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ABSTRACT

Differential GPS data from 2007-2014 are used to assess horizontal and vertical velocity
variations of the Kaskawulsh Glacier at interannual and intra-annual timescales. These
indicate that an upglacier propagating high velocity event occurs every spring at the onset
of melt, and that a downglacier propagating high velocity event occurs every fall or
winter after melt has finished. These events suggest that the subglacial drainage system
alternates between a distributed system in the winter and channelized system in the
summer and fall. In addition, there is a strong negative correlation between summer melt
and velocity the following fall and winter, with strong melt years resulting in low
velocities. For each additional metre of summer melt, an 8.6% average decrease in
velocity is observed on the glacier the following fall-winter.

These results suggest that changes in the subglacial drainage system limit the sensitivity
of glacier motion to increased meltwater inputs. Glacier motion will likely show a net
decrease under a warming climate due to the negative correlation between surface melt
rates and ice motion and a decrease in driving stresses as a result of reduced ice
thicknesses. In addition, future fall-winter velocity patterns could be accurately predicted
from only a month or two of summer melt data, with May-June melt providing the best
indication of fall-winter motion. This study also suggests that the common assumption
that glaciers are ‘stable’ in the late fall and winter is incorrect.
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Chapter 1 : Introduction

1.1 Study motivation and context

Mountain glaciers in Alaska-Yukon have lost substantial mass in the past 50+ years, and
are currently providing the biggest contribution to global sea level rise outside of the
major ice sheets (e.g., Dyurgerov and Meier, 2005; Larsen et al., 2007; Arendt et al.,
2008; Lutchke et al., 2008; Barrand and Sharp, 2010; Berthier et al., 2010; Foy et al.,
2011; Jacob et al., 2012). For example, this region experienced a reduction in mass of
46 +77 Gt yr'* over the period 2003-2011 (Figure 1.1) (Jacob et al., 2012). It has recently
been suggested that an acceleration in ice motion due to increases in surface melt can
cause substantial losses on the large ice sheets, particularly Greenland, in a process called
dynamic thinning (Pritchard et al., 2009). However, it is unknown whether this
acceleration is sustainable in the long-term (Murray et al., 2010; Sundal et al., 2011), and
it is unknown whether mountain glaciers will respond to changes in meltwater input and
mass balance in the same way. In particular, little work has previously been done on what
negative mass balance means for the long-term evolution of glacier motion in large valley
glaciers such as those found in the SW Yukon. The anticipated responses to a negative
mass balance are either: (1) a speed up due to increased surface meltwater input to the
glacier bed causing increased basal lubrication, or (2) a slow down due to reduced ice
thicknesses and driving stresses, and/or to changes in the efficiency of the subglacial
drainage system. This study builds on previous studies in the SW Yukon and Alaska to
investigate variations in motion of the Kaskawulsh Glacier, Yukon, and what causes

these variations.



1.2 Project objectives

The primary objective of this project is to determine the connections between surface
melt and the velocity patterns of the Kaskawulsh Glacier, on both intra-annual (within
year) and interannual (between years) timescales. Differential global positioning system
(dGPS) data are used to provide a detailed assessment of velocity patterns over the past
~5 years and their relationship to water inputs to the glacier bed. These water inputs are
derived from meteorological data that have been recorded on a nunatak adjacent to the
glacier since 2007, and from air temperature and snow depth data that have been
collected on the glacier surface since 2010. Variations in motion can provide insight
about the structure of the subglacial drainage system and how it changes over time
(Schoof, 2010; Sundal et al., 2011; Sole et al., 2013). The evolution of glacier motion
patterns in response to changing melt and mass balance conditions can also provide
information as to how large valley glaciers will respond to projected increases in air

temperatures (IPCC, 2007).

1.3 Study site

The St. Elias Mountains, between southwestern Yukon and the Alaska border, are home
to one of the largest non-polar icefields in the world with approximately 40,000 km? of
glacierized area (Arendt et al., 2009). The Kaskawulsh Glacier is a large temperate valley
glacier located in Kluane National Park, Yukon, within the St. Elias Icefields (138°51°W,
60°43°N; Figure 1.2). The glacier is approximately 70 km long, ranges in elevation
between approximately 800 and 2500 m a.s.l., and is land-terminating. The equilibrium

line altitude (ELA) marks the transition between the accumulation and ablation zone on
2



the glacier, and was at 1958 m a.s.l. in 2007 (Foy et al., 2011). The St. Elias Icefields also
drain into a number of other lake- and land-terminating glaciers including the Donjek,
Lowell and Tweedsmuir to the north and east. To the south and west, the icefields drain
into larger Alaskan glaciers including some of the largest in North America, the Bering
and Hubbard Glaciers (Arendt et al., 2009). The Kaskawulsh Glacier is divided into four
main branches: the Central Arm, the South Arm, the North Arm and the Stairway
Glacier, all fed by a number of small tributaries. The Kaskawulsh Glacier flows generally
eastwards and drains into the Kaskawulsh and Alsek Rivers to the southeast (towards the

Gulf of Alaska), and into the Slims River and then Kluane Lake to the north.

Since the 1960s, a number of glaciological studies have focused on the St. Elias
Mountains. The Icefield Ranges Research Project, run from 1961 to the mid-1970s,
provided meteorological and glaciological data on some of the glaciers within this area,
including the Kaskawulsh Glacier (Wood, 1963; Marcus, 1974). Recent studies
undertaken in the Alaska-Yukon region have mainly focused on mass balance. For
example, Barrand and Sharp (2010) found that over the past 50 years the surface area of
Yukon glaciers decreased by 22%, contributing 1.12 +0.49 mm to global sea-level rise.
They found the mean thinning rate of Yukon glaciers to be 0.78 +0.34 m a™ w.e. over the
period 1957 to 2007, the highest regional thinning rate outside of Patagonia and Alaska.
Berthier et al. (2010) tracked changes in ice extent and mass balance using satellite
imagery and found that between 1968 and 2006, the St. Elias and Wrangell Mountains
had an average negative mass balance of 0.47 +0.09 m a™ w.e. Arendt et al. (2013) used

Gravity Recovery and Climate Experiment (GRACE) satellite data to estimate a regional
3



mass balance of -65 +11 Gt a™ for Gulf of Alaska glaciers for the period 2003-2010.
These results are higher than previous estimates computed from GRACE data by Jacob et
al. (2012) for the period 2003-2011 (i.e., 46 +7 Gt a™ for the Alaska-Yukon region), but
lower than those computed by Luthcke et al. (2008) for the 2003-2007 period

(i.e., -84 +5 Gt a™* for the Gulf of Alaska region).

Studies focusing specifically on the Kaskawulsh Glacier are limited. Brecher (1966)
calculated velocities on the glacier’s upper North Arm during summer 1964 using
theodolites. He found mean annual surface velocities ranging between 120 and
150 m yr!, later confirmed by Clarke (1969) and Anderton (1973). In his study, Anderton
(1973) derived annual and summer velocities for the North and Central arms of the
Kaskawulsh Glacier. He found higher mean annual velocities on the Central Arm than on
the North Arm (215 m yr™ vs. 152 m yr™, respectively), and lower summer velocities on
the Central Arm (150 m yr™) than on the North Arm (200 m yr™). More recently, Foy et
al. (2011) studied volume and area changes of the glacier and found that between 1977
and 2007, there was a 1.53% decrease in glacier area and a 3.27-5.94 km® w.e. decrease
in volume. The rate of volume loss was low until 1995, when it increased dramatically,
and then remained relatively constant (at -0.50 km® yr) until 2007. During the
1977-2007 period, the glacier thinned on average by 0.20-0.46 m yr, with most of the
thinning occurring in the ablation zone. Between 1956 and 2007, the terminus of the

Kaskawulsh Glacier retreated by 655 m.



A recent University of Ottawa study (Darling, 2012) focused on seasonal velocity
patterns of the Kaskawulsh Glacier from summer 2009 to summer 2011 based on dGPS
measurements. In 2013, another University of Ottawa study determined velocities for the
St. Elias region using remote sensing (Figure 1.3) (Waechter, 2013; Waechter et al., In
review). This regional map shows that the Kaskawulsh Glacier velocity structure is
similar to other land-terminating glaciers of similar size in the region, ranging between 50
and 400 m a*. This project builds upon these earlier studies by analyzing interannual and
intra-annual variations in motion of the glacier, investigating the causes of these
variations, and determining whether there is a relationship between summer melt and

velocity the following winter.

1.4 Thesis structure

This is a traditional thesis presented in chapters. Chapter 2 provides a background review
of glacier dynamics and summarizes current literature on variations in glacier motion. In
Chapter 3, the methodology is described. The results of the study are presented in
Chapter 4. In Chapter 5, controls on variations in motion observed at different timescales
are discussed and compared to results from previous studies. Key findings and
suggestions for future work are presented in Chapter 6. A list of cited references is

presented in Chapter 7. Tables and figures are included at the end of each chapter.
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Figure 1.3 Velocity structure of glaciers in the St. Elias Mountains, derived from speckle
tracking of ultrafine wide Radarsat-2 imagery from Feb. — Apr. 2012. Heavy red lines
indicate primary ice divides; red circles indicate dGPS stations (L = Lower; M = Middle;
U = Upper, S = South Arm). Note the non-linear colour scale. Base map: Landsat-8 band
5 mosaic, August 2013. Reproduced from Waechter et al. (In review).



Chapter 2 : Background

2.1 Basics of glacier dynamics

Large valley glaciers, such as those present in the St. Elias Mountains, are typically
formed when ice is discharged from an icefield into a bedrock valley. Constrained by
surrounding topography, valley glaciers typically have steep slopes and cover large
altitudinal ranges (Benn and Evans, 2010). The mass balance of a glacier is described as
the annual balance between the mass of snow and ice accumulated on the glacier surface
and the mass lost (ablation), primarily through surface melt for glaciers in the St. Elias
Mountains. Glacier motion is driven by mass balance, as glacier flow transfers ice from
the accumulation zone to the ablation zone. Glacier flow occurs as a result of ice
deformation, bed deformation and basal sliding processes that are influenced by driving
and resisting forces, gravity and friction (Figure 2.1) (Paterson, 1994; Benn and Evans,

2010).

Ice deformation within a glacier mainly occurs through creep, described as movement
within or between individual ice crystals (Weertman, 1983), or sometimes through
fracturing. Creep rates are affected by temperature, ice crystal structure, the presence of
natural impurities and water content. The main controls on creep rates are ice thickness
and surface slope (Benn and Evans, 2010). Bed deformation occurs when unconsolidated
sediment present at the glacier bed is deformed by the weight of overlying ice, with this
process particularly effective when the basal sediments are water saturated (Boulton and

Jones, 1979). Basal sliding occurs when a glacier slides along its bed, primarily due to the
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presence of subglacial water that can act as a lubricant and reduce basal friction

(Paterson, 1994; Schoof, 2010).

For the above processes it is clear that the temperature of the ice provides a major control
on ice motion, since warm ice allows for higher ice deformation rates, and basal sliding
and basal sediment deformation can only occur where the ice is at the melting point.
There are three main types of glacier thermal regime: cold, polythermal and temperate.
Temperate glaciers are most common in areas with both high winter accumulation rates
and high summer melt rates (Benn and Evans, 2010), such as in the SW Yukon. The
Kaskawulsh Glacier is likely a primarily temperate glacier, characterized by warm ice
(i.e., ice at the pressure melting point) throughout. The exception is a relatively thin layer
(up to ~10 m) of cold near-surface ice in the ablation area that forms during the winter,
although it is likely that this layer becomes entirely warm by the end of the summer.
During the summer, the entire annual snowpack in the accumulation area reaches 0°C
(Darling, 2012). In contrast, a cold glacier is almost entirely composed of ice below the
melting point and is frozen to its bed, while a polythermal glacier is made up of a mixture

of warm and cold ice (Paterson, 1994).

Glacier hydrological processes play an important role in glacier motion. Water from
precipitation, surface ablation and basal melting is evacuated from temperate glaciers
through supraglacial, englacial and subglacial drainage systems (Benn and Evans, 2010).
The majority of rain and meltwater accumulated on the surface of temperate glaciers

flows along supraglacial channels and is then redistributed vertically into the glacier via
10



moulins and crevasses (Figure 2.2) (Fountain and Walder, 1998), while on polythermal
glaciers this supraglacial water frequently flows off the margins. Water flowing into
crevasses and moulins is redistributed downglacier and towards the glacier bed via
englacial conduits, after which it enters the subglacial drainage system. Englacial and
subglacial conduits are important in glacier motion as they route meltwater to the glacier
bed, lubricating it and reducing friction, leading to glacier motion via basal sliding or bed

deformation.

Studies have shown that the subglacial drainage system evolves through the melt season,
from a distributed system with many small, poorly connected “threads”, to a more
efficient channelized system with fewer larger channels (Hock and Hooke, 1993; Willis,
1995; Nienow et al., 1998; Mair et al., 2002; Bartholomew et al., 2010). At the beginning
of the melt season, the high water pressure in the distributed system typically forces the
drainage system to expand. Then, as the subglacial drainage system evolves through the
summer and the channels increase in size, the water pressure decreases. Subglacial water
pressure plays a key role in glacier motion. In fact, it is the pressure of the water at the
bed, and not the volume of water, which is the determining factor in short-term basal

motion changes (Paterson, 1994; Benn and Evans, 2010; Schoof, 2010).

2.2 Variations in glacier motion
A number of studies have considered the effect of changes in subglacial water input and
pressure on variations in glacier motion (e.g., Iken and Truffer, 1997; Mair et al., 2002;

Zwally et al., 2002; Bartholomew et al., 2010; Schoof, 2010; Andersen et al.; 2011;
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Sundal et al., 2011). Short-term variations in velocity, including daily and sub-daily
variations, are attributable to water input from precipitation and surface melt events
enhanced by warm periods in the summer. Studies in locations such as Greenland and the
European Alps have shown that short-term variations in meltwater input to a glacier bed
can cause short-term increases in motion through increased basal sliding (e.g., Zwally et
al., 2002; Mair et al., 2003; Bingham et al., 2008; Quincey et al., 2009; Shepherd et al.,
2009; Bartholomew et al., 2010; Andersen et al., 2011; Podrasky et al., 2012; Shannon et
al., 2013). Short-term glacier speed-up events have been linked to rapid increases in
subglacial water pressure (lken et al., 1983; Hubbard et al., 1995; Willis, 1995; Iken and
Truffer, 1997; Vieli et al., 2004). The exact nature of the surface meltwater input and
glacier motion relationship appears to be complex, however, as the magnitude and timing

of velocity events varies through the summer melt season.

Willis (1995) provided a review of intra-annual variations in glacier motion and
demonstrated that on seasonal intervals, spring and summer velocities normally exceed
fall and winter velocities on most glaciers, and, in general, kinematic waves of high
velocity move downglacier. This is not always the case, however, as was demonstrated
by a study on the Kaskawulsh Glacier, where spring events propagated upglacier, but
winter events propagated downglacier (Darling, 2012). Similar results have been found
on a Greenland outlet glacier and on other glaciers (Willis, 1995; Bartholomew et al.,
2010). In addition to seasonal motion patterns, medium- and short-term surface velocity
variations associated with meltwater input have been observed on a number of glaciers.

For example, Willis (1995) found that medium-interval (daily to weekly) variations in
12



motion are correlated with patterns of water input from surface melt and rainfall, but that
the importance of this relationship generally decreases throughout the melt season (i.e.,
increases in water input have little effect on glacier motion after the first medium-interval
velocity increase of the season). Short-interval (sub-daily) velocity variations include
diurnal cycles, linked to daily air temperature variations, and dramatic acceleration events
linked with glacier surface uplift. Willis (1995) found that, during these large magnitude
events, surface velocity can be much greater than background velocities (e.g., up to 900%
of background speeds on Mitdalsbreen, Norway). The events mainly occur early in the
melt season when the subglacial drainage system is poorly developed, and are associated
with periods of high surface melt or heavy rainfall, resulting in high subglacial water

pressure.

Due to its influence on subglacial water pressure, the structure of the subglacial drainage
system plays a key role in the effect of meltwater inputs on glacier motion. Studies have
shown that high meltwater inputs can cause high basal water pressures if they occur early
in a melt season due to overpressurization of a distributed subglacial drainage system,
resulting in rapid velocity increases (Mair et al., 2002; Bartholomew et al., 2010; Schoof,
2010; Sundal et al., 2011; Fitzpatrick et al., 2013). However, similarly high meltwater
inputs later in a melt season can cause negligible changes in velocity since the
channelized system that develops during the summer can now accommodate this water
flow. After the original distributed subglacial drainage system has developed into a
channelized one shortly after the start of a melt season, it is frequently found that basal

water pressure decreases and surface velocities drop to a background summer level.
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Velocities then tend to remain fairly constant throughout the melt season unless there is a
large short-term increase in meltwater supply (e.g., from a large rainfall event or period
of major surface melt), which would once again overpressurize the drainage system and
cause the glacier to speed-up (van de Wal et al., 2008; Schoof, 2010). Therefore,
variations in surface water input, rather than mean water supply, are crucial factors in
driving basal glacier motion. For example, Schoof (2010) outlines a process by which a
long-term deceleration in glacier motion could occur as a response to increases in surface
meltwater input, due to a negative feedback mechanism by which enlarged subglacial
channels can accommodate increased basal water flow. A study by Sundal et al. (2011)
on the Greenland Ice Sheet found that in years of high melting, average summer velocity
was lower than in years of low melting (Figure 2.3). In years of high melting, fast
channelization early in the melt season (after an initial large speed-up event) caused
water pressure within the drainage system to remain low, meaning that the input of
meltwater later in the season had little or no effect on glacier velocity. In years of low
melting, the water pressure in the relatively undeveloped drainage system remained high
and caused a number of smaller velocity events which added up to a greater total seasonal

velocity.

On an interannual timescale, Heid and K&ab (2012) found that a long-term negative mass
balance over the past few decades (from 1953-2009, depending on study region) has led
to reduced glacier surface velocities in five of the six regions they studied. For example,
8 of 9 glaciers in the Alaska Range with an estimated regional mass balance of -0.3 m

w.e. yr* (Berthier et al., 2010), have seen reductions in velocity or kept a constant speed
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between 1986-2010, adding up to a 26% decrease in speed for the area over the study
period. Heid and K&ab (2012) attributed this decrease to the thinning of the glaciers,
which has reduced driving stresses. However, other studies of ice motion variations in
regions with negative glacier mass balance have observed both increases and decreases in
speed. For example, studies in the French and Austrian Alps have found strong glacier
deceleration since the 1980s linked with negative mass balance (Span and Kuhn, 2003;
Vincent et al., 2009), while Vincent et al. (2000) found increased velocities between 1957
and 1997 on the Glacier de Saint-Sorlin, France, in response to long-term negative mass

balance.

On the Greenland Ice Sheet, measurements have indicated a number of large outlet
glaciers with pronounced, accelerating mass loss (e.g., Rignot et al., 2011; Jacob et
al., 2012; Shepherd et al., 2012), with a large increase in speed between the mid-1990s
and 2005 (Joughin et al., 2004; Rignot and Kanagaratnam, 2006). A later study found that
some of these glaciers returned to their prior lower velocities in the following years
(Howat et al., 2007), while others found that Greenland ice velocities have undergone a
long-term decrease between 1990 and 2007 (van de Wal et al., 2008). A recent study on
Gulf of Alaska glaciers found an 11% decrease in overwinter velocity per additional
metre of summertime melt (Burgess et al., 2013), consistent with previous studies
suggesting that sensitivity to interannual surface melt variations is limited due to the
evolution of the subglacial drainage system (Schoof, 2010; Sundal et al, 2011; Sole et al.,

2013).
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In summary, there are many factors that control ice motion over both intra-annual and
interannual timescales, but we have little idea as to whether (and how) they are

influencing the motion of large valley glaciers in the Yukon such as the Kaskawulsh.

This motivates the current study.
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Figure 2.1 Vertical distribution of velocity for different types of glacier motion: a) ice
deformation, b) ice deformation and basal sliding, and c) ice deformation, basal sliding
and deformation of subglacial sediments. Reproduced from Benn and Evans (2010).
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Figure 2.2 Cross-section of a temperate glacier showing surface water migration routes
to the glacier bed. Reproduced from Fountain and Walder (1998).
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Figure 2.3 Monthly averaged ice speed-up relative to winter during years of: a) high
surface melting, and b) low surface melting, on a land-terminating sector of southwest
Greenland. Error bars show the one-sigma uncertainty of speed-up measurements. Model
estimates of daily surface run-off rates within the study area are shown in orange (high
melt years) and blue (low melt years). Vertical dashed lines indicate the beginning,
midway-point and end of the run-off period used to define the summer period.
Reproduced from Sundal et al. (2011).
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Chapter 3 : Methodology

The evolution of seasonal variations in motion of the Kaskawulsh Glacier are assessed
using field dGPS measurements. Meteorological data are used to quantify meltwater
inputs and their temporal and spatial variability. These data are used to assess the
relationship between short- and long-term velocity patterns, and water inputs to the

glacier bed.

3.1 dGPS measurements

This study focuses on ice motion derived from high-resolution dGPS data recorded by a
network of four stations across the Kaskawulsh Glacier. These stations have been running
since as long ago as summer 2007. Three stations are located in a transect along the
centreline of the Central Arm, from the glacier terminus to near the equilibrium line, and
the fourth station is located midway up the South Arm (Figure 3.1). On Julian Day (JD)
1, 2013, the Lower Station (60°46°N, 138°45°W) elevation was 1167 m, the Middle
Station (60°45°N, 138°57°W) was at 1541 m, the Upper Station (60°43’N, 139°07°W)

was at 1720 m, and the South Arm Station (60°40°N, 138°47°W) was at 1493 m.

Each station consists of a Trimble R7 dual frequency GPS receiver and Trimble Zephyr
Geodetic antenna, with power provided by a 20 W solar panel, solar regulator, and two
12-volt, 100 Ah sealed gel cell batteries. The antenna is mounted on a 6 m pole initially
drilled 5 m into the ice, and the GPS receiver and 12-volt batteries are enclosed in a

waterproof Underwater Kinetics case (Figure 3.2). The dGPS stations record their
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position at 15 second intervals for 24 hours per day during the summer (typically May to
August). Between September and April, the stations are switched to a winter program to
preserve battery power, and typically take measurements every 15 seconds for 3 hours
per day. The dGPS’ were programmed with Trimble GPS Configurator (USB interface)
and Trimble GPS Configuration Toolbox (serial interface). The data were downloaded

directly from the 2 GB CompactFlash memory card installed in each unit.

The Lower, Middle and Upper stations were installed by Dr. Luke Copland of the
University of Ottawa on July 4 (JD 185), 2007, followed by the South Arm station on
May 6 (JD126), 2010. The Lower and Middle dGPS’ only recorded a few weeks of data
in 2007, while the Upper Station recorded data into September 2008. All three stations
were reset on July 24 (JD 205), 2009. The Lower Station recorded data between July
2009 and November 2013, while the Middle Station recorded data until June 2011, and
again from May 2012 until October 2013. The Middle Station recorded intermittently
between July and November 2011. The Upper Station recorded data between July 2009
and October 2013. The South Arm Station recorded data between May 2010 and July

2013, after which the station was removed from the glacier.

In August 2013, an attempt to switch the Lower, Middle and Upper dGPS’ to their winter
program was unsuccessful due to a software bug, so they continued to record data at
15 second intervals for 24 hours per day into the fall. For this reason, the batteries were

drained at all stations throughout winter 2013, and data were only recorded for part of the
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season. On March 17, 2014, the stations were reset and recorded data continuously up to
July 4, 2014, the end date of the data collection for this study. Table 3.1 provides a

summary of dGPS data collected between 2007 and 2014 on the Kaskawulsh Glacier.

3.2 dGPS data post-processing

The Precise Point Positioning (PPP) method used in this study provides positions to
within ~2-5 cm horizontal accuracy and ~3-10 cm vertical accuracy without the need for
a base station. This method is based on the use of precise orbital and clock information
for the GPS satellites, which is made available in its most accurate ‘Final’ form 13 days
after data acquisition (NRCan, 2014). The PPP method produces results consistent with
those obtained through other processing methods (e.g., use of base stations), especially
when a longer data collection period is processed (Orgiazzi et al., 2005). For example, a
study in the central Karakoram by Copland et al. (2009) found that when dGPS data
post-processed with NRCan’s PPP method was compared with velocities derived from
optical feature-tracking, the velocity magnitudes were typically within the estimated error
limit for feature-tracking, and variation in motion direction between the two methods was
<5%. Zhang and Andersen (2006) and Bartholomew et al. (2010) similarly found this
method to be effective to determine surface velocities on the Amery Ice Shelf, Antarctica
and on the western margin of the Greenland Ice Sheet, respectively. The high accuracy
positions obtained by dGPS along the Kaskawulsh are used to analyze the glacier’s

horizontal and vertical velocity patterns, and to assess the controls on them.
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For this study, raw daily data files in Trimble t01 file format from the Trimble R7 dGPS’
were converted to RINEX format in Trimble ‘Convert to Rinex’ software (version
2.1.7.0), and then post-processed using NRCan’s PPP Direct service (online:

http://www.nrcan.gc.ca/node/9078) in kinematic mode. The kinematic processing mode

produces a corrected track of the dGPS position for every 15-sec sample interval
(coordinates in NAD 1983 and ellipsoidal height; NRCan, 2014). These positions were
converted to Universal Transverse Mercator (UTM) Zone 7N coordinates using ENVI’s
‘ASCII Coordinate Conversion’ tool. Data acquisition times associated with the 15-sec
positions were converted from coordinated universal time (UTC) to local time (UTC -7

hours).

Mean daily positions for each station were calculated by averaging the 15-sec data points
available for the day. den Ouden et al. (2010) and Dunse et al. (2012) found that daily
averaging significantly reduced the standard deviation in positions derived from dGPS
measurements. Mean daily easting and northing displacements on the Kaskawulsh
Glacier were calculated by subtracting the positions on one day from the positions the
previous day. Seasonal, annual and interannual displacements were calculated by
subtracting the mean daily easting and northing coordinates at the end of the
measurement period (i.e., season) from the coordinates at the beginning of the period, and
dividing by the time interval. Total horizontal displacement (c) was then calculated from
the easting (a) and northing (b) coordinates of the displacements using the Pythagorean

Theorem:

¢ = V(a® + b?) 1)
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All horizontal displacement values are quoted in annual velocities (m a') for
standardization. Trigonometry was used to derive the direction of displacement (in
degrees) from the easting and northing values. Short-term variations in horizontal and
vertical motion are presented for 2010-2014, when dGPS data are nearly continuous.

Seasonal to interannual variations are presented for 2007-2014.

3.3 dGPS base station (data validation)

Data from a semi-permanent, fixed dGPS base station at Kluane Lake Research Station
(KLRS; ~25 km NE of the terminus of the Kaskawulsh Glacier) were processed and used
to validate the results derived from PPP processing. This base station is comprised of a
Trimble R7 receiver attached to the side of a building, and is powered continuously by a
battery bank and solar power system. The station has been operated since at least 2009 by
Dr. Christian Schoof of the University of British Columbia, and the data are available via
a collaborative agreement. These data provide an assessment of the accuracy of the PPP
method. Any apparent motion detected using data collected at the fixed dGPS base
station provides information on the noise level in the PPP processed data, and can help

assess whether changes measured on the glacier are beyond error limits.

The dGPS base station data were post-processed with PPP following the same procedure
as for the Kaskawulsh dGPS station data. Two weeks per season in 2011 were chosen at
random for processing. Each daily file (with 2 second data intervals) was post-processed

and the coordinates converted to UTM. The northing, easting and elevation values were
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then averaged for each day. All accuracy estimates are presented at the 95% confidence

interval.

3.4 Meteorological data

In addition to the dGPS data, air temperature and snow depth data are used to model and
measure surface melt and accumulation rates from 2010 to 2014. Air temperature and
relative humidity (RH) loggers were mounted on the four dGPS stations when they were
initially installed in July 2007 (Lower, Middle, Upper stations), and May 2010 (South
Arm Station). The U23-001 HOBO automatic temperature/RH loggers are mounted
inside radiation shields and record measurements every 30 minutes with an accuracy of
10.2°C and a resolution of 0.02°C for temperature, and an accuracy of +2.5% and a

resolution of 0.03% for relative humidity.

Automated snow depth sounders were installed on the Upper Kaskawulsh and South Arm
stations in 2010 (Figure 3.2). In 2013, the snow depth sounder from the South Arm
Station was removed in July and reinstalled at the Lower Kaskawulsh Station in August.
The Judd Communications LLC snow depth sounders take a measurement every
30 minutes, recording the distance from the instrument to the snow or ice surface with an
ultrasonic sensor. These data are recorded on a H22 Hobo Energy Logger Pro via an
analog module. An increase in distance between the instrument and surface indicates
melt, and a reduction in distance indicates snow accumulation. The accuracy of the snow

depth sounder is 1 cm or 0.4% of the distance to the surface with a resolution of 3 mm. In
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addition to the snow depth sounder data, snow accumulation at all stations was measured

in-situ each spring during the site visit.

An automatic weather station (AWS) located at an elevation of 1845 m on a rock nunatak
~2.5 km northwest of the Upper Kaskawulsh dGPS Station provides additional
meteorological data for this study (Figure 3.3). This station is operated by the Geological
Survey of Canada (GSC), and the data are available through a collaborative agreement
with them. The AWS has been recording air temperature, incoming shortwave solar
radiation, and wind speed and direction on an hourly basis since summer 2006. The
station is powered by a solar panel connected to two rechargeable 12V batteries. A
Campbell Scientific CR10X logger stores the data collected by the different sensors. Air
temperature is measured by a Campbell Scientific 107F temperature probe with an
accuracy of £0.2°C. Wind speed and direction are measured by a R. M. Young 01503
anemometer with an accuracy of +0.3 m s (speed) and +3° (direction), and incoming
radiation is measured by a Kipp and Zonen CM21 pyranometer with an accuracy of

+10% of daily sums.

Given the strong relationship between positive air temperatures and melt (e.g., Hock,
2005), the air temperature record is used to derive surface melt rates back to 2007, and
infer spatial and temporal variations in water input to the glacier bed. Surface melt rates

were derived as follows:

26



1)

2)

3)

Monthly cumulative positive degree days (PDDs) were calculated for the Upper
dGPS Station and compared to those from the AWS for periods when both
stations operated simultaneously. This comparison showed a strong relationship
between these variables (R? = 0.99; Figure 3.4), so data from the AWS were used
to complete the summer temperature record for the Upper dGPS Station for the

entire study period.

Using the reconstructed PDD record for the Upper dGPS Station, a relationship
between monthly cumulative PDDs and melt measured at the station was
established for each summer month. These monthly ratios were then applied to
months when melt wasn’t measured at the station (Table 3.2, method a). Overall,
60% of monthly melt values were measured directly at the Upper Station, while

40% were derived based on this method.

Using the monthly ratios between melt measured at the Upper Station and South
Arm Station (or Lower Station, in 2014), melt rates on the lower glacier were
calculated for months when no melt rates were measured there (Table 3.2, method
b). Melt measured at the South Arm Station is assumed to represent melt on the
lower glacier (i.e., the Lower Station). Overall, 38% of melt rates were measured
directly at the South Arm or Lower stations, while 62% were derived based on the
extrapolation of monthly melt ratios from the Upper Station. Finally, melt rates at
the Middle Station were calculated as the average between melt rates on the lower

and upper glacier (Table 3.2, method c).
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All melt rates were standardized to cm snow water equivalent (SWE), with May melt
assumed to be snow with a density of 0.51 g cm®, and June-September melt assumed to
be ice with a density of 0.90 g cm™ (insignificant melt occurred between October and
April). Monthly melt rates for May to September each year were summed to obtain total

annual melt values.
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Figure 3.1 Map of Kaskawulsh Glacier showing location of dGPS stations, the automatic
weather station (AWS), and snow depth sounders.
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Figure 3.3 Geological Survey of Canada automatic weather station, July 2010.
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Station

]

Station
Year |Month| Lower Middle South Arm | | Year |Month
Jul Jan
Aug Feb
Sep Mar
2007 Oct Apr
Nov May
Dec 2011 Jun
Jan Jul
Feb Aug
Mar Sep
Apr Oct
May Nov
2008 Jun Dec
Jul Jan
Aug Feb
Sep Mar
Oct Apr
Nov May
Dec 2012 Jun
Jan Jul
Feb Aug
Mar Sep
Apr Oct
May Nov
2009 Jun Dec
Jul Jan
Aug Feb
Sep Mar
Oct Apr
Nov May
Dec 2013 Jun
Jan Jul
Feb Aug
Mar Sep
Apr Oct
May Nov
2010 Jun Dec
Jul Jan
Aug Feb
Sep Mar
Oct 2014 Apr
Nov May
Dec Jun

Middle

South Arm

Continuous data (15 second sampling interval, 24 hrs/day)

Discontinuous data (15 second sampling interval, 3 hrs/day)
Incomplete data (hours/days missing)
No data

Table 3.1 Availability of dGPS data collected at Kaskawulsh Glacier stations between

2007 and 2014.
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Surface melt (cm SWE)
Year Month Lower Middle Upper
May
Jun
Jul 124.6
2007 Aug 127.4
Sep 8.1
Annual 419.6 415.6 411.5
May
Jun
Jul
2008 Aug
Sep
Annual 328.1 323.1 318.2
May
Jun
Jul
2009 Aug
Sep
Annual 519.1 521.2 523.3
May 44.7
Jun 135.8
Jul 156.9 165.0
2010 Aug 113.8
Sep 27.4 29.9
Annual 500.7 483.0 465.3
May 53.8
Jun 126.9 98.0
Jul 136.1 179.3
2011 Aug 79.4 66.6
Sep 5.0
Annual 401.4 394.6 387.8
May 6.9
Jun 82.3
Jul 140.4
2012 Aug 119.1
Sep 13.8
Annual 367.1 364.7 362.4
May 37.9 26.4
Jun 105.0 140.9
Jul 164.1 171.8
2013 Aug 154.2
Sep 55.8 46.6
Annual 546.9 543.4 539.9
May 47.4 42.7 38.0
2014 Jun 112.2 83.1 53.9
2007-2014 average 440.4 435.1 429.8

Table 3.2 Monthly and annual surface melt at the Kaskawulsh dGPS stations. Values in

black were measured, while values in blue italics were calculated from air temperature
data. Superscript refers to methods described in Section 3.4.
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Chapter 4 : Results

In this chapter, the velocity regime of the Kaskawulsh Glacier is described. First, a brief
validation of the dGPS results is presented. Next, detailed velocity patterns at the
interannual, annual and seasonal timescales derived from dGPS measurements are
presented, followed by a summary of meteorological conditions. As outlined in Table 3.1,
dGPS data were collected at four stations across the glacier between 2007 and 2014.
Interannual velocity patterns are presented for 2007-2014, while intra-annual patterns are

presented for 2010-2014 when the dGPS data record is nearly continuous.

4.1 dGPS results validation

The dGPS measurements at the fixed KLRS base station provide an estimate of error
limits associated with processing data with PPP. For daily averaging of positions at
2-second intervals, the 95% confidence interval (1.96 x standard distance) for the
horizontal position is 0.050 m, and the 95% confidence interval (1.96 x standard
deviation) for elevation is 0.097 m (Figure 4.1). The 95% confidence interval for
averaged daily positions over a weekly or monthly period is 0.024 m for horizontal
position and 0.035 m for elevation (Figure 4.2). These standard distance and standard
deviation values confirm that dGPS measurements post-processed with PPP are accurate

to within ~2-5 cm in horizontal position and ~3-10 cm in vertical location.

To further demonstrate the effectiveness of the dGPS measurements to determine daily
variations in ice motion, it is useful to plot the daily change in northing and easting

coordinates of each station (Figure 4.3). These plots demonstrate that ice motion is
35



clearly detectable over this timescale, with the typical daily motion of ~0.3 m day™ much
higher than the horizontal or vertical errors in the PPP processing mentioned above.
There is generally little variability in ice motion direction over the period of either a
month (Figure 4.3), or the multi-annual period 2010-2013 (Figure 4.4). The close
alignment between the long-term ice motion direction and medial moraines also provides
evidence that the methods outlined in Chapter 3 produce accurate results (Figure 4.4; Van
Wychen et al., 2012). In addition, a comparison of ice velocities and direction of motion
derived from speckle tracking of pairs of Radarsat-2 satellite scenes with overlapping
periods of dGPS measurements on the Kaskawulsh Glacier provides further verification
of the accuracy of on-ice measurements (Table 4.1 and Table 4.2). Velocities derived
from dGPS measurements are, on average, within 8% of those derived by speckle
tracking, while direction of motion derived from the two methods are within 1-5°

(Darling, 2012; Waechter, 2013).

4.2 Interannual velocity patterns

The long-term (~5-year) average horizontal displacement for the Kaskawulsh Glacier
ranges between 141.3 and 164.3 m a™*, while the long-term average vertical displacement
ranges between 0.6 and 4.5 m a™* (Table 4.3, Figure 4.5). The long-term displacement
direction is 54.8° at the Lower Station, 124.3° at the Middle Station, 45.2° at the Upper
Station, and 9.8° at the South Arm Station (Table 4.3). The largest difference in annual
direction of motion was observed at the Lower Station, with direction varying up to 8.6°
from the long-term direction. The annual displacement direction at all other stations was

within 4.8° of the long-term direction.
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The average horizontal and vertical displacement values and the direction of motion are
based on annual displacements between JD 101 and JD 100 the following year. For years
where no data were available on these dates, the position of the station(s) was
interpolated based on the measured positions closest to the dates, which were no more
than 25 days apart. Since glacier horizontal and vertical motion in the winter months is
relatively stable (Figure 4.6 and Figure 4.7), a linear interpolation was used. Only the
positions of the South Arm Station 2010 and of the Middle Station in 2012 were
interpolated. For the Upper Station, the long-term averages are based on 6 years of data
(2007-2008 and 2009-2014), while for the Middle and Lower stations the averages are
based on 5 years of data (2009-2014). For the South Arm Station, the long-term averages
are based on 3 years of data (2010-2013). The highest overall average horizontal
displacement is at the Lower Station, at 164.3 m a™, followed by the South Arm Station
at 159.9 m a™. The highest average vertical displacement, 4.5 m a, is at the South Arm
Station, and is nearly double the vertical displacement at the Lower Station (2.4 m a™).
The minimum average displacements are at the Middle Station, with 141.3 m a™ of

horizontal displacement and 0.6 m a™ of vertical displacement.

Between 2007 and 2014, annual velocities were typically within £10% of the long-term
average at all stations, with the exception of the Middle Station where 2011-12 and
2012-13 annual velocities were within +18% of the long-term average (Table 4.3).
Maximum annual velocities were observed in 2007-08 (at the Upper Station only, up to
8.6% higher than the long-term average) and in 2012-13 (at all other stations). The

2012-13 difference from the long-term average velocity was highest at the Middle Station
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(18.3%), followed by the Lower, Upper and South Arm stations with differences of
10.1%, 7.3% and 5.9%, respectively. Minimum annual velocities were observed in
2011-12 at the Lower, Middle and South Arm stations with differences from the
long-term average velocity of -7.0%, -16.3% and -4.2%, respectively. The minimum
annual velocity at the Upper Station was observed in 2013-14 with a -5.7% difference
from the long-term average velocity. Annual velocities do not appear to follow an

increasing or decreasing trend over the period of study (Figure 4.5).

4.3 Intra-annual velocity patterns

The Kaskawulsh Glacier undergoes marked variations in intra-annual motion that are
typically consistent between stations and from one year to the next (Figure 4.6 to Figure
4.8). These patterns can be broken down into four main seasonal regimes, with unique
horizontal motion and vertical uplift patterns for each. The periods used to define the
seasons are therefore based on these velocity variations, rather than following traditional
climatological definitions. The direction of motion remains nearly constant between
seasons (Figure 4.4), so only the horizontal and vertical motion patterns are described in

detail in the following sections.

4.3.1 Winter regime

The winter regime is defined as JD 1 to JD 110, and is characterized by low velocities
and relatively low variability in daily average velocities (Figure 4.6). Average winter
velocity (calculated for years 2010-2013, when data were available for all stations) at the

Central Arm (Lower, Middle, Upper) stations ranged between 115.8 and 143.7 m a™
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(Figure 4.9, Table 4.4). At the South Arm Station, average winter velocity was
154.2 ma™. The highest winter velocities for the 2008-2014 period were observed in
2008 and 2013, while the lowest velocities were observed in 2014. In 2008, average
winter velocity at the Upper Station was 153.2 m a™*, and in 2013, average velocities on
the Central Arm ranged between 123.3 and 147.4 m a™*, and were 161.9 m a™ at the South
Arm Station. Winter velocities typically ranged between ~100 and 170 ma™, although

velocities as high as 232 m a™ occurred during short-term motion events.

The timing and number of high velocity events was variable from one winter to another,
although they all shared the same characteristics of initiating at the top of the Central
Arm and propagating downglacier (these events are described further in Section 4.4.1).
One to two events were observed at these stations each winter from 2010 to 2014, with
the exception of 2013 when no short-term motion event was clearly discernable (although
there was a marked event in fall 2012). In winter 2013, velocities at the Central Arm
stations were much more variable than in other years. Following winter motion events,
horizontal velocities at the Central Arm stations typically increase by 5 to 15%. In late
winter (JD 90 to 110), velocities were typically ~5% higher than the average winter

velocities for that year. Late winter velocities continued to have low variability into early

spring.

During the winter regime, the Lower and Middle stations undergo constant vertical uplift
with peaks in uplift associated with peaks in horizontal velocity during the winter motion

events (Figure 4.7). The vertical position of the Upper Station decreased slightly
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throughout the winter in 2010 and 2011, and stayed relatively stable in 2012 and 2013. In
2014, the vertical position of the Upper Station increased throughout the season. The
vertical position of the South Arm Station also typically decreased throughout the winter
(i.e., surface lowering), except for in 2011 when the station underwent vertical uplift. The
Upper Station only underwent minor surface uplift during horizontal velocity events,

while there was no vertical change at the South Arm Station during these events.

4.3.2 Spring regime

The spring regime, defined as JD 110 to JD 165, is dominated by a large peak in
horizontal motion and vertical uplift observed across both the Central and South Arms of
the glacier (Figure 4.6 and Figure 4.7). For the period 2010-2014, the increase in
horizontal velocity began at the Lower Station between JD 121 and JD 135, and
propagated upglacier (these events are described in detail in Section 4.4.2.). The earliest
spring event initiation was in 2014 (on JD 121), and the latest was in 2011 (JD 135). In
most years, the maximum annual velocity at the lower stations (i.e., Lower and South
Arm stations) was reached during the spring speed-up event. Average 2010-2013 spring
velocities at the Central Arm stations ranged between 159.3 m a™ at the Upper Station
and 217.4 m a™* at the Lower Station (Figure 4.9, Table 4.4). At the South Arm station,
average spring velocity was 200.0 m a™*. Maximum spring velocities for the 2008-2014
period were observed in 2013 and ranged between 173.6 m a™ at the Upper Station and
245.3 m a* at the Lower Station. Minimum spring velocities were observed in 2014 and

ranged between 137.6 m a™* at the Upper Station and 188.4 m a™ at the Lower Station.
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The spring motion events were accompanied by a period of rapid vertical uplift observed
at the Lower and South Arm stations (Figure 4.7). Vertical uplift peaked simultaneously
with, or shortly after, the peak in horizontal motion. Vertical height increases of up to
1 m occurred over a period of 1-4 weeks, followed by a period of pronounced downward
motion (up to 1.5 m over a 2-week period). At the Middle and Upper stations, vertical

uplift during the spring speed-up event was relatively small, ranging from 0.1 to 0.2 m.

4.3.3 Summer regime

The summer regime is defined as JD 165 to JD 270. It is characterized by high velocities,
high variability in velocities, and a long-term reduction in average velocity throughout
this season (Figure 4.6). During the summer, velocities typically range between 150 and
350 ma™, and can reach up to 520 ma™. Average summer velocities for 2010-2013
ranged between 173.7 and 184.5ma™ at all stations (Figure 4.9, Table 4.4). Frequent
short speed-up events were observed each summer, during which velocities increased by
up 220% over the period of a few days before returning to previous velocities over a
similar period. These events occur simultaneously or nearly simultaneously at all stations,
and typically occurred in the first half of the summer regime. In the second half of
summer, the variability and magnitude of horizontal velocities decreased steadily into the
fall regime. Two unique late season speed-up events occurred in 2012, between JD 261
and JD 274, and JD 278 and 290, when velocities were up to 300% higher than
background velocities. These were the only such late summer events in the 5-year record,

and are described in detail in Section 4.4.3. Vertical position decreased throughout the
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summer, at approximately the same rate as after the spring peak, until late summer when

the vertical position plateaued (Figure 4.7).

4.3.4 Fall regime

The fall regime, from JD 270 to JD 365, is characterized by minimum annual velocities
and low variability in daily velocities (Figure 4.6). Daily velocities typically reach an
annual minimum in fall and remain fairly constant throughout the fall and into the start of
winter. Daily horizontal velocities were between 90 and 165 m a™. Long-term average
seasonal velocities were between 133.3 and 142.7 m a™ at all stations (Figure 4.9, Table
4.4). Similar to horizontal velocity, vertical uplift reaches a minimum in fall and typically

remains stable at all stations throughout this season (Figure 4.7).

4.4 Short-term velocity events

As briefly described above, three types of speed-up events were observed on the glacier:
an upglacier propagating velocity event in spring, a number of simultaneous speed-up
events during the melt season, and up to two downglacier propagating events in the late
fall and winter (Figure 4.10). The timing, duration and magnitude of velocity events were

variable. All three types of events were accompanied by some change in vertical motion.

4.4.1 Downglacier propagating motion events
Up to two downglacier propagating events occurred after the end of the melt season every
year; in most years they occurred in the following winter, but in 2012 a downglacier

propagating event occurred in the fall (Figure 4.6). These events were observed at all the
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Central Arm stations, but not at the South Arm Station. In 2010 and 2011, two winter
speed-up events were observed, while in all other years only one event was observed. The
events always initiate at the Upper Station and propagate downglacier (Figure 4.10a). The
timing varies from year to year, with events peaking as early as JD 320 (e.g., in 2012),
and as late as JD 81 (e.g., in 2014). The peak velocity during winter motion events was
reached 3-5 days after event initiation, propagating downglacier over 8-10 days at speeds
of 1.8 to 2.5 km day™. The peak was most pronounced at the Lower Station, followed by
the Middle and Upper stations, respectively. Peak velocities at all stations were typically
110-170% higher than background winter velocity. Peak velocities during the fall 2012
event were in a similar range, between 115-180% higher than the background fall
velocity. The peaks in horizontal velocity were accompanied by a short period of
increased vertical uplift (which was most pronounced at the Lower Station), followed by

a return to the previous rate of uplift (Figure 4.7, Figure 4.10a).

4.4.2 Upglacier propagating motion events

A major speed-up event was observed each spring across the Kaskawulsh Glacier (Figure
4.6). The events begin at the Lower Station and propagate upglacier (Figure 4.10b). At
the Middle, Upper and South Arm stations, the spring event was typically initiated ~10
days after the acceleration was observed at the Lower Station. The peak in horizontal
velocity was reached 2-4 weeks after the event initiation and propagated upglacier over
1-3 days at speeds of 3-10 km day™, and sometimes as fast as 20 km day™ (e.g., in 2012).
Peak horizontal velocities during the events were 160-350% higher than background

velocities and ranged from 381 to 521 m a™ at the Lower Station, from 271 to 322 m a™
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at the Middle Station, from 220 to 257 m a™” at the Upper Station, and from 363 to
448 m a* at the South Arm Station. The peaks in horizontal velocity were accompanied
by an equivalent period of increased vertical uplift most pronounced at the Lower and

South Arm stations, followed by significant surface lowering at all stations (Figure 4.7).

4.4.3 Simultaneous motion events

A number of simultaneous or nearly-simultaneous motion events occurred each year
throughout the summer and sometimes into early fall (Figure 4.6). Simultaneous motion
events are typically observed in the first half of the summer regime, with horizontal
velocities reaching up to 300% higher than the seasonal background over the period of a
few days (Figure 4.10c). Late summer and fall 2012 stand out as two periods when large
motion events were observed across the glacier. These events occurred within a few
weeks of each other between JD 262 and JD 285, and the peak velocity for each event
was reached 3 to 6 days after its initiation. Peak velocities were 160-300% higher than
background velocities during the first event, and 110-240% higher during the second
event. The peak was most pronounced at the Middle Station, followed by the Lower
Station and then the Upper Station. The peak at the South Arm Station during the second
event was negligible. During these events, vertical uplift peaked at all stations
simultaneously with horizontal motion, followed by a return to the previous rate of

motion (Figure 4.7).
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4.5 Meteorological conditions

Air temperature, together with melt and accumulation rates, showed marked temporal and
spatial variability across the study area. For 2007-2014, average daily air temperature
ranged between -35.6 and 12.4°C across the glacier. At the AWS, average daily air
temperatures were typically 2.5 to 4°C warmer than on the glacier and ranged
between -29.9 and 17.4°C over the period 2007-2014. The 2007-2013 average annual
temperature was -4.8°C at the Lower Station, -7.0°C at the Middle Station, -6.9°C at the
Upper Station, and -6.3°C at the South Arm Station (Table 4.5). This compares to an
average annual temperature of -2.9°C at the AWS. The lapse rate between the Lower and
Middle stations is -0.58°C per 100 m elevation, while the lapse rate between the Middle
and Upper stations is negligible. 2012 stands out as the coldest year on record, with
average annual temperatures 0.5 to 1.1°C below the long-term average. 2009, 2010 and
2013 were 0.5 to 0.8°C warmer than average across the glacier, with the exception of the
Lower Station in 2010 which had an average annual temperature equal to the long-term

average.

The long-term average (2007-2014) melt season dates were JD 128 to JD 277 at the
Lower Station, and JD 137 to JD 274 at the Middle and Upper stations, with an average
duration of 148 days (Lower Station) and 135 days (Middle and Upper stations) (Table
4.6). These were defined from days above 0°C. Melt at the Middle and Upper stations
typically begins a few days to a few weeks after melt begins at the Lower Station. The
end date of the melt season is often similar across the glacier, but can be up to 13 days

later at the Lower Station than at the Middle and Upper stations. Total annual melt varies
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slightly across the glacier, with melt at the Lower Station typically 10-35 cm SWE
greater than melt at the Upper Station (Table 3.2). The highest monthly melt typically
occurs in July, followed by either June or August, depending on the year. The long-term
(2007-2014) average melt is 440.4 cm SWE at the Lower Station, 435.1 cm SWE at the
Middle Station, and 429.8 cm SWE at the Upper Station (Table 3.2). Minimum annual
melt rates were observed in 2008, when they ranged between 318.2 cm SWE at the Upper
Station and 328.1 cm SWE at the Lower Station. The highest melt rates on record were
observed in 2013, and ranged between 539.9 and 546.9 cm SWE across the glacier
(Figure 4.11, Table 3.2). Snow accumulation is highest at the Upper Station, with a long-
term average annual accumulation of 66.3 cm SWE (Table 4.7). At the South Arm
Station, the long-term average snow accumulation is just over half of that at the Upper
Station, at 38.6 cm SWE. The snowpack was greatest in winter 2011-12 with
85.9 cm SWE of accumulation at the Upper Station. In winter 2012-13, the snowpack
was much lower than average, with only 36.2 cm SWE of accumulation at the Upper

Station.
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Figure 4.1 Computed horizontal position of KLRS dGPS base station at 2-second
intervals over a 24-hour period (JD 191, 2011). The red circle shows the 95% confidence
interval (1.96 x standard distance). Coordinates are in UTM Zone 7N. The gridded
pattern of the positions is due to the limited precision of the latitude and longitude
information produced by the PPP processing, prior to conversion to UTM coordinates.
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Figure 4.2 Computed average daily horizontal position of KLRS dGPS base station for 2
weeks per season in 2011. The red circle shows the 95% confidence interval (1.96 x
standard distance). Coordinates are in UTM Zone 7N.
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Figure 4.3 Daily position in UTM Zone 7N of Kaskawulsh dGPS stations during one
month per season in 2010-2012.
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Figure 4.5 Total annual horizontal displacement of Kaskawulsh stations derived from
dGPS measurements between JD 101 and JD 100 the following year, for 2007-08 to

2013-14. Dotted lines show the long-term average annual displacement for each station.
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Figure 4.6 Horizontal velocity derived from mean daily dGPS position of Lower, Middle
and Upper Kaskawulsh and South Arm stations for 2010-2014.
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Figure 4.7 Relative vertical position derived from mean daily dGPS position of Lower,
Middle and Upper Kaskawulsh and South Arm stations for 2010-2014.
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Figure 4.10 Horizontal velocity (solid lines) and relative vertical position (dotted lines)
during different types of short-term motion events on the Kaskawulsh Glacier:

a) Downglacier propagating event between JD 72-99, 2011; b) Upglacier propagating
event between JD 123-160, 2013; ¢) Simultaneous event between JD 194-201, 2012.

Green arrows indicate the events.
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Lower Station

Middle Station

Date interval STv (ma?) dGPSv (ma?) %difference| STv (ma?) dGPSv (ma™) % difference

Jan. 18 - Feb. 11, 2010 ! 167.8 150.2 -11.7 136.4 127.1 -7.3
Oct. 20- Nov. 13,2010 * 150.1 127.0 -18.2 119.2 103.9 -14.7
Nov. 2 - Nov. 26, 2010 * 110.1 126.9 13.2 85.6 105.2 18.6
Nov. 13- Dec. 7, 2010 * 163.8 126.2 -29.8 150.3 106.9 -40.6
Nov. 26 - Dec. 20, 2010 * 192.0 125.2 -53.4 135.7 105.8 -28.2
Dec. 7- Dec. 31,2010 * 124.9 124.2 -0.6 107.1 106.5 -0.5
Dec. 20- Jan. 13, 2010-11 ! 130.5 129.9 -0.4 150.5 120.9 -24.5
Dec. 31- Jan. 24, 2010-11 * 161.1 148.6 -8.4 121.6 126.6 3.9
Jan. 13- Feb. 6,20111 92.3 147.6 37.5 107.1 114.9 6.8
Jan. 24- Feb. 17,2011 123.2 134.9 8.7 100.8 112.6 10.5
Feb.6- Mar.2,2011 * 177.7 135.6 -31.1 131.0 112.6 -16.3
Jan. 3-Jan. 27, 2011 2 154.3 150.1 -2.8 126.1 125.7 -0.3
Feb. 14- Mar. 10, 2011 2 141.8 135.5 -4.7 - - -
Feb. 21- Mar. 16, 2012 2 172.2 158.7 -8.5 - - -

Average velocity 147.3 137.2 -7.4 122.6 114.1 -7.5

Upper Station

South Arm Station

Date interval STv (ma?) dGPSv (ma?) %difference| STv (ma?) dGPSv (ma™) % difference

Jan. 18- Feb. 11,2010 * 132.2 140.2 5.7 - - -
Oct. 20- Nov. 13, 2010 ! 200.4 128.0 -56.6 246.7 127.8 -93.0
Nov. 2 - Nov. 26, 2010 * 109.5 128.0 14.4 - - -
Nov. 13 - Dec. 7, 2010 ! 151.4 127.3 -19.0 349.7 132.1 -164.7
Nov. 26 - Dec. 20, 2010 ! 166.4 126.2 -31.8 222.1 133.3 -66.6
Dec. 7 - Dec. 31, 2010 ! 125.2 126.0 0.6 134.4 135.5 0.8
Dec. 20- Jan. 13, 2010-11 ! 127.6 134.1 49 118.4 138.4 14.4
Dec. 31-Jan. 24, 2010-11 ! 125.9 137.4 8.4 126.8 142.6 11.1
Jan. 13- Feb. 6, 2011 ! 155.4 131.0 -18.6 189.6 148.5 -27.7
Jan. 24 - Feb. 17, 2011 ! 147.3 129.0 -14.2 151.5 153.6 1.4
Feb. 6- Mar. 2, 2011 ! 147.2 127.7 -15.3 187.2 158.4 -18.2
Jan. 3-Jan. 27, 2011 2 131.8 136.4 3.4 138.3 143.8 3.8
Feb. 14 - Mar. 10, 2011 2 - - - 151.4 159.1 4.8
Feb. 18 - Mar. 13, 2012 2 139.9 145.3 3.7 - - -
Mar. 13 - Apr. 6, 2012 2 142.7 143.7 0.7 - - -
Feb. 21 - Mar. 16, 2012 2 - - - 147.7 150.8 2.0

Average velocity 143.1 132.9 -7.7 180.3 143.7 -25.5

Table 4.1 Comparison of velocities derived from dGPS measurements and from speckle
tracking (ST) results for the corresponding time intervals. ST results were derived from
fine beam imagery (8 m resolution) except for 2012 results which were derived from
ultrafine imagery (3 m resolution). ST results are from Darling, 2012 (*) and Waechter,

2013 (9.

58



Lower Station

Middle Station

Date interval STdir(°) dGPSdir(°) Difference(°)| STdir(°) dGPSdir(°) Difference (°)

Jan. 18 - Feb. 11, 2010 ! 43.6 46.7 3.1 149.6 122.2 -27.4
Oct. 20- Nov. 13,2010 * 42.8 50.8 8.0 125.7 123.1 -2.6
Nov. 2 - Nov. 26, 2010 ! 47.9 50.7 2.8 140.4 123.0 -17.4
Nov. 13- Dec. 7, 2010 * 49.1 50.8 1.7 123.2 123.2 0.0
Nov. 26 - Dec. 20, 2010 * 45.1 51.1 6.0 131.9 123.3 -8.6
Dec. 7 - Dec. 31, 2010 ! 40.0 51.2 11.2 124.6 1234 -1.2
Dec. 20- Jan. 13, 2010-11 * 52.9 50.8 -2.1 130.6 123.4 -7.2
Dec. 31-Jan. 24, 2010-11 * 42.4 51.2 8.8 125.3 123.1 -2.2
Jan. 13- Feb. 6, 2011 ! 45.6 51.6 6.0 113.4 123.2 9.8
Jan. 24 - Feb. 17, 2011 ! 45.8 51.4 5.6 124.5 123.2 -1.3
Feb. 6- Mar. 2, 2011 ! 42.2 51.2 9.0 114.7 123.4 8.7
Jan. 3-Jan. 27, 2011 2 51.5 51.4 -0.1 126.8 123.3 -3.6
Feb. 21 - Mar. 16, 2012 2 57.4 55.2 -2.2 - - -

Average direction 46.6 51.1 4.5 127.6 123.2 -4.4

Upper Station South Arm Station
Date interval STdir(°) dGPSdir(°) Difference(°)| STdir(°) dGPSdir(°) Difference (°)

Jan. 18- Feb. 11,2010 * 46.6 435 -3.1 - - -
Oct. 20- Nov. 13, 2010 ! 42.2 44.8 2.6 24.3 11.0 -13.3
Nov. 2 - Nov. 26, 2010 ! 51.2 44.9 -6.3 - - -
Nov. 13- Dec. 7, 2010 ! 57.6 45.0 -12.6 - - -
Nov. 26 - Dec. 20, 2010 ! 51.2 45.0 -6.2 - - -
Dec. 7- Dec. 31, 2010 ! 49.6 45.1 -4.5 12.2 115 -0.7
Dec. 20-Jan. 13, 2010-11 ! 51.5 44.9 -6.6 12.0 11.1 -0.9
Dec. 31-Jan. 24, 2010-11 ! 45.0 44.8 -0.2 11.4 10.9 -0.5
Jan. 13 - Feb. 6, 2011 ! 39.4 44.9 5.5 6.8 11.1 4.3
Jan. 24 - Feb. 17, 2011 ! 47.5 45.1 -2.4 10.3 11.3 1.0
Feb. 6- Mar. 2, 2011 ! 44.3 44.6 0.3 18.8 10.8 -8.0
Jan. 3-Jan. 27, 2011 2 46.3 44.8 -1.5 2.2 11.0 8.8
Feb. 18 - Mar. 13, 2012 2 49.5 45.7 -3.8 - - -
Mar. 13 - Apr. 6, 2012 2 48.2 46.0 -2.2 - - -
Feb. 21- Mar. 16, 2012 > - - - 11.0 9.9 -1.2

Average direction 47.9 449 -2.9 12.1 11.0 -1.2

Table 4.2 Comparison of direction of motion from dGPS measurements and from
speckle tracking (ST) results for the corresponding time intervals. ST results were
derived from fine beam imagery (8 m resolution) except for 2012 results which were
derived from ultrafine imagery (3 m resolution). ST results are from Darling, 2012 (*) and

Waechter, 2013 (%).
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Year Lower Middle Upper

S. Arm

Lower Middle Upper S. Arm

Total annual horizontal displacement (m)

Difference from long-term average (m)
(Percent difference)

2007-08 - - 167.1 - - - 13.2 -
(+8.6%)
2008-09 - - - - - - - -
2009-10 166.0 139.3 151.4 - 1.7 -2.1 -2.5 -
(+1.1%) (-1.5%) (-1.6%)
2010-11 162.8 139.1 147.2 157.4 -1.5 -2.2 -6.7 -2.5
(-0.9%) (-1.6%)  (-4.3%)  (-1.6%)
2011-12 152.8 118.3 147.4 152.9 -11.5 -23.0 -6.5 -7.0
(-7.0%) (-16.3%)  (-4.2%)  (-4.4%)
2012-13 180.8 167.2 165.0 169.3 16.5 25.8 11.2 9.5
(+10.1%) (+18.3%)  (+7.3%) (+5.9%)
2013-14 159.0 142.8 145.0 - -5.3 1.5 -8.8 -
(-3.2%) (+1.1%) (-5.7%)
2007-2014 164.3 141.3 153.8 159.9
average
Total annual vertical displacement (m) Difference from long-term average (m)
2007-08 - - 3.0 - - - 1.1 -
2008-09 - - - - - - - -
2009-10 1.8 -0.8 3.4 - -0.6 -14 1.5 -
2010-11 2.1 1.6 2.8 5.3 -0.3 1.0 0.9 0.8
2011-12 3.2 -0.9 1.0 2.9 0.7 -1.5 -0.9 -1.6
2012-13 3.0 0.1 1.9 5.3 0.6 -0.5 0.0 0.8
2013-14 2.1 3.0 -0.6 - -0.4 2.4 -2.6 -
2007-2014 |, , 0.6 1.9 4.5
average
Annual displacement direction (°) Difference from long-term direction (°)
2007-08 - - 40.4 - - - 4.8 -
2008-09 - - - - - - - -
2009-10 47.3 122.6 43.8 - 7.4 1.7 1.4 -
2010-11 50.5 123.6 44.6 10.4 4.3 0.7 0.6 0.6
2011-12 54.4 124.0 45.9 10.3 0.4 0.3 0.7 0.5
2012-13 58.2 125.1 46.9 8.7 35 0.8 1.8 1.1
2013-14 63.4 126.3 49.5 - 8.6 1.9 4.3 -
2007-2004 | op 8 1243 45.2 9.8
direction

Table 4.3 Total annual horizontal and vertical displacement, annual direction of
displacement, and differences from long-term average displacements and long-term
direction, derived from dGPS measurements between JD 101 and JD 100 the following

year.
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Seasonal velocity per station (m a™)
Year Upper Middle Lower South Arm
2008 153.2 - - -
) 2009 - - - -
: 2010 135.8 121.8 143.7 -
a 2011 136.6 102.3 147.1 153.1
f,':. 2012 1374 - 137.2 147.5
-g 2013 147.4 123.3 146.7 161.9
= 2014 - - 131.8 -
2010-2013 average 139.3 115.8 143.7 154.2
2008 172.3 - - -
§ 2009 - - - -
S 2010 156.8 162.4 207.9 193.7
g 2011 149.7 156.3 203.1 202.1
:b 2012 157.4 182.4 213.3 190.3
g 2013 173.6 211.5 245.3 213.9
& 2014 137.6 146.9 188.4 -
2010-2013 average 159.3 178.1 217.4 200.0
2007 - - - -
S 2008 - - - -
o
§ 2009 - - - -
o 2010 170.6 173.2 182.3 190.8
g 2011 169.2 154.8 161.7 149.4
g 2012 186.7 198.9 205.7 181.0
a 2013 178.2 178.0 188.1 -
2010-2013 average 176.2 176.2 184.5 173.7
2007 155.2 - - -
" 2008 - - - -
@ 2009 135.6 1123 1351 -
S 2010 1270 1050 1269  129.9
=) 2011 133.0 - 129.7 1335
;=; 2012 163.6 161.6 171.6 150.7
= 2013 - - 124.4 -
2010-2012 average 141.2 133.3 142.7 138.0

Table 4.4 Annual and average seasonal horizontal velocity derived from dGPS
measurements across the Kaskawulsh Glacier.



Monthly and annual average temperatures (2007-2013)
Month Lower Middle Upper South Arm GSC AWS
Jan -15.7 -16.2 -15.6 -15.4 -13.3
Feb -8.9 -11.4 -11.7 -10.9 -11.7
Mar -12.1 -15.7 -15.9 -14.1 -12.2
Apr -5.4 -9.3 -10.0 -8.1 -4.4
May 14 -2.0 -3.0 -1.1 3.1
Jun 3.9 2.4 1.7 3.1 9.4
Jul 5.2 3.6 3.5 4.1 10.6
Aug 5.2 3.5 2.7 3.9 8.9
Sep 2.7 0.3 -1.0 0.3 3.0
Oct -3.9 -6.4 -5.5 -7.3 -4.7
Nov -15.5 -17.2 -16.3 -16.5 -10.4
Dec -14.4 -15.4 -12.4 -14.0 -12.9
Annual -4.8 -7.0 -6.9 -6.3 -2.9

Table 4.5 Long-term average monthly and annual temperature at Kaskawulsh Glacier
dGPS stations and at Geological Survey of Canada automatic weather station. Average
temperatures are based on data from 2007-2013.



Melt season duration (Julian days)
Year Start date End date Total length
Lower Upper Lower Upper Lower Upper
2007 118 141 265 265 147 124
2008 137 139 267 255 130 116
2009 137 142 285 285 148 143
2010 118 141 268 268 150 127
2011 136 138 268 255 132 117
2012 136 142 285 285 149 143
2013 121 130 303 303 182 173
2014 118 122 - - - -
2007-2014 Average 128 137 277 274 148 135

Table 4.6 Melt season start and end dates, total length of melt season per year, and.
Long-term average start and end dates, for the Lower and Upper dGPS stations. Start and
end dates are derived from air temperature (days above 0°C) at each dGPS stations.
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Total snow accumulation (cm SWE)

Year Lower Upper South Arm
2009-10 0 65.8 38.3
2010-11 0 73.5 42.7
2011-12 0 85.9 50.0
2012-13 0 36.2 21.1
2013-14 0 70.2 40.9

22822224 0 66.3 38.6

Table 4.7 Annual and average snow accumulation at Kaskawulsh dGPS stations for

2009-10 to 2013-14. Values in black represent snow depth sounder measurements, values

in blue are derived from manual snow depth measurements in spring. Values in red are
derived from snow depth sounder measurements at the Upper station, corrected for

elevation at the South Arm station.
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Chapter 5 : Discussion

The results presented in Chapter 4 indicate that short-term and seasonal variations in
motion occur on the Kaskawulsh Glacier each year. These variations are reflected in
changes in both horizontal and vertical motion. In this chapter, controls on variations in
motion observed at different timescales are discussed and compared to results from
previous studies. First, residual vertical velocity and basal cavity opening and closing
estimates are presented. Then, controls on intra-annual and interannual motion variations
are discussed. Finally, a theoretical model of the annual development of the subglacial

drainage system of the Kaskawulsh Glacier is presented.

5.1 Residual vertical velocity
It is clear from the dGPS records that substantial variations in vertical motion occur in
relation to horizontal velocity events across the Kaskawulsh Glacier. To evaluate the
cause of these vertical variations, it is first necessary to understand the different factors
that can cause vertical motion on a glacier. Previous studies (e.g., lken et al., 1983;
Hooke et al., 1989; Copland et al., 2003) have indicated that vertical motion at the glacier
surface can be caused by:

(a) vertical strain from compression and extension of the ice, primarily due to ice

deceleration and acceleration, respectively;
(b) horizontal motion along a sloped bed (i.e., downhill movement); and

(c) opening and closing of basal cavities.
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Processes (a) and (b) reflect vertical changes due to horizontal motion of the ice, while
process (c) reflects physical changes at the glacier bed, and is typically referred to as
‘residual vertical motion’ since it comprises motion that cannot be accounted for by
regular horizontal movement of the ice. To understand how much of the Kaskawulsh
Glacier’s vertical motion can be attributed to changes in the subglacial drainage system,
residual vertical motion was calculated for each dGPS station, and cavity opening and
closing rates were estimated. The terms cavity opening and cavity closing do not infer a
physical process, but are used in this study to describe changes at the glacier bed that
aren’t otherwise accounted for by downslope motion or vertical strain. In some other
studies this has been referred to as ‘hydraulic jacking’ (e.g., lken and Truffer, 1997).
These estimates of cavity opening and closing are based on a modified equation for
calculating residual vertical velocity (W) from Hooke et al. (1989) and Copland et al.
(2003). The original equation is:

W, = W, — UstanR — E,,h 2
where W, is measured surface vertical velocity (positive when cavity opening is
occurring, negative when there is cavity closing), U, is horizontal surface velocity, 83 is
bed slope, E,, is the vertical strain rate, and h is ice thickness. Bed slope is assumed to
be the same as surface slope, with the long-term surface slope () calculated for each
station from:

8= tanédy, /5, (3)
where &}, is the total horizontal displacement between JD 1, 2010 and JD 1, 2013, and &,

is the total vertical displacement over the same period.
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For this study, the vertical strain rates could not be calculated due to lack of data.
However, in the absence of subglacial cavity opening and closing, we know that glacier
acceleration would lead to reduced strain and ice thinning, while deceleration would
cause increased strain and surface thickening. Therefore, if thickening occurs when the
ice is accelerating, or thinning occurs when the ice is decelerating, then it can’t be
explained by surface strain. If we isolate the periods when these situations are occurring,
then we can define a minimum estimate of times when cavity opening and closing could
occur. During these periods, we can ignore the E,,h component in Equation (2) and
simplify it to:
W, = Wy — Ustanf3 (4)

If we define the vertical motion arising from downhill movement (i.e., Ustanf3) during
these periods, then we can assume that the remaining, unexplained vertical motion, must
be due to basal cavity opening and closing. Using this approach, basal cavity opening and

closing estimates during short-term motion events are presented in Section 5.2.

Seasonal residual vertical motion patterns are typically similar between stations and
between years (Figure 5.1). The winter and spring regimes see a slow and steady increase
in surface elevation until the peak in vertical position associated with the annual spring
motion event. Following the spring event, surface elevation decreases steadily into the
summer. By mid- to late summer, vertical position plateaus before beginning to increase
slowly throughout fall and into winter. In 2012 and 2013, the residual vertical motion
patterns at the South Arm Station are substantially different from those at other stations

and at the same station in other years, with a constant and pronounced decrease in surface
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elevation and only a few short-term periods of uplift associated with horizontal velocity
events (Figure 5.1). Field observations and comparisons with 1 m resolution GeoEye
satellite imagery indicate that the South Arm Station moved through a small crevasse
field and associated steeper terrain during this period, which likely explains these

differing patterns.

5.2 Intra-annual motion variations

The intra-annual motion of the Kaskawulsh Glacier is characterized by four seasonal
regimes with distinct patterns of horizontal velocity and vertical position, as presented in
Chapter 4. Within each seasonal regime, short-term velocity events occur. The
propagation of these events along the length of the glacier varies significantly between
seasons, responding to different triggers. A clear distinction exists between upglacier
propagating events in the spring at the start of the melt season, simultaneous motion
events throughout the melt season, and downglacier propagating events in the winter
when there is no surface melt. Previous studies have documented similar upglacier
propagating motion events in the spring, including studies of the Haut Glacier d’Arolla,
Switzerland (Mair et al., 2001; Mair et al., 2003), of Bench Glacier, Alaska (Anderson et
al., 2004) and of the western margin of the Greenland Ice Sheet (Bartholomew et al.,
2010). Simultaneous or nearly simultaneous short-term motion events in the summer
were observed at a number of glaciers including Storglacidren, Sweden (Hooke at al.,
1989), the Haut Glacier d’Arolla (Mair et al., 2002) and John Evans Glacier, Nunavut
(Bingham et al., 2003; Copland et al., 2003), while downglacier propagating events were

observed on Findelengletscher, Switzerland (Iken and Bindschadler, 1986; Iken and
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Truffer, 1997) and Variegated Glacier, Alaska (Kamb et al., 1985; Kamb and Engelhardt,
1987). These studies have made clear the link between variations in horizontal velocities,
vertical position, and variations in subglacial water pressure, and provide insight as to
how the intra-annual dGPS measurements can be used to infer the annual evolution of the

subglacial drainage system of the Kaskawulsh Glacier.

5.2.1 Upglacier propagating motion events

An upglacier propagating motion event dominates the spring regime across the
Kaskawulsh Glacier in every year of the study (Figure 4.6). The timing of the spring
event is closely related to the onset of melt each year, suggesting that the speed-up is
attributable to the subglacial water pressure increase resulting from a sudden large input
of meltwater to the glacier bed (Figure 5.2 to Figure 5.4). Previous theoretical studies
have described the connections between water pressure, the form of the subglacial
drainage system, and enhanced motion. The key points are summarized as follows:

(@) There is a direct relationship between water discharge (i.e., water input to the
glacier bed) and subglacial water pressure in a distributed subglacial drainage
system (Willis, 1995);

(b) A distributed subglacial drainage system is stable under low discharge conditions
because the deformation of ice can keep pace with melting of the roofs of cavities
(Kamb, 1987). However, under high discharge conditions the ice deformation is
unable to keep pace with the melting, which favours the formation of a

channelized subglacial system; and
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(c) There is an inverse relationship between water discharge and water pressure in a
channelized system. The largest channels have the lowest water pressures, so
therefore grow at the expense of the smaller ones (since water always moves from

areas of higher to lower pressure) (Willis, 1995).

The speed-up observed each spring across the Kaskawulsh Glacier appears to be caused
by the switch from a distributed to channelized subglacial drainage system. As air
temperatures increase to above freezing at the Lower Station, large amounts of meltwater
enter the poorly developed distributed subglacial drainage system and cause a rapid
increase in basal water pressure, causing basal motion to peak. The channelized drainage
then likely expands upglacier as air temperatures at higher elevations increase to above
freezing over the next few days. Subglacial water pressure would then decrease as the
distributed drainage system opens up and the channelized system develops, causing
velocities to drop back down to pre-speed-up levels. Basal cavity opening and closing
estimates provide further evidence of large meltwater inputs to the glacier bed during
spring events, with cavity opening consistently occurring on the rising limb of the
horizontal motion graph and cavity closing occurring on the falling limb (Figure 5.2 to
Figure 5.4). This suggests that the glacier is being uplifted at its bed during periods of
rapid horizontal motion as basal water pressures increase, and that it falls back onto the

glacier bed as the horizontal motion decreases and basal water pressures decrease.

The timing of spring motion events is closely related to the snowpack and temperature

conditions on the glacier surface (Table 5.1). In particular, in years with a large
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snowpack, it takes longer for meltwater to reach meltwater input points to the glacier
interior such as moulins and crevasses. A deeper snowpack therefore results in a later
spring motion event start date (R?> = 0.52) and a smaller horizontal velocity magnitude
during the event (R? = 043). The magnitude of horizontal velocity during spring events is
strongly influenced by the sum of PDDs prior to the event, with larger magnitude events
associated with warmer spring temperatures (R?>= 0.36). Spring events with high
horizontal velocity are of longer duration (R* = 0.54). Melt in the previous summer and
overwinter velocity do not seem to control the characteristics of spring events, suggesting
that the subglacial drainage system essentially ‘resets’ itself by spring. This relationship

is discussed in more detail in the following sections.

5.2.2 Downglacier propagating motion events

Downglacier propagating motion events occur across the Central Arm of the Kaskawulsh
Glacier every year, typically partway into the winter regime (between January and
March), but sometimes much earlier, late in the fall regime (i.e., November 2012) (Figure
4.6). In contrast with the melt-driven events in spring, fall/winter events occurred after
prolonged periods of well below freezing air temperatures with no apparent relation to
snowfall or other changes in surface weather (Figure 5.5 to Figure 5.7), suggesting that
the control on these events is internal. The increase in horizontal velocity (up to 15%)
immediately following downglacier propagating events suggests that they likely result
from the collapse of the channelized subglacial drainage system formed during the
spring/summer, and the subsequent pressurization of the glacier bed as a distributed

subglacial drainage system forms. In his theoretical study, Kamb (1987) suggests that
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under low discharge conditions, the walls of the subglacial channels will collapse and
deform under the weight of overlying ice, and that this makes them unstable. In this
situation the formation of a distributed subglacial drainage system is favoured. On the
Kaskawulsh Glacier it appears that when the switch from channelized to distributed
subglacial drainage occurs, there is enough water left in the system to cause water
pressures at the bed to rise and, therefore, velocities to briefly peak beginning at the
Upper Station where the channelized system is the least developed because of the shorter

melt season.

The interannual variability in timing of events supports this hypothesis. After high melt
summers the downglacier propagating events occur later in the following winter; for
example, the winter event in 2014 occurred relatively late in the season (peaking on
JD 91), following a high melt summer in 2013, whereas in 2011 the first winter event
peaked much earlier (peaking on JD 19), following average melt in summer 2010. After
the lowest melt year on record in 2012, the downglacier propagating motion event
actually occurred in late fall (peaking on JD 328), much earlier than the event(s) in any
other year. This suggests that the subglacial drainage system is more developed in high
melt summers, with larger channels that take longer to close up the following fall and
winter. The short-term increase in vertical uplift (and associated basal cavity opening)
during the winter events further suggests an increase in water pressurization at the bed as
the channelized subglacial drainage system collapses, beginning at the Upper Station and
propagating downglacier (Figure 5.5 to Figure 5.7). Downglacier propagating motion

events with similar propagation speeds have been observed on Variegated Glacier,
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Alaska (Kamb and Engelhardt, 1987) and on Findelengletscher, Switzerland (lken and
Truffer, 1997). In contrast with the downglacier propagating events observed on the
Kaskawulsh  Glacier, the “mini-surge” events of Variegated Glacier and
Findelengletscher occurred during the melt season and were attributed to increases in
basal water pressure from the sudden release of meltwater accumulated in subglacial

reservoirs into the subglacial drainage system.

5.2.3 Simultaneous motion events

Throughout the summer and early fall regimes, a number of short-term motion events
occur across the glacier (Figure 4.6). The events occur nearly simultaneously at all
stations and appear closely linked to meteorological conditions; for example, similar
events occurred in July 2012 and July 2013 following a period of pronounced surface
melt (i.e., in the 10 days leading up to each event, there was ~45 — 50 cm of surface melt)
(Figure 5.8). The surface melt in the days preceding the July events was not unusually
high (i.e., the average melt for 10 days in July is ~35 — 75 cm SWE), but followed lower
than average June melt inputs. In the days leading up to the September and October 2012
events, temperatures increased from well below freezing to up to 8°C and surface melt of
~20 cm occurred (Figure 5.9). The simultaneous events likely represent the response to a
sudden large water input across the glacier (e.g., high melt, rain) that overpressurizes the
subglacial drainage system. Willis (1995) describes dramatic acceleration events linked
with glacier surface uplift occurring early in the melt season when the subglacial drainage
system is poorly developed. He associates the events with periods of high surface melt or

heavy rainfall, resulting in high subglacial water pressure. Such mid-summer high
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velocity events following rapid meltwater inputs were observed on John Evans Glacier,
Nunavut (Copland et al., 2003) and the Haut Glacier d’Arolla, Switzerland (Mair et al.,
2002). On the Kaskawulsh Glacier, the motion events occur after the annual snowpack
has melted, when there is a good hydrological connection between the glacier surface and
bed (i.e., there is no snow to retard water flow, and typically a short travel distance
between any surface melt and an input location to the glacier bed) (Figure 5.10). Like the
other types of motion events, simultaneous motion events are accompanied by vertical

uplift at the surface, and basal cavity opening (Figure 5.8 and Figure 5.9).

5.3 Interannual motion variations

Moving beyond the intra-annual timescale, it is evident that the influence of surface melt
also extends to the interannual timescale. The dGPS data from 2007 to 2014 presented in
Chapter 4 show that while there is little interannual variability in direction of motion,
there is significant variability in horizontal and vertical velocities across the Kaskawulsh
Glacier (Table 4.3). This interannual variability suggests that, at this timescale too,
surface motion is closely linked to changes in the subglacial drainage system structure

which is controlled, in large part, by surface melt.

Surface melt rates across the Kaskawulsh Glacier are assumed to represent the amount of
water flowing to the glacier bed, given the large number of moulins on the glacier (Figure
5.10), and that little water flows along marginal streams. Monthly and annual melt rates
for May through September 2007-2013 at the Upper Station are presented in Figure 5.11.

Melt rates at the Upper Station are used to represent melt patterns across the entire
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ablation area of the glacier, as melt rates at the Middle and Lower stations were on
average within 1.2 and 2.4% of those at the Upper Station, respectively (Table 3.2). The
2007-2013 average annual surface melt at the Upper Station was 429.8 cm SWE, and
ranged between a minimum of 318.2 cm SWE in 2008, and a maximum of

539.9 cm SWE in 2013.

A comparison of annual melt rates and seasonal velocities at each station revealed a
strongly negative correlation between summer melt and velocities the following
fall-winter (i.e., JD 270 to JD 90) (Figure 5.12). For example, the melt rate in summer
2013 was the highest on record at the Upper Station (539.9 cm SWE, compared to a
2007-2014 average of 429.8 cm SWE), with velocities in fall-winter 2013-14
approximately 25% below those in fall-winter 2012-2013 and 10% lower than any
previously recorded fall-winter velocity at this location (Table 5.2). Furthermore, the
highest fall-winter velocities on record in 2012/2013 followed the lowest melt rates on
record in summer 2012 (362.4 cm SWE at the Upper Station). Fall-winter velocities at
the Central Arm stations were up to 23% higher in these seasons than the 2007-2014

average.

A comparison of summer melt rates with monthly horizontal velocities during the
following year provides further insights into the drivers of velocity variations (Figure
5.13). The correlation between summer melt and the following months’ velocities is
always negative, with the exception of August, which is positively correlated. Pearson

correlation coefficients for September through May are statistically significant at the 95%
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level or greater. However, this relationship breaks down by the time the following
summer is reached, with the correlation between June and July velocities and the
previous summers melt being not statistically significant. November provides the
strongest inverse relationship to previous summer melt, with an R? value of 0.58,

followed by October, December and February, with R? values of 0.41 to 0.48.

Given the connection between melt and fall-winter velocities, an important question is
whether it is the total summer melt that has the biggest influence on horizontal motion, or
whether the melt in particular months has a stronger influence than other months. To
evaluate this, monthly melt values were individually correlated with both total and
monthly motion in the following year. Monthly velocities are more highly correlated to
early season melt (i.e., in May and June) than to late season melt (i.e., July to September)
(Table 5.3). For example, May melt seems to have the biggest influence on velocities the
following fall and early winter, followed by June melt and then July melt. The
relationship between melt and monthly velocity decreases after January, and February to

April velocities seem more closely related to late summer melt than early summer melt.

5.4 A theoretical model of the annual development of the subglacial drainage system
of the Kaskawulsh Glacier

The variability in surface velocities on the Kaskawulsh Glacier at the intra-annual and
interannual timescales is strongly linked to surface meltwater inputs and their influence
on the development of the subglacial drainage system. The patterns of vertical position

(Figure 5.1) support the hypothesis of horizontal motion as an indicator of the condition
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of the subglacial drainage system, with vertical uplift and cavity opening occurring
simultaneously with the peak in horizontal velocity for all three types of velocity events.
Each year, spring melt causes high subglacial water pressures as large water volumes
reach a distributed subglacial drainage system that is too small to accommodate them.
This results in high velocities, which propagate upglacier as the melt of the snowpack
moves upglacier (Figure 5.2 to Figure 5.4). However, the distributed system is unstable
during high water discharges, and so develops into a channelized subglacial drainage
system (Kamb, 1987). This channelized system is much better able to accommodate
typical summer meltwater flows, resulting in basal water pressures that fall during the
summer. However, rapid melt or rain events can still overwhelm the channelized system,

resulting in simultaneous high velocity events (Figure 5.8 and Figure 5.9).

The amount of summer melt, particularly early in the summer, defines the size of
subglacial channels, with very large channels forming in high melt years (Schoof, 2010).
Their size defines how long it takes for them to collapse and become re-pressurized after
the end of the summer, causing the negative relationship between summer melt and
motion the following fall and winter (Figure 5.12). As subglacial drainage channels
collapse throughout fall and winter, the relationship between previous summer melt and

velocity breaks down (Figure 5.13).

Velocities typically reach their annual minimum in the fall as any water at the glacier bed
can be easily transported by the remnant subglacial channels from the previous summer,

resulting in very low basal water pressures. However, as these subglacial channels
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collapse due to the weight of overlying ice, the glacier bed becomes pressurized again,
resulting in a downglacier propagating velocity event. This event propagates downglacier
as the highest elevation regions of the glacier had the smallest subglacial channels (due to
lower melt input), and because the ice thins towards the glacier terminus (slowing down
the closure rate of subglacial channels there). After the end of the downglacier
propagating events, horizontal velocities become higher as the subglacial drainage system
reverts to a distributed system with relatively high subglacial water pressures. This
system is most stable under low subglacial water flow conditions (Kamb, 1987), so
persists throughout the winter until rapid melt occurs again the following spring (Figure
5.5 to Figure 5.7). Because the channelized system was relatively undeveloped in
summer 2012 due to low melt, the transition to distributed drainage occurred much earlier
than in other years, with the ‘winter’ event which marks the transition in drainage

occurring in late fall.

These annual patterns suggest that the glacier has a ‘memory’ of past summer conditions
from the reorganization of subglacial drainage that can last long into the following
winter, consistent with recently observed patterns in Alaska by Burgess et al. (2013) and
in SW Greenland by Sundal et al. (2011), and with theoretical studies by Schoof (2010).
Burgess et al. (2013) observed an average 11% decrease in January motion for each
additional metre of summer melt. This relationship is based on velocities derived by
offset tracking and modelled melt rates derived from cumulative summer PDDs at 160
glaciers in Alaska for the period 2006 to 2011. Sundal et al. (2011) found that summers

with high melt led to suppressed annual velocities in a land-terminating sector of SW
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Greenland between 1993 and 1998, based on velocities derived from intensity tracking
and locally measured melt rates. Similarly, a theoretical study by Schoof (2010) suggests
that large meltwater inputs, such as those expected in years of high melting, would lead
to lower annual velocities as the increased efficiency of the subglacial drainage system
keeps basal water pressures low. On the Kaskawulsh Glacier, for each additional metre of
melt, fall-winter velocity (JD 270 — JD 90) decreases by 5.1 — 14.5%, representing an
average decrease of 8.6% across the glacier. This represents a velocity decrease of
13.8 ma™ per additional metre of melt at the Upper Station, 22.7 ma™* at the Middle
Station, 10.3 m a™ at the Lower Station, and 8.3 m a™ at the South Arm Station. The
subglacial drainage system seems to ‘reset’ itself by spring, however, as there is no
correlation between spring event characteristics and past summer melt or overwinter

velocity.
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Figure 5.2 (a,d) Horizontal velocity; (b,e) Relative residual vertical position (yellow shading = cavity opening; grey shading = cavity
closing); (c,f) Air temperature and relative surface height at Kaskawulsh dGPS stations during the upglacier propagating events in spring
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closing); (c,f) Air temperature and relative surface height at Kaskawulsh dGPS stations during the downglacier propagating events in
winter 2012 and fall 2012. Relative surface height was measured at the Upper Station.
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Correlation between spring conditions and motion event characteristics (R?)

Event start date Event duration Event Hz v
Previous summer melt 0.03 0.02 0.01
Overwinter velocity 0.06 0.01 0.00
Snowpack depth 0.52 0.04 0.43
PDDs prior to event 0.06 0.11 0.36
Event duration - - 0.54
n (p)
Previous summer melt 19 (0.21) 16 (0.25) 16 (0.25)
Overwinter velocity 14 (0.28) 14 (0.28) 14 (0.28)
Snowpack depth 14 (0.28) 14 (0.28) 16 (0.25)
PDDs prior to event 16 (0.25) 16 (0.25) 16 (0.25)
Event duration - - 16 (0.25)

Table 5.1 Correlation coefficients between spring conditions and spring motion event

start date, duration and horizontal velocity. Correlations significant at the 95% level are

shown in bold (blue shading = positive correlation; red shading = negative correlation).
Sample size (n) and p-values for a 95% confidence level are presented in the lower part

of the table.
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Previous Fall-Winter Velocity (m a™)
Year summer melt

(cm SWE) Upper Middle  Lower  South Arm
2007-08 411.5 152.1 - - -
2008-09 318.2 - - - -
2009-10 523.3 136.5 117.3 139.3 -
2010-11 465.3 131.8 115.3 136.0 141.3
2011-12 387.8 135.0 121.7 133.3 140.6
2012-13 362.4 155.9 157.3 159.9 152.7
2013-14 539.9 120.6 97.6 127.0 -

2007-2014 Average 429.8 138.6 121.8 139.1 144.8

Table 5.2 Comparison between fall-winter horizontal velocity (JD 270-JD 90) at the
Kaskawulsh dGPS stations and previous summer melt at the Upper station.



Velocity (v)
Aug v Sep v Octv Nov v Decv Janv
May melt 0.05 0.59 0.55 0.58 0.48 0.43
June melt 0.08 0.24 0.31 0.56 0.31 0.15
w | July melt 0.02 0.18 0.15 0.28 0.16 0.14
% Aug melt 0.09 0.04 0.01 0.01 0.00 0.04
f,_ Sep melt - 0.05 0.25 0.17 0.29 0.12
% n(p) 20(0.20) 19(0.21) 18(0.22) 16(0.25) 16(0.25) 16 (0.25)
§- Feb v Mar v Aprv May v Junv Julv Annual v
é May melt 0.15 0.06 0.16 0.13 0.10 0.01 0.67
§ June melt 0.29 0.11 0.07 0.28 0.15 0.06 0.21
July melt 0.26 0.38 0.32 0.14 0.20 0.18 0.07
Aug melt 0.02 0.01 0.08 0.04 0.03 0.06 0.05
Sep melt 0.38 0.11 0.35 0.33 0.16 0.29 0.02
n(p) 16 (0.25) 17(0.23) 18(0.22) 18(0.22) 14(0.28) 14(0.28) | 19(0.21)

Table 5.3 Correlation coefficients (R%) between normalized monthly and annual
horizontal velocities (v) and monthly melt. Correlations significant at the 95% level are

shown in bold. Sample size (n) and p-values for a 95% confidence level are presented in
the last row.
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Chapter 6 : Conclusions

This study addresses horizontal and vertical velocity variations on the Kaskawulsh
Glacier at interannual and intra-annual timescales, and the controls on them. The dGPS
data enable an in-depth assessment of short-term velocity patterns, and provide insight
into the structure and seasonal evolution of the subglacial drainage system of the glacier.
The temperature and snow depth data enable derivation of melt rates on the glacier
surface, and therefore, temporal variations in water input to the glacier bed. This study
provides the longest known continuous velocity record available for any glacier (up to 7
years), and contributes to understanding how large valley glaciers in the Yukon and
elsewhere are responding to the sustained negative mass balance trends observed in

recent decades (Foy et al., 2011).

The most important finding is that the motion of glaciers appears to be self-regulating.
That is, as melt rates increase, surface velocities decrease, and vice versa. This has major
impacts for understanding the response of glaciers to climate change and, more
specifically, predicting the long-term evolution of glacier motion to increased surface
melt. To date, many of the studies that have looked at the effect of increased surface melt
on glacier motion have assumed that winter velocities are stable and have therefore
focused almost entirely on variations in melt season velocities. These studies have shown
that short-term variations in meltwater input to a glacier bed can cause short-term
increases in summer motion through increased basal sliding, suggesting that increased
surface melt would lead to long-term glacier acceleration (e.g., Zwally et al., 2002;

Shepherd et al., 2009; Shannon et al., 2013). However, this finding has been challenged
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recently by hypotheses which argue that increased surface melt would lead to a long-term
glacier deceleration, due to reduced ice thicknesses and driving stresses (Heid and Kaab,
2012) and/or a change in the efficiency of the subglacial drainage system (Schoof, 2010).
At the Kaskawulsh Glacier, measurements of ice motion made throughout the year for
this study make it clear that annual glacier motion is slower in years with higher melt.
This is consistent with previous studies suggesting that dynamic sensitivity to interannual
surface melt variations is limited due to the evolution of the subglacial drainage system
(Schoof, 2010; Sundal et al, 2011; Sole et al., 2013; Burgess et al., 2013). It is therefore
likely that glacier motion will show a net decrease under a warming climate, due to the
increased efficiency of the subglacial drainage system (i.e., lower basal water pressures)
above a critical rate of water input, as previously predicted theoretically by Schoof

(2010).

This study has also found that future fall-winter velocity patterns could be accurately
predicted from only a month or two of summer melt data, with May-June melt providing
the best indication of fall-winter motion. The glacier motion data presented here also
suggests that the common assumption that glaciers are ‘stable’ in the late fall and winter
is incorrect (e.g., Werder et al., 2013); they can and do undergo marked variations in
motion during these seasons. After summers with above average melt, fall and winter
velocities are slower than in summers with low or average melt. In addition, minimum
seasonal velocities are typically reached in the fall. However, in years when there is low
summer melt minimum seasonal velocities occur the following winter, likely due to less

development of the channelized subglacial drainage system the previous summer.
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Downglacier propagating short-term motion events in the fall and winter, during which
velocities increase by up to 180% in a matter of days, provide an indicator of the timing
of the collapse of the channelized subglacial drainage system and the switch to
distributed drainage. Similarly, short-term motion events in other seasons can be used as
indicators of the evolution of the subglacial drainage system: upglacier propagating
events (i.e., in spring) indicate the evolution of the system from distributed to
channelized, while simultaneous events (i.e., in summer) suggest an over-pressurization

of the existing channelized system.

Finally, this study demonstrates the importance of considering annual datasets (and not
just summer) in studies of the response of glacier motion to future warming. The
relationship between fall-winter velocities and melt the previous summer observed on the
Kaskawulsh Glacier in this study and Gulf of Alaska glaciers by Burgess et al. (2012) has
also been observed on the Greenland Ice Sheet (Sundal et al., 2011; Sole et al., 2013),
suggesting that it is not unique to large temperate valley glaciers. Future work could
focus on establishing the relationship between melt and fall-winter velocities on other
glaciers for which an air temperature record is available. The dGPS network on the
Kaskawulsh Glacier will continue to be run by the Laboratory for Cryospheric Research
at the University of Ottawa, and in August 2014 the existing R7 dGPS receivers were
replaced with new Trimble NetR9 units and moved back upglacier to near their 2010
installation locations. With this extended data record the possibilities for future research,
and expanding our understanding of glacier dynamics under a changing climate, are

numerous.
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