched abruptly to the NW at 7am, with increasingly
strong winds up to 11.25m/s at 10am when leads were observed to have opened
up. There were also strong winds (<11.7m/s) from the west at 4am on the 20"

when the sea ice was blown out, followed by much lighter winds from the east

(<3.5m/s) between 8-9pm when the sea ice returned to the terminus.

Figure 3.23. Leads opening in the sea ice in the northern bay. Photo taken July 18™ 2008,

4.30pm, from the Tarasov Camera.
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Figure 3.24. Rose diagrams of wind direction, comparing 1% June-12" August 2008 (a) to
2009 (b) at LBAWS.

In 2009, the sea ice first began to move independently on July 13" and break-up
had occurred by July 16™ in coincidence with the first observed calving event of
the summer (refer to Figure 3.2). As in 2008, break-up was initially centered on
the meltwater plume location, suggesting that the emergence of the plume
contributes to local break-up. The audio data suggest that there was particularly
active surface runoff in the 24-hour period preceding sea ice breakup. This
included substantial amounts of meltwater flowing on the glacier surface or in
crevasses, along with rain and frequent local avalanching of debris. Rainfall is
likely to have flooded the surface of the sea ice with water, making it increasingly
weak. At break-up, which took place anytime between 9am on July 15™ and 11am
on July 16™, the wind direction was very variable, coming predominantly from the
west but switching regularly to the NE. The wind speed did not exceed 2m/s
during this time period. Once the sea ice had broken up, it immediately moved
offshore and did not get drawn back to the terminus region. This is in direct
contrast to 2008, and a comparison of the prominent wind directions from summer
2008 and 2009 (Figure 3.24) shows that in 2008 there were more winds from the
N and NE, whilst in 2009 more were from the W and SW. It is possible that the
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higher frequency of westerly winds in 2009 kept sea ice fragments away from the
terminus, whilst in 2008 the northerly winds blew sea ice pieces back into the

terminus bay.

Evidence presented from the 2007-2009 time lapse imagery and AWS data
suggests that in 2008 the wind blew out the sea ice, but not in 2007 and 2009;
whilst in 2009 there was a calving event associated with break-up which did not
happen in 2007 or 2008. These results indicate that wind conditions can
sometimes be the trigger in sea ice breakup, but this breakup is not necessarily
accompanied by a calving event. There is no evidence to suggest that major
calving is caused by sea ice breakup in response to loss of buttressing support, as

suggested by Herdes et al. (in review).

Having determined that summer calving is not driven by the loss of sea ice, I now
consider firstly whether calving takes place in the winter, secondly if there is
evidence to suggest that the sea ice buttresses the glacier in mid-winter and finally
if the changing area of mélange in front of the glacier affects the buttressing
strength. A mélange of icebergs collects on the surface of the sea ice or is trapped
within it during the period between freeze-up of the sea ice in the fall (usually in
late October) and reinstallation of the time lapse cameras in May. This mélange is
not on the same scale as that described by Amundson et al. (2010) at Jakobshavn
Isbrae but is still of substantially different character to the sea ice beyond the
mélange (Figure 3.25). At the Belcher Glacier, the mélange is mainly chunks of
glacier ice which have rolled onto the sea ice during the winter, along with a few
larger icebergs that have been incorporated during freeze-up, and some icebergs
near the margin which appear to be detached but are held against the terminus by
the sea ice (i.e. buttressed). Each year, the mélange forms on different areas of the
sea ice at the terminus (Figure 3.26), whilst the terminus position changes
significantly between August and May. Most of the margin change is attributed to
fall calving (given the significant changes between August 14™ and September

19™ 2009 in Figure 3.4) but the presence of the mélange also indicates calving
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Figure 3.25. The mélange of icebergs intermingled with sea ice, viewed from the 2009 time
lapse camera (a), where the mélange is outlined in red, and several perspectives from near
the island (b-d), the location of which is marked in (a). (b) and (d) highlight the sharp

distinction between sea ice and mélange, and (c) shows the buttressing effect of the sea ice,
which is preventing several icebergs and smaller disintegrated chunks from falling off the

terminus. The red arrows indicate where features in each scene coincide.
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Figure 3.26. Changes in margin position between fall and spring, with reference to the area
of iceberg mélange on the sea ice by mid-spring for 2007-2009. (a) Initial margin position
and mélange, 2007 (b) Last available fall margin position from 2007 set against spring 2008
margin position and mélange area (c) Last available fall margin position from 2008 set
against spring 2009 margin position and mélange area (d) First spring position and last fall

position for each year, 2007-2009.

occurred when the sea ice was in place. The area of mélange in front of the
terminus, determined using the same technique for estimating the meltwater
plume area, was 10.03km”in 2007, 8.03km? in 2008, and 2.58km> in 2009. Each
camera angle was different, so these values do not reflect the full mélange area
and cannot be reliably compared. Nevertheless there appears to have been more
winter calving in 2006-2007 and 2007-2008 than in 2008-2009. Figure 3.26d
shows that the most significant summer calving took place in 2009: perhaps
suggesting more ice was lost in the summer as a result of less ice loss by calving

during the preceding winter.
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Figure 3.27. State of the sea ice around the island just offshore of the Belcher terminus on
May 31* 2009. (a) Slabs of sea ice built up around the island (b) view from the island of the

deformed sea ice around its margin.

Figure 3.28. Cropped jpeg Digital Globe image from June 24™ 2011, showing deformation of

the sea ice in front of the Belcher Glacier terminus (visible amongst low-lying clouds). The

areas of mélange are also very clearly visible.
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The relative area of ice mélange in front of the terminus in any given year may
influence the degree of buttressing that the mélange/sea ice plate can provide to
the glacier ice cliff. Figure 3.25¢ implies that the mélange, supported by the sea
ice plate behind it, applies some resistive stress to the margin which prevents large
icebergs being calved during the winter. However it is not clear whether the sea
ice remains a rigid plate throughout the winter, or whether calving events or tidal
fluctuations weaken its resistive strength. Tide and wave action in the winter
would be dampened by the sea ice (Reeh et al., 2001) but as the NOW polynya is
sometimes just north of Devon Island, the sea ice plate may only exist within the
local bay supported by lateral drag from the embayment and this may mean a
winter tidal range still exists. Spring tides could possibly weaken the sea ice. The
deformation of the sea ice around the island, shown in Figure 3.27, illustrates that
friction exists between the glacier and sea ice but there is not enough evidence to
know whether the glacier flow and calving activity is being restricted by the sea
ice. Digital Globe imagery from 24™ June 2011 (Figure 3.28) suggests that the sea
ice is being deformed by the forward motion of the glacier. The image is partly
obscured by cloud which limits interpretation of the spatial extent of this
deformation. However there is no evidence of this deformation in the 2007-2009
imagery. Comparison with the 2009 terminus position mapping (section 3.2.1)
and GPS velocity record (Danielson and Sharp, in review) suggests that the rapid
acceleration of the terminus region between July 13™ and 15™ 2009 coincides with
the first independent movements of the sea ice near the plume exit- indicating
reduced resistive pressure from the sea ice. However the glacier flow rate was
actually decreasing at full sea ice breakup on July 16™. Furthermore, the change in
the terminus margin position over the winter (Figure 3.26) shows that the sea ice
does not completely limit the advance and calving of the glacier terminus;

although it may still have some buttressing impact.
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3.3.5 Tidal Analysis

This section will consider whether the size of the meltwater plume and timing of
calving events are influenced by the semi-diurnal, diurnal and long-period
frequencies of the tides. The mean tidal range (defined as the difference between
the largest and smallest tides in a day) offshore from the Belcher Glacier is £1.5m.
The minimum daily tidal range during the 2009 summer study period was 1.09m,
whilst the maximum was 3.06m. Harmonic analysis can be used to interpret the
components of the tide and the relationships between tides, plume extent and
iceberg calving. The tidal signal produced by the Webtide model was
deconstructed using the Matlab t_tide prediction model developed by Pawlowicz
et al. (2002). Following O’Neel et al. (2001), the reduction of variance (ROV)
was calculated by adding a new constituent for each model run, revealing its
relative strength. The five key tidal constituents are listed in terms of decreasing
importance in Table 3.5. Each frequency is presented as the number of
reoccurrences in one day, alongside its relative phase and amplitude. The
Greenwich phase is used, which refers to the phase of an equilibrium response at
0° longitude, nodal-corrected to the specified latitude (Pawlowicz et al., 2002).
The M2 constituent dominates the tide (74.5% ROV), followed by the other
principal semi-diurnal constituent, S2 (12.2% ROV) and the diurnal constituent
K1 (9.9% ROV). This suggests the Belcher tide is a mixed tide of mainly semi-

diurnal character.

Table 3.5. The five largest constituents of the tide in Belcher Fjord, in order of decreasing
importance, as modeled in Webtide (Pawlowicz et al., 2002). These results are averages of

2007-2009 tides during the respective field seasons.

CONSTITUENT | PERIOD AMPLITUDE PHASE (°) AVERAGE
(DAYS) ROV (%)
M2 0.52 0.84+0 2292+ 0 73.3
S2 0.5 032+0 118.5+0.01 12.0
K1 1.0 028+0 168.3 +0.01 9.9
N2 0.53 0.17+0 237.8+0.02 2.4
02 1.08 0.13+0 277.8+0.02 2.2
Total 99.8
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Figure 3.29. Frequency histograms of plume area for 2007-2009 during incoming and

outgoing tides (represented as a binary value).

The five main diurnal and semi-diurnal components of the tide near the Belcher
terminus were compared to the meltwater plume area and calving rate datasets to
determine whether the timing and magnitude of events were influenced by the
tides. There were no diurnal or semi-diurnal constituents in the 2008 or 2009
plume area datasets. A more basic analysis using a probability density function
(following Chu et al., 2009) was also used to classify the data into incoming or
outgoing tidal classes (Figure 3.29). In 2008 there was no significant difference in
plume area between incoming and outgoing tides, but in 2007, and to a lesser
extent in 2009, there was a higher frequency of smaller plumes during an
incoming tide. The conflicting results between 2007 and 2008, when the camera
positions were the same, suggests a bias towards incoming or outgoing tides in the

collection of the plume data. These relationships should be tested further with
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both a probability density function and harmonic analysis, with a more complete
dataset. The 2008 and 2009 calving datasets each have a significant K1 (diurnal)
constituent, with ROV of 5% and 2.6% respectively. However the phases of the
signals (which indicate its relative time of arrival at the specified latitude) are far
removed from the tidal phase: indicating the small diurnal variation in the calving
rate is not a response to the arrival of the tides. Instead, this diurnal component
may be a response to ablation, temperature or a diurnal ice velocity component.
However the calving dataset is extremely short and sparse, with data gaps due to
cloud cover. The small diurnal component of calving should be examined over a

longer dataset where more calving events actually take place.

3.3.6 Ocean Temperatures

The temperature of the ocean surface and its depth are analyzed here to assess if
there has been recent changes, and if so, what effect they may be having on the
stability of the Belcher terminus. The primary source of this information was CTD
casts taken offshore from the terminus in 2006 and 2008 (see section 2.3.6). The
CTD casts made on the 19" September 2006 were taken at several locations in the
Belcher Fjord but only two were directly in front of the Belcher terminus (H31
and 80A, Figure 2.2). Other CTD casts sampled on the approach to the Belcher
terminus, not shown in Figure 2.2, were made by the CCGS Amundson at
(499715°E, 8402362°W) (81A), (505275°E, 8403021°W) (82A) and (511980°E,
8397905°W) (83A). The temperature and salinity profiles from all of these casts
are shown in Figure 3.30. The samples were taken in water ranging from 180m to
620m depth yet their temperature and salinity profiles are broadly similar,
indicating a strong connection to the open ocean. It should be noted that the CTDs
from the Heron launch vessel only reached a maximum depth of 150m so did not
reach the bottom of the Belcher Fjord. At shallower depths near the Belcher
terminus there are two distinct layers separated by a pycnocline: relatively warm
fresher water layer (0.3°C, 31.3g/kg) overlying colder more saline water (-0.8°C,
33.2g/kg). A pycnocline marks a sharp change in water density with depth, caused
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by a rapid decrease in temperature and increase in salinity. Stratification is
common in Arctic fjords during and at the end of the melt season (Dowdeswell
and Cromack, 1991). This stratification is often more a response to variations in
salinity than in temperature (Melling, 2002). In September 2006, the pycnocline
sat at 50-100m depth. The deeper CTD casts, taken near the coastal shelf, exhibit
a third lower layer which is warmer than the layer above it (0°C) and very saline
(34.3g/kg). The pycnocline may reflect the presence of sediment-rich fresh water
released from the meltwater plume or sea ice melt, but it is difficult to confirm
this as the CTD cast take on July 22™ was done north of the plume location and
on July 30™ the plume was not active. Therefore the exact thickness of the

meltwater plume (which could be used to calculate its volume) cannot be deduced

from these measurements.
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Figure 3.30. CTD profiles of temperature and salinity collected on 19" September 2006 near
the Belcher Glacier terminus by the CCGS Amundson (denoted by A- casts) and Heron

launch vessel (denoted by H- casts).
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Figure 3.31. CTD profiles of temperature and salinity collected on 22" and 30" July 2008
from the Belcher Glacier terminus by L. Tarasov. The average results are presented here for

clarity as 4 very similar CTD casts were within 50m of each other from the glacier terminus.

In response to the observation that warm Atlantic-sourced water is travelling at
depth up the west coast of Greenland towards the Canadian Arctic (Rabe et al.,
2010), historical ocean temperature records were examined to determine if there
have been any changes off the coast of Devon Island. A series of measurements
made between 1978 and 1997 in Jones Sound (between Devon and Ellesmere
Island) is available in the World Ocean Database 2005 (Boyer et al., 2005)
(Figure 3.32). There were no significant changes in temperature (Figure 3.32) or
salinity profiles (not shown) between 1978, 1997 (when warm subsurface waters
encroached on Jakobshavn Isbrae, Holland et al., 2008) and 2006/2008 (Figure
3.30 and Figure 3.31). No surface freshening (as was observed near Baffin Island
(Zweng and Munchow, 2006)), or warming of the subsurface waters (Rabe et al.,

2010) was identified. Therefore it appears that warm Atlantic waters are not
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currently penetrating the waters of the CAA around Devon Island, but are being

channeled south along Baffin Island, as proposed by Zweng and Munchow

(2006).
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Figure 3.32. CTD profiles of temperature and depth offshore the Belcher Glacier (in Jones

Sound, between Devon Island and Ellesmere Island) between August 1978 and August 1997.
Data from the World Ocean Database 2005 (Boyer et al., 2005)

Sea surface temperature anomaly (SSTA) records from the Reynolds SST dataset

(Reynolds et al., 2002) also suggest there have been no significant changes in

recent SSTs near the Belcher Glacier. Murray et al. (2010) identified a temporary

positive SST anomaly off the coast of SE Greenland between 2003 and 2005,

which corresponded with the penetration of warm Atlantic water into the fjords of

the coastal glaciers but there are no protracted SST anomalies off the NE coast of

Devon Island (Figure 3.33). Between 2007 and 2010, for which these data are

available, there was anomalously cold summer SSTs, with smaller anomalously



warm winter SSTs, the most significant of which was in 2009-2010. The general
trend between 2000 and 2010 is towards increasingly anomalous cold SSTs
during the summer which may reflect increasing sea ice melt in the broader
Canadian Arctic region. The limited CTD data available suggest there have not
been ocean temperature changes at depth, which is consistent with the stability of

the Belcher Glacier terminus position.
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Figure 3.33. Monthly SSTA values from the 1km grid cell closest to the Belcher Glacier
terminus (75.5°N, -81.5°W). Note that the SSTA is relative to a 1971-2000 baseline.
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3.3.7 Geometry

The Belcher Glacier’s proximity to flotation, which can affect the style and rate of
iceberg calving, as well as the stability of the terminus region, was calculated
from the height-above-buoyancy criterion, Hj, described in equation (4). Seawater
density, p,, was calculated from salinity and temperature to be an average of 1027
kg m™ whilst ice density was taken to be 917kg m™ for bubbly ice at
approximately -4°C (Cuffey and Paterson, 2010; Echelmeyer et al., 1991).
Seawater density can vary substantially throughout the season depending on the
quantity of meltwater being extruded (O’Neel, 2001); these data were collected in
July and September when more freshwater was probably being mixed in. The
average ice thickness across the CReSIS transect taken ~500m from the terminus
(Figure 2.2 and Figure 2.3b) is 217m but the effective ice thickness is less, once
surface voids introduced by crevasses are accounted for (Echelmeyer et al., 2001).
L. Tarasov (unpublished data) measured the depths of 47 crevasses in the
terminus region in July 2008; most of them were dry but five contained water
(0.3-9m water depth). The maximum crevasse depth measured was 31m, and the
average depth was 16m. Following Echelmeyer et al (1991) and O’Neel et al
(2003) by assuming a model where flat-topped seracs ~50m wide are separated by
~16m deep triangular chasms, 20m wide at the surface, the void space in the
upper 16m of ice is 14%. This would make the average effective cliff height 48m
rather than 50.45m, and the total average effective ice thickness at ~500m from
the terminus margin would be 214m. The height-above-buoyancy expression is
normally evaluated as a cross-sectional average because local hydrostatic
equilibrium does not necessarily apply when the ice is in a valley setting (O’Neel
et al., 2003). Based on an effective ice thickness of 214m and water depth of
220m from bathymetry data ~700m away from the terminus position (‘Offshore
Bathymetry B’, Figure 2.2 and Figure 2.3b), the height above buoyancy is -32m.
This suggests the glacier is likely to be floating; although neither water depth nor
ice thickness was measured directly at the terminus margin. If a point
measurement of ice thickness at the terminus margin is used (from the

longitudinal profile in Figure 2.3a), which was 308m at the centreline, the height-
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above-buoyancy is +50m, indicating it is grounded. However as Table 3.6 shows,
the ice thickness at the same position on the centerline 500m upstream (at the
CReSIS transect) was 322m. This is 105m greater than the average ice thickness
of 217m estimated for the CReSIS transect and suggests the centreline
measurements of ice thickness are above average thickness, which would be
expected as the centreline is the deepest part of the glacier. Nevertheless, these
comparisons show that the ice thickness decreases from 500m away to directly at
the terminus margin, which suggests the average ice thickness is less at the margin
and that the ice is floating above the bed by more than 32m. However the ice
thickness data suggests the glacier may be grounded at ~500m from the margin

which would mean the Belcher Glacier only has a short floating tongue.

Table 3.6. Point measurements of ice cliff height and ice thickness at the centerline of the
Belcher Glacier and its confluence with the northern tributary, as recorded at the terminus
or 500-700m away, where the CReSIS ice thickness transect was made in 2005 (see Figure

2.3). In the column headings, ‘T’ stands for terminus.

ICE ICE ICE ICE EFFECT- | ICE
CLIFF THICK- CLIFF THICK- | IVE ICE THICKNESS
HEIGHT, | NESS, HEIGHT | NESS CLIFF AT T BASED
500- 500-700M | ATT(M) | ATT HEIGHT ON
700M FROM T M) AT T (M) | EFFECTIVE
FROMT | (M) FREE-
(M) BOARD (M)
Centreline 55 322 31 308 28.7 287
position
Confluence | 48 291 30 233 27.7 277
position

To further test whether the glacier is floating, the effective pressure at the glacier
bed and the height of the freeboard were examined. If the glacier is floating, ooy
(equation 2) should be negative because the basal freshwater/seawater pressure is
enough to exceed the local ice overburden. The effective pressure at the bed of the
Belcher Glacier, calculated at the 2005 CReSIS transect ~500m from the margin,
is estimated to be -3.7 x 10° Pa. This also indicates the glacier is floating. Finally,

an estimation of ice thickness and flotation can be made by assuming that floating
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ice is nine times thicker under water, based on the height of the glacier freeboard
(the height of the ice cliff above sea level). At the transect ~500m from the
terminus, this average freeboard height was 50.45m.a.s.l. But the measurements of
ice cliff height in Table 3.6 suggest that at the terminus this freeboard is likely to
be ~30m.a.s.l. If the effective ice cliff height is ~27m, this would require the
floating ice thickness to be ~270m. As the average water depth is 220m at the
terminus, this puts the glacier somewhat close to flotation, aligning it with the
height-above-buoyancy and subglacial effective pressure measurements which

also indicate the Belcher terminus is floating.
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Figure 3.34. Bathymetry offshore from the Belcher Glacier terminus. Data collected by the
CCGS Amundsen in September 2006 (Bell and Hughes-Clark, 2006). Note the positions of
the glacier margin in June and August 2009, as well as the location of a trough and moraines.

The normal position of emergence of the meltwater plume is also shown.
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Figure 3.35. Example of small water jets which emerged near the start and end of the season
when the plume was small. Image (a) was July 14™ 2009 at 3pm and (b) was July 31% 2009 at
7pm (note the jet which is offset from the ice cliff).
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Sediment
dropped

Figure 3.36. A meltwater plume emerges horizontally from a subglacial channel and the
momentum of the water causes it to flow away from the glacier front, creating a curved
trajectory. The larger and steeper the grounding fan, the closer to the ice front the plume
will appear at the surface. Once at the surface the meltwater spreads radially as a surface
gravity current. The inset shows a vertical cross section of the plume in which sediment is

dropped at angles greater than p (figure from Mugford and Dowdeswell, 2011).

Finally, the geometry of the glacier bed and offshore bathymetry may affect the
glacier’s stability. The bathymetry is shown in Figure 3.34. The topography
profile is fairly uniformly smooth, only with some undulating topography directly
in front of the glacier ice cliff. As the troughs and ridges become smoothed
towards the east (away from the glacier), this suggests these features are products
of sediment deposition from the meltwater plume and iceberg sediment drop-out.
The CCGS Amundsen was unable to travel too close to the ice margin, so we are
unable to see whether there is a grounding line moraine or fan which could be
stabilizing the glacier front. There is a ~40m deep elongate trough (in Figure 2.3b,
‘Offshore Bathymetry A’) which may be a product of clastic sediment filling in
the offshore grabens (Dyke, 1999). The other interesting feature is the trough
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apparent in the bed surface data which was calculated by subtracting the ATM
surface data from the CReSIS ice thickness transect collected ~500m from the
terminus margin (Figure 2.2 and Figure 2.3b). The ice is only ~50m thick here
and there appears to be a subglacial channel c.25m deep at approximately 0.25km
north of the valley wall. It is not clear whether this bedrock feature extends to the
terminus margin but it may do, as the elevation of the ‘Offshore Bathymetry A’
transect is similar although it does not extend fully across the fjord width. If this is
the case, it may be the subglacial channel for the meltwater plume and explains
why the plume always appears to exit in approximately the same location.
Otherwise, the valley shape is relatively symmetrical and sloping at a uniform
rate, which does not offer the possibility of local flotation, although it would be
most likely at the deepest part of the trough. Further mapping would be useful to
determine if there is a grounding line fan which may be stabilizing the glacier.
The presence of grounding line sediment is suggested in the ‘confluence’ transect
in Figure 2.3a, where the bed slope rises 60m within 1km of the margin. At the
start and end of the melt season, when the meltwater/sediment plume is very
small, several circular jets can be seen at the water surface, close to the ice front
(Figure 3.35). Their proximity to the ice front suggests a grounding line fan is
present, built up by sediment released from the meltwater plume which may be
stabilizing the terminus margin position and limiting the calving rate (see Figure

3.36).

3.4 Summary

The main results from the 2009 field season on the Belcher Glacier, supplemented
by data collected between 2006 and 2008 are as follows:
1. Georeferencing of the time lapse imagery is most accurate when all
camera rotation angles are included in the photogrammetry model. A

method such as Krimmel and Rasmussen (1986) works adequately for
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mapping glacier margins but one such as Croitoru and Ethrog (2001) is
better.

The total volume of ice lost by iceberg calving and basal melt (unknown
proportions) between June 4™ and August 14™ 2009 was 0.088km>. The
largest volume of ice lost was on July 222009, in two large tabular
sections affecting more than 50% of the ice front. Only 31% of the calving
flux was due to ice displacement but this is because 84% of the annual
calving volume loss took place between June and September. This means
that calving occurred during the winter, from October to May (~14%).
Three calving events were identified by the audio recorder, which lasted
1.5-11 minutes. The audio signals reflected sliding of avalanching debris
down the glacier front plus ‘thuds’ indicating when icebergs hit the water.
This suggests either that the calving events took place in several phases or
that the icebergs disintegrated upon hitting the water.

The geophones did not detect any calving events as they appear to be
sensitive only to local fracturing. This may be because the surface of the
terminus is highly dissected by large crevasses.

The geophones did detect clusters of ice fracture events on June 30™ and
July 1% 2009 when the water-filled crevasses at the terminus began to
drain, indicating that hydro-fracture processes may have been connecting
the surface meltwater to the englacial and subglacial drainage system. The
initiation of drainage was followed shortly after by a terminus velocity
increase and advance of the ice margin.

GPS data suggest that calving events are neither a trigger of, nor a
response to, a velocity increase in the terminus region. Optical flow results
were not reliable and this method of velocity mapping requires further
testing on a faster-moving glacier.

Only one calving event captured by the 2009 time lapse imagery may have
been influenced by the drainage of the water-filled crevasses and melt

ponds, and further investigation is needed to determine whether water-
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10.

11.

12.

13.

14.

15.

driven crevasse propagation is an influential driver of calving events on
the Belcher Glacier.

The time lapse camera angle can strongly affect the accuracy and results of
mapping glacier ice margins and meltwater sediment plumes. In this study,
the 2009 camera position was most accurate for mapping the terminus
position but severely underestimated the area of large meltwater plumes.
81% of calving events between June 4™ and August 14™ 2009 took place
near the normal meltwater plume exit or at locations to which the plume
had switched. However, there were no calving events near the meltwater
plume in the 2007 or 2008 time lapse observation periods. This suggests
that undermining of the terminus by melt water efflux may sometimes
facilitate calving, but that it is not a necessary condition for calving to
occur.

Changes in plume area showed a strong positive correlation with runoff
modeled by Duncan (2011), but the plume did not appear to increase in
area in response to supraglacial lake drainage events.

High winds from the west played a role in sea ice break-up in some years
but did not affect the timing of calving events.

Mapping of the ice mélange in front of the glacier shows that calving
definitely takes place in winter, and that in years when there is less winter
calving there tends to be more summer calving.

Sea ice does not prevent calving taking place but it may provide sufficient
buttressing support of the terminus in winter to prevent large calving
events from occurring. Removal of the sea ice in summer does not always
lead to either a calving event and or a terminus velocity increase.

Calving does not appear to be tidally-influenced and the size of the
meltwater plume is not altered by the tides.

The general trend in SSTs offshore from the Belcher Glacier between
2000 and 2010 is towards anomalously cold summer SSTs which may

reflect increased sea ice melt in the Arctic. There do not seem to have been
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any ocean temperature changes at depth, and this may contribute to the
continued stability of the Belcher terminus.

16. The terminus of the Belcher Glacier appears to be floating, according to
height-above-buoyancy and subglacial effective pressure calculations.

17. The meltwater plume emerges in the same region near the southern margin
each year because it is fed by a stream that seems to be located in a

bedrock channel ¢.25m deep.

122



Chapter 4. DISCUSSION

4.1

Introduction

In this chapter I will address the research questions first posed in section 1.4:

3. Does the Belcher Glacier exhibit a calving style and rate which suggests it

has a grounded or floating terminus in summer?

4. Are calving events on the Belcher Glacier triggered by:

a.

4.2

A speed-up of the near-terminus region which may be caused by a
meltwater pulse or drainage of the terminus water-filled crevasses,
which enhance its proximity to flotation?

Propagation of the terminus water-filled crevasses to the glacier
freeboard?

Removal of buttressing resistance provided by the mélange and sea
ice?

Tidal fluctuations, which reduce the height above buoyancy or
lower the buttressing pressure of the seawater, whilst also
influencing the meltwater plume discharge?

A change in ocean temperatures, either at depth or at different
times of the year, which could affect the sea ice concentration

and/or basal melt rates?

Belcher Glacier: Grounded or Floating?

The style and rate of iceberg calving, as well as the height above flotation and the

thickness of the glacier freeboard can all be used as evidence for determining

whether a glacier terminus is grounded or floating. Two large tabular bergs were

discharged from the Belcher Glacier on July 22™2009. In a large calving event on

July 27™ 2008 the glacier lost an elongate mass of ice from more than 50% of the

ice front. Walter et al. (2010) found that floating glaciers such as the Columbia
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Glacier in Alaska often lose most of their mass in large, infrequent calving events
which produce tabular blocks from up to 50% of the ice front at once. Calving on
the Belcher Glacier can be described as infrequent, with only 3-5 major events
during a summer period (2007-2009), and a total of 11 events recorded between
June and August 2009 that accounted for 44% of the annual ice loss by calving.
This compares to 41 calving events observed in four days on the grounded glacier
Kronebreen, Svalbard during August 2008 (Chapuis et al., 2010). On many
floating glaciers, tabular blocks are defined by rifting perpendicular to glacier
flow (Walter et al., 2010), as was the case for both the calving events from
Belcher Glacier in 2008 and 2009. However it is usually assumed that calving
occurs along rifts that were established upstream from the glacier terminus in
zones of horizontal shearing or bending caused by flow around obstacles or sharp
changes in the direction of glacier motion (Reeh et al., 2001). The large bergs
calved on July 222009 were not predefined by existing rifts, but another berg
calved on July 24™, and a second iceberg calved in 2008 (Figure 3.8) were. The
combination of large, infrequent calving events that can affect 50% of the front
and some events which were defined by preexisting rifts indicates that the Belcher
Glacier terminus is floating. However there may not always be sufficient damage
to the ice upstream of the terminus for large rifts to be established along which

calving later takes place.

Some calving events were much larger than others, notably on July 222009, and
these significant contrasts in iceberg size may reflect the degree of flotation and
the position of the calving front. The Belcher Glacier maintains a very stable ice
front position, fluctuating only 100-150m between years (Figure 3.26). In
particular, the margin position varies from a relatively straight profile centered on
491800E and an advanced position at 491900E with a bulge at 8397000N. This
‘bulge’ is evident on imagery from August 11" 2007 and June 4™ 2009, as well as
in the year 2000 Landsat 7 ETM+ image (Figure 3.26). The large tabular icebergs
calved from the glacier on July 222009 were lost from this ‘bulge’, whilst other

calving events that summer produced bergs that were much smaller and less
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tabular. It is hypothesized that the Belcher Glacier is lightly grounded within
500m of the margin, as reflected by the ice thickness changes in Table 3.6 which
affected the height-above-buoyancy. However every couple of years the fastest
flowing ice at the glacier centreline, the deepest part of the fjord, develops a
protruding floating ‘bulge’. Its flotation may be enhanced by basal melt, although
without further investigation of this process it remains purely hypothetical. Some
basal melt is likely to have contributed to the floating protrusion, otherwise the
weight of the ice and its rigid structure would prevent local hydrostatic
equilibrium from occurring. The protruding ice is also shaped by the position of
the meltwater plume, which enhances the calving rate in the region around it by
increasing the basal (and terminal ice cliff) melt rates due to mixing of the
seawater and plume discharge (Motyka et al., 2003), as was seen in 2009 when a
seasonal embayment formed at the plume exit. However the meltwater plume only
seems to facilitate calving events when the terminus is in a slightly advanced
position, as it was in June-July 2009. Since Jakobshavn Isbrae is grounded in
summer but develops a floating tongue and advances up to Skm in winter
(Amundson et al., 2010), it is clear that a glacier can transition between grounded
and floating modes relatively quickly and regularly. Basal melt is an important
process at the floating tongue of Jakobshavn Isbrae, causing thinning due to
submarine melting of 228 + 49m yr'' between 1984 and 1985, a rate which may
have increased recently due to warmer ocean temperatures (Motyka et al., 2011).
Even on grounded glaciers submarine melt can be an important process,
periodically undercutting the terminus and triggering calving For example on
LeConte Glacier, Alaska, the basal melt rate was 12m d! across the submerged
ice face, which accounted for 57% of the total summer ice volume loss (Motyka et
al., 2003). This evidence from other glaciers suggests basal melt is likely to play a
key role in establishing flotation dynamics at the Belcher Glacier terminus but in
order to establish basal melt rates further data is required, as discussed in section

4.4.
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A grounding line moraine or fan may be beneath the Belcher Glacier margin,
contributing to its stability and the complicated calving dynamics. Morainal
features are evident in the fjord bathymetry near the glacier’s southern margin
(Figure 3.34) and could be the edge of a larger grounding fan at the terminus.
Such a grounding line feature is most likely to occur near the exit point of the
meltwater plume, which may supply significant quantities of sediment to the
fjord. For example a grounding line fan was able to build up in front of
Kongsvegen, Svalbard in 22 years with a sediment accumulation rate of 8.91 x
10° m® a™' (Trusel et al., 2010). Powell (1990) suggested that if a glacier terminus
remains in a quasi-stable position it will develop a grounding line fan, although
the rate of deposition depends upon the rock type and the amount of sediment
available. At Kongsvegen, the rock type was sedimentary which would likely
yield a higher sedimentation rate than at the Belcher Glacier, where the catchment
is composed of Precambrian gneiss (Dyke, 1999). Whether there is a grounding
line fan or not, which is likely to be most pronounced near the sediment plume,
the ‘bulge’ appears to be self-supporting until it is sufficiently damaged by a
combination of basal melt, expansion of water-filled crevasses and ice flexure
(particularly as its lateral support is being cut away by the meltwater plume).

Then, major calving of tabular icebergs takes place.

Based on the evidence presented in this thesis, it is concluded that the Belcher
Glacier is lightly grounded at its terminus margin but has the tendency to develop
a protruding bulge which eventually floats and calves off due to undercutting by
basal melt and lateral weakening from the meltwater plume. Further
measurements of ice thickness and water depth precisely at the terminus margin
would be useful to determine unequivocally whether the margin is grounded or
floating, as well as possibly being able to identify whether a grounding line fan
exists. It should also be noted that the stability of the main glacier trunk is
intimately connected to the stability of its northern tributary to which it is attached
and shares a 4km-wide fjord. There is a significant ¢.250m overdeepening at the

confluence between the Belcher Glacier and the northern tributary (Figure 2.3)
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which may further destabilize both glaciers if one or both were to retreat by
~2km. It is not fully clear how large overdeepenings affect the stability of a
glacier, but certain glaciers such as Helheim Glacier, SE Greenland may retreat
rapidly as they are on a reverse bed slope (Nick et al., 2009). Yet the presence of a
reverse bed slope, particularly in a local overdeepening does not necessarily make
the glacier unstable if there is a lot of lateral drag provided by valley walls to
support the glacier (Vieli and Nick, 2011). Therefore future studies should
consider the stability and mass balance of the northern tributary (tributary 6) as

well as of the main Belcher Glacier trunk.

4.3 Potential Calving Triggers

Having determined that the Belcher terminus margin is lightly grounded with a
short floating protrusion along its centerline, I will now discuss whether the range
of mechanisms investigated in this study did actually appear to prompt calving

events.

4.3.1 Meltwater-driven Terminus Velocity Changes

It is possible that summer iceberg calving from grounded or floating portions of
the Belcher Glacier ice front is a response to velocity accelerations. Many of the
speed-ups at the terminus appear to be caused by lake and water-filled crevasse
drainage events further upglacier (Danielson and Sharp, in review). Nevertheless
there was no immediate calving response to a meltwater-driven velocity flux
increase, and similarly the terminus ice did not respond with a velocity increase to
the redistribution of stress following a calving event. Vieli and Nick (2011) expect
that any calving event will lead to a redistribution of ice stresses, and therefore a
velocity increase, because the lost ice is no longer resisting the glacier behind it.
Yet even after the largest events on the Belcher Glacier, such as on July 2oM
2009, no velocity response was recorded by the terminus GPS, which was located

less than 300m from the margin. This suggests that summer iceberg calving from
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the Belcher Glacier is neither the ‘slave to’ nor the ‘driver of” terminus velocity,
as was proposed by Benn et al. (2007). Instead, the relationship between calving
and velocity is primarily controlled by the local geometry. In particular, lateral

drag on the ice can dampen the effects of calving on velocity (Hulbe et al., 2008).

4.3.2 Propagation of water-filled crevasses

Benn et al. (2007) proposed that the calving rate could be predicted from crevasse
depths, surface velocity and strain rates: this would determine how long it took
water-filled crevasses to propagate to the glacier freeboard and cause calving. If
this were the case on the Belcher Glacier, a lot of water-filled crevasses would be
expected close to the terminus margin where they could instigate calving.
However, in 2009 only one calving event may have been a response to water-
driven crevasse propagation, and it involved drainage of a melt pond rather than a
water-filled crevasse. Therefore, propagation of water-filled crevasses is unlikely
to trigger calving events on the Belcher Glacier because there are very few water-
filled crevasses within 100m of the terminus. Yet these water-filled crevasses may
play an important role in damaging the ice and propagating fractures towards the
freeboard. Water-filled crevasse propagation may be a more significant process on
ice shelves and fully floating ice tongues with almost horizontal surface slopes
where water might collect more extensively. It could also be a process which
threatens glaciers that are less stable than the Belcher Glacier and closer to
catastrophic retreat. This effect was seen on the Larsen B Ice Shelf in Antarctica,
where extensive surface ponding occurred for several years prior to ice shelf
breakup and calving which were eventually caused by water-filled crevasse
propagation (Scambos et al., 2004). These observations indicate that it is
important to monitor the area of water-filled crevasses on the terminus of the
Belcher Glacier because if their area grows substantially over time and encroaches
closer to the terminus they are more likely to damage and weaken the ice, which

eventually leads to iceberg calving.

128



4.3.3 Mélange / Sea ice buttressing

Evidence from the 2007-2009 time lapse imagery does not indicate that the
breakup of the sea ice and mélange control the timing of major summer calving
events. Most of the buttressing resistance is likely to be lost by late June when
extensive melt ponds have formed on the sea ice surface, weakening the ice. This
is particularly likely once the sea ice behind the mélange breaks up, which tends
to occur first before full break up near the glacier terminus takes place. Amundson
et al. (2010) also found that the buttressing effect of the mélange/sea ice at
Jakobshavn Isbrae was lost in spring once the sea ice retreated to within several
kilometers of the glacier terminus. In general it seems that the buttressing effect of
sea ice and mélange is very site-specific and its influence depends upon the bed
and ice front geometry. Clearly, a 10km-long mélange such as occurs at
Jakobshavn Isbrae has a much larger resistive strength than the 100-300m width
of mélange at the Belcher Glacier terminus. The thickness of the sea ice will also
affect the buttressing strength but an estimate of sea ice thicknesses around Devon
Island is not available. If the sea ice is constrained within a narrow fjord, it could
be expected to have a greater resistive impact on glacier flow than free-floating
sea ice. For example Herdes et al. (in review) observed that the Fitzroy Glacier,
another glacier draining the NE of Devon Ice Cap, tended to lose its sea ice later
than the Belcher Glacier and the Fitzroy is in a narrow fjord (~1km wide). This
would suggest that the sea ice had a greater buttressing effect on the terminus of
the Fitzroy Glacier compared to the Belcher Glacier, given that they are in the
same geographical area. Nevertheless, the buttressing support of the sea ice in
mid-winter at the Belcher Glacier cannot be disproven without rigorous analysis
of the strength of the sea ice. In future projects, this could be done through force
balance analysis, by comparing the driving force of the forward motion of the
terminus ice cliff with the back force exerted by the sea ice plate on the
terminus(see Cuffey and Paterson, 2010, p307-309). Until then, it is concluded
that the sea ice/mélange may buttress the terminus during winter, reducing the
number of calving events and the amount of ice advance, but this resistance is

gradually lost as summer approaches. By the time of the eventual break-up of the
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melt-weakened sea ice in July the sea ice does not appear to have any remaining
buttressing strength and its removal did not appear to result in either acceleration
of ice flow in the terminus region or a concentration of calving events from the
Belcher Glacier. This conclusion contrasts that of Herdes (2009) and Herdes et al.
(in review) who found that major calving events from the Belcher Glacier in
Radar-Sat 1 imagery from 1997-2008 coincided with the annual break-up of the
sea ice. It seems that the release of the mélange trapped in the sea ice (icebergs
which had broken off during the winter) was mistaken for a large calving event
each year at the time of sea ice breakup. The icebergs would have rotated and
disintegrated further during the breakup sequence and were produced by a bright
backscatter (due to high surface roughness common in freshly shattered ice)

which was mistaken to be a new, extremely large, calving event.

4.3.4 Tidal flexure

Another question is whether any of the summer calving events on the Belcher
Glacier were triggered by tidal flexure (due to spring or neap tides, or a large tidal
range within a day). The calving events observed did not seem to occur
preferentially at particularly low or high tides. Nevertheless there were only 11
calving events observed in the detailed 2009 records, and fewer in 2007 and 2008,
so the database on which to base such a conclusion is sparse. The lack of response
to tidal fluctuations could suggest that the glacier is well grounded and not
affected by the changes in subglacial water pressure that can be caused by the
tides (Amundson et al., 2010). Herdes et al. (in review) also did not find a clear
relationship between tide levels and calving events on the Belcher Glacier
between 1997 and 2008. This suggests that the calving rate on the Belcher Glacier
does not respond to the £1.5m tidal fluctuations that it is exposed to during open
water conditions. The glacier may still respond with vertical motion due to the rise
and fall of the tides, but this would have to be investigated with a network of GPS

stations located close to the terminus.
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4.3.5 Ocean temperatures

A wealth of results from Greenland (e.g. Murray et al., 2010) suggest that the
stability of glaciers is influenced by ocean temperatures, particularly because
changing sea ice concentrations and basal melt rates can affect the calving rate.
The SST results from the region offshore from the Belcher Glacier indicate that
there was increasingly anomalously cold surface water in the region between 2000
and 2010, in direct contrast to the warm surface and subsurface waters penetrating
many parts of Greenland. A limited dataset of CTD measurements from 1978 to
2008 suggests that there has been no major change in ocean temperature at depth.
This indicates that warm Atlantic-sourced subsurface water is not reaching the
Canadian High Arctic, but is being channeled south along Baffin Island (Zweng
and Munchow, 2006; Rabe et al., 2010). If the cool summer SSTs reflect cooler
water at depth (as suggested by Murray et al.., 2010), they may be acting to
reduce the basal melt rate at Belcher Glacier, which could then also limit the
calving rate, although a long enough time series is not available to examine this.
Nevertheless, the cool surface waters near the Belcher Glacier are likely to be
reinforcing the current stability of the glacier terminus. Given the dramatic
response of the Greenland glaciers to changing ocean temperatures (e.g. Holland
et al., 2008), it is nevertheless apparent that changing ocean currents and

temperatures in the Canadian Arctic region need better monitoring.

4.4 Limitations

The results presented above have highlighted several limitations of this study and
identified a number of ways in which it could be improved upon in the future. Ice
thickness and basal topography in the vicinity of the glacier terminus should be
measured independently of each other so that an accurate calculation of terminus
buoyancy can be made. In order to capture the full sequence of a calving event
and better understand the style of terminus disintegration, time lapse imagery
must be collected at an interval as close as possible to 10 seconds during periods

of active summer calving (Amundson et al., 2010). Over the rest of the summer,
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images should be collected at sub-hourly intervals. It would be best to install a
series of cameras if a range of phenomena are to be investigated (e.g. calving rate,
meltwater plume extent, terminus movement with optical flow) in order to achieve
the optimum camera angle and position for each aspect, as well as for redundancy.
Time lapse imagery from the fall and winter, taken at peak light conditions each
day, would provide further information about calving during this period as well as
about the timing of sea ice coagulation. A network of passive seismometers
installed close to the terminus would support investigations of the calving style
and rate, as establishing the frequency and source of fracturing events could help
determine whether or not the Belcher Glacier is completely grounded at the bed
(Walter et al., 2010). Ideally seismic observations should be continued during the
fall and winter to examine whether the fracturing processes continue throughout
the year. Geophones should also be installed with lower gain sensitivity in case a
lot of small, frequent fractures were being missed, and geophones should also be
placed in a dense network because on this glacier only local fractures were

detected.

Several other improvements could be made to this study of potential calving
triggers. Ice thickness should be measured at two flux gates upstream of the
terminus in two consecutive summers in order for the contribution of basal melt to
be calculated, following Motyka et al. (2011). More numerous CTD casts in the
offshore terminus region are required to provide the data needed to calculate basal
melt rates. These casts should penetrate the full thickness of the plume outflow to
determine its temperature and SSC profiles. If CTD casts were made through the
meltwater plume they could also be used to determine the plume thickness and
calculate the volume of water expelled from the subglacial system, following
Motyka et al. (2003) and Trusel et al. (2010). The volume of seasonal meltwater
discharge could then be compared with the modeled runoff (from Duncan, 2011)
to examine whether late season hysteresis of the sediment plume takes place, as
suggested by Chu et al. (2009), or whether a quantity of meltwater is stored within

the glacier overwinter, as happens on some land-terminating glaciers (e.g. Hodson
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et al., 2005). This could be further examined with a model such as SedPlume
(Mugford and Dowdeswell, 2011), if it were used to investigate meltwater plume

volume rather than long term sedimentation rates.

4.5 Implications

The implications of the results presented in this thesis are that individual calving
events are not triggered by a single identifiable phenomenon. Calving events on
the Belcher Glacier were not caused by sudden velocity changes, break-up of the
sea ice/mélange, tidal fluctuations or propagation of meltwater-filled crevasses.
The location of calving was sometimes affected by the presence of the meltwater
plume and this may be a reflection of higher basal melt rates in the vicinity of the
plume outflow which undermine the glacier terminus (Motyka et al., 2003). The
timing of a calving event triggered by the meltwater plume also seems to be
strongly influenced by the position of the terminus, which reflects the ice and bed
geometry. The geometry of the glacier is one of the primary controls on the
proximity to flotation, which affects terminus stability. Therefore these results
suggest that the ice and bed geometry, as well as the basal melt rate and the
general flux of ice being delivered to the terminus are significant controls on the
calving rate and stability of the Belcher Glacier. By extension, it is hypothesized
that a change in ocean temperature, which alters the basal melt rate, is expected to

strongly influence the stability of the glacier terminus (Motyka et al., 2011).

As there does not seem to be a single identifiable cause for iceberg calving, this
also points towards the stochastic and non-linear nature of the process. This
means that whilst calving is a deterministic process (ice will inevitably fall from
the terminus margin eventually) it is impossible in practical terms to predict the
frequency or magnitude of an event, despite near-constant monitoring with GPS
and seismometers (Bassis, 2011). The iceberg calving rate may reflect self-
organized criticality, where complex dynamic systems adapt (often through

failure) until they reach a stable state (Kavanaugh, 2009), although it is impossible
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to know whether a small ice fracture (or an external forcing such as loss of sea ice
buttressing) will do nothing or trigger a cascade of large calving events.
Earthquake fault systems are a well known example of self-organized criticality,
and Kavanaugh (2009) also showed that subglacial water pressure events on
Trapridge Glacier, Yukon, Canada, reflected this non-linear organization. A
model such as Bassis (2011) which relies on statistical physics to understand the
probability of iceberg calving may provide a different insight into the iceberg

calving process which requires further investigation.

Furthermore, the results suggest that the size, timing and style of a calving event
are partly controlled by processes acting on the ice upglacier of the terminus.
After all, the basal melt rate only affects the grounded ice face or the floating
portion of a terminus and the stability of the margin is mainly influenced by the
ice and bed geometry at its current pinning point. The amount of damage afflicted
on the ice that is transported towards the grounding zone is probably one of the
most significant controls on iceberg calving. Meltwater ponding on the surface
and in crevasses is likely to play a major role in weakening the ice and inflicting
the damage. Pralong et al. (2003) and Pralong and Funk (2005) used continuum
damage mechanics to model the evolution and propagation of damaged ice
regions to the margin, and found the ice to be particularly sensitive to changing
local geometry. The damage is received at a range of scales which begins as
microcracks within ice crystals, but Pralong and Funk (2005) focused on the
mesoscale formation of local ice cracks that may later culminate in larger
crevasses or failure (calving). Fracture formation due to water pressure changes
was an important aspect of their model. They tested the criterion on a lake-calving
glacier and a hanging glacier in Switzerland. Precise knowledge of the glacier
geometry and the damage parameters was necessary to model the calving of an ice
block accurately. Development of a macroscale version of this criterion which is
less computationally expensive would be valuable so that it can be applied to
whole glaciers and ice caps. The iceberg calving framework proposed by

Amundson and Truffer (2010) could potentially provide this macroscale model as
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it is general enough to apply to any calving margin and is computationally
inexpensive. However it consists of two parameterizations based on unknown
physical laws and requires further criteria (such as the relationship between
geometry, flow and crevasse spacing, and a better parameterization for ice shelf
calving) to be developed before it can be incorporated into glacier and ice sheet

models.

4.6 Summary

In this chapter we examined the potential triggers of iceberg calving from the
Belcher Glacier and concluded that the glacier is probably lightly grounded at its
terminus but every few years seems to develop a slightly advanced protruding
bulge along its centreline which begins to float due to undercutting by basal melt,
erosion of its lateral stability by the meltwater plume. Once enough damage is
inflicted upon the ice, the protrusion calves off as a series of tabular icebergs. It
was also noted that as the Belcher Glacier shares a fjord with its northern

tributary, the stability of the two glaciers are likely to be inextricably linked.

It was suggested that individual calving events are not typically caused by a single
trigger mechanism and instead may reflect a stochastic, essentially unpredictable
process. Calving from the margin is most likely to be a product of the basal melt
rate, the current ice and bed geometry, and the overall flux of ice through the
terminus gate. Yet it is also a reflection of the amount of damage inflicted on the
ice upstream of the margin, so it was suggested that a macroscale version of the
Pralong and Funk (2005) ice damage model might be better able to explain
seasonal variations in the calving rate from Belcher Glacier than a model based on
response to specific fracture-triggering events. A framework such as that proposed
by Amundson and Truffer (2010) may also be able to achieve this. Several
limitations of the study of calving on the Belcher Glacier were reviewed and

improvements for future research were suggested.
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Chapter 5. CONCLUSIONS

The motivation for this thesis was to identify the major controls on the rate and
style of iceberg calving from a tidewater glacier, the Belcher Glacier, in the
Canadian High Arctic. The first challenge was to detect iceberg calving events
during the summer of 2009. Time lapse imagery was an excellent method of doing
this, although a shorter time interval between photographs appears necessary to
observe calving in action and see how the ice front disintegrates. The results show
that the ice margin can be accurately delimited, and the change in area can be
calculated if the image is georeferenced. For this, an algorithm which used all of
the camera rotation angles provided the most reliable result. The total volume of
ice lost by iceberg calving and basal melt between June 4™ and August 14" 2009
was 0.088km’. This accounted for 44% of the total annual ice flux through the
glacier terminus. Approximately 16% of annual calving took place in the winter,
between October and May. The audio recorder successfully detected calving
events, although the orientation of the microphone was paramount in this. The
three calving events identified lasted 1.5-11 minutes and suggested that either the
calving took place in several phases, or that the iceberg disintegrated upon hitting
the water (as each event was associated with a lot of avalanching of debris and
several large ‘thuds’). The two-component geophones did not detect calving
events because they were only sensitive to very local fracturing events. They
would need to be installed closer to the terminus to be effective in detecting
calving. The geophones did record hydro-fracturing near the water-filled
crevasses caused by the establishment of connections between the surface,
englacial and subglacial drainage systems. The geophones also detected a large

earthquake that occurred in Baffin Bay.
Once calving events had been identified, the second phase of the project was to

determine whether the timing of these events was controlled by internal glacier

dynamics or external factors acting at the ice-ocean interface. It was concluded
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that on the Belcher Glacier, dynamics plays a significant role in ‘priming’ the
terminus ice for failure due to the interactions of the ice flow with the ice and bed
geometry. This is particularly the case if/where the terminus is buoyant because
this exposes the ice to different stresses and increases the surface area susceptible
to basal melt. Meltwater ponding on the ice surface and in crevasses may also
play a significant role in damaging and weakening the ice. However once the ice
reaches the margin it is exposed to a different set of interactions with seawater

which can also influence calving.

It appears that the Belcher Glacier is probably lightly grounded at its terminus but
every few years it advances slightly and develops a protruding bulge in the
vicinity of its centreline. This protrusion begins to float, possibly due to
differences in the basal topography, and active undercutting by basal melt. The ice
is further weakened if its lateral support is eroded by the meltwater plume, in the
vicinity of which the local calving rate is enhanced. 81% of the calving events
between June and August 2009 took place near the normal exit point of the
meltwater plume, or in other locations to which the plume was rerouted
immediately prior to the calving event. Eventually, once a threshold of damage is
exceeded, the protrusion calved off as a series of tabular icebergs (the form of
which strongly suggests this ice was floating prior to calving). From 2007-2009,
the timing of calving did not seem to have been controlled by increases in ice
velocity near the terminus, the break-up of the sea ice, tidal flexure of the
terminus, or local propagation of meltwater-filled crevasses. Instead the results
suggest that basal melt rates, and by extension ocean temperatures, may be
significant controls on calving but this hypothesis needs to be investigated further.
It is also concluded that calving is not driven by a single phenomenon, but instead
is a stochastic process which reflects the progressive accumulation of damage to
the ice from several different sources during its travel towards the terminus. A
model such as those proposed by Pralong and Funk (2005) or Amundson and
Truffer (2010) should be used to further investigate the calving process.
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