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Dynamics of tidewater surge-type glaciers in northwest Svalbard

Journal of Glaciology, Vol. 58, No. 207, 2012  doi: 10.3189/2012JoG11J058

Damien MANSELL,” Adrian LUCKMAN, Tavi MURRAY

Department of Geography, College of Science, Swansea University, Swansea, UK
E-mail: d.t. mansell@exeter.ac.uk

ABSTRACT. The evolution of ice dynamics through surges of four tidewater-terminating glaciers in
northwest Svalbard is investigated by remote sensing. A 20 year time series of glacier surface flow
speeds and frontal positions is presented covering the recent surges of Monacobreen, Comfortlessbreen,
Blomstrandbreen and Fjortende Julibreen. Surface flow speeds were derived using feature tracking
between pairs of ERS SAR and ALOS PALSAR images, while frontal positions were taken from the same
imagery, as well as more frequent but lower-spatial-resolution Envisat Wide Swath Mode images. During
all four surges, increased ice flow caused the tidewater margin to advance while the calving flux was
initially reduced to near zero due to compressive stresses limiting crevasse propagation. As ice speed
decreased, the terminus continued to advance, until the glacier’s speed had returned to its pre-surge
flow rate. Only at this time did the terminus start to retreat and peak iceberg calving flux was
established. We conclude that terminus advance closely tracks glacier speed-up, that there is little mass
loss through calving during the most active phase of the surge, and that seasonal cycles of terminus
positions diminish during the active surge phase.

1. INTRODUCTION

Surge-type glaciers undergo non-steady ice flow whereby
decadal-long quiescent periods of low activity and marginal
retreat are punctuated by short-lived periods of rapid flow,
where velocities increase by a factor of 10-1000 times
(Meier and Post, 1969; Murray and others, 2003a). During
quiescence, the glacier flows at a rate slower than the
balance velocity, and a large store of ice is built up in the
reservoir zone. During the active phase of the surge, glacier
flow increases to a rate faster than the balance velocity, the
glacier surface becomes heavily crevassed and the down-
glacier transfer of ice mass takes place (Meier and Post,
1969). The glacier terminus may advance by several
kilometres and, where the front is tidewater-terminating,
the iceberg calving flux may also be greatly increased

(Murray and others, 2003a).

During the active phase of the surge, the increased ice flux
to the tidewater ice cliff and the advance of the terminus into
potentially deeper offshore water can increase the iceberg
calving flux (Dowdeswell, 1989; Vieli and others, 2001). The
tidewater terminus may advance by several kilometres as was
exemplified by Brasvellbreen, which advanced up to 20 km
when it surged in 1936-38 (Schytt, 1969). When the
increased ice flux of the surge is matched closely with the
advance of the terminus such as in Perseibreen (Dowdeswell
and Benham, 2003), iceberg calving may not be enhanced
and little mass may be lost in this way. Despite the large
population of Svalbard tidewater-terminating surge-type
glaciers (Btaszczyk and others, 2009), and the limited
understanding of this phenomenon, observations of tide-

water surging glaciers remain scarce.

As well as understanding calving losses during surges,
determining the quiescent period duration is crucial for
forecasting sea-level rise contributions of densely populated
surge-type glacier regions such as Svalbard, North America,
Iceland and the Pamirs. Overall cycle lengths in the
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archipelago are not well known since only five glaciers
have been observed to surge more than once (Dowdeswell
and others, 1991).

By assessing the changes of four tidewater-terminating
glaciers in northwest Svalbard surge phases, we investigate
the ice dynamics, timing of surge initiation and termination
and the general nature of Svalbard surges. Ice flux and
retreat rates are combined to investigate the controls of ice-
dynamic regimes on the calving rate and to better under-
stand the complex relationship of evolving calving rates
during a surge. Where glaciers have been observed to surge
for the second time, we provide insight into the overall cycle
lengths of these glaciers.

2. SVALBARD SURGE-TYPE GLACIERS

Svalbard contains one of the largest glaciated areas in the
Arctic (Hagen and others, 1993; Dowdeswell and Hambrey,
2002), covering ~36 600 km?. Calving of icebergs makes up
a substantial part of mass loss from the archipelago’s ice
masses, estimated to be 4+1km>a™", which includes a
1km?a™" contribution from the general retreat of Svalbard
glaciers over the past 80 years (Dowdeswell and Hagen,
2004). Calving takes place from two main types of ice mass
in Svalbard: tidewater-terminating glaciers, generally flow-
ing within steep-sided fjords; and larger ice caps and outlet
glaciers, which terminate in long sections of vertical ice
cliffs (Btaszczyk and others, 2009).

Svalbard calving glaciers can be further divided into
surge-type and non-surge-type. Only ~1% of the global
glacier population is thought to be of surge type (Jiskoot and
others, 2000), yet estimates for Svalbard surge-type glaciers
vary between 13% (Jiskoot and others, 1998) and 54-90%
(Lefauconnier and Hagen, 1991). Within this wide range,
Btaszczyk and others (2009) estimate that of all the Svalbard
tidewater-terminating glaciers, ~43% could be surge-type.

The fact that surge-type glaciers occur in clusters around
the world, such as in Svalbard, implies that their distribution
is a result of local variables, including geology, climate and
topography (Clarke and others, 1986). The typical duration
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Fig. 1. Location of the four surge glaciers under investigation. The
white crosses indicate the positions where the glacier flow speeds
were extracted to produce the time series in Figure 3 for
Monacobreen (M) (79°30'45” N, 12°29'31” E), Fjortende Julibreen
(F) (79°06'44” N, 11°58'39” E), Comfortlessbreen (C) (78°48'52" N,
11°57'44" E) and Blomstrandbreen (B) (79°1’55” N, 12°10’35” E).
The insert shows the location of the area within Svalbard. The white
box shows the location of Figure 2. The underlying image is a 2009
annual average from Envisat Wide Swath Mode (WSM) scenes.

of the active phase of surge-type glaciers varies between
these different clusters. Svalbard surge-type glaciers have a
typical surge duration of 3—10 years. This is longer than for
surge-type glaciers in North America, Iceland or the Pamirs,
which typically have active surge phases lasting only 1-2
years (Dowdeswell and others, 1991). Svalbard glaciers also
differ from Alaskan surging glaciers in that they do not
exhibit such an abrupt termination of the active phase,
which for Alaskan surges takes place in just a few days
(Murray and others, 2003b).

The majority of Svalbard glaciers are polythermal (Hagen
and Seetrang, 1991), meaning that parts of the ice masses are
at the pressure-melting point (warm-based), while other
parts remain at sub-freezing temperatures (cold-based). The
presence of warm-based ice is a prerequisite for the active
phase of glacier surges (Cuffey and Paterson, 2010). Svalbard
surges are thought to be controlled by the thermal regime
and to be initiated when cold parts of the bed are raised to
the pressure-melting point and basal meltwater enhances
sliding (Murray and others, 2000; Fowler and others, 2001).

Murray and others (2003b) noted that the nature of surge
initiation and the presence of a surge front varies between
tidewater and land-terminating glaciers. A surge front is a
steep ramp of ice that separates fast-moving surging ice
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up-glacier, from slower-moving down-glacier ice (Murray
and others, 1998). Surge fronts typically propagate down-
stream as a kinematic wave, often more rapidly than the ice
itself (Raymond and others, 1987). Svalbard land-terminating
glaciers such as Usherbreen and Bakaninbreen (Hagen,
1987; Murray and others, 1998) have exhibited clear surge
fronts that initiated in the upper accumulation zone and
propagated down-glacier. In contrast, observations of Sval-
bard tidewater-terminating glaciers such as Osbornebreen,
Monacobreen, Perseibreen and Fridtjovbreen (Rolstad and
others, 1997; Luckman and others, 2002; Dowdeswell
and Benham, 2003; Murray and others, 2003a) provide
evidence for surge initiation on the lower part of the glacier,
without observed surge fronts. Despite these observations,
Sund and others (2009) favor a theory of surge propagation
down-glacier from the reservoir zone for both tidewater and
land-terminating surge-type glaciers. These contradictions
highlight the need for further tidewater-surge investigations.

3. STUDY AREA

This study focuses on surge-type glaciers in northwest
Svalbard where valley tidewater-terminating glaciers are
common. Figure 1 shows the location of the four surge-type
tidewater-terminating glaciers investigated in this study:
Monacobreen, Fjortende Julibreen, Comfortlessbreen and
Blomstrandbreen.

Monacobreen (79°24’N, 12°34'E) is ~40km long and
flows north from lIsachsenfonna ice cap into Liefdefjorden
(Fig. 1). Based on satellite imagery and field reports from
J.O. Hagen, the margin of Monacobreen retreated 0.75-
1.45 km between 1966 and 1990 and then began to surge in
the early 1990s (Luckman and others, 2002). Peak flow
during the active-surge phase is thought to have occurred in
January 1994, shown by the twofold increase of velocities
from 1992 (Luckman and others, 2002; Strozzi and others,
2002). Radio-echo sounding (RES) was utilized by Bamber
(1987) in the late 1980s to infer the glacial thermal regime.
The RES showed an internal reflecton horizon (IRH) at
~120-200m depth. The IRH obscures any bed return and
suggests the glacier was warm-based over its accumulation
area, thus providing further evidence of the glacier building
to a surge initiation in the late 1980s to early 1990s.

Fjortende Julibreen, (79°07'N, 12°13"E) flows west from
Isachsenfonna ice cap into Krossfjorden, is 16.2 km long and
has a 1.84 km wide terminus (Btaszczyk and others, 2009).
Interferometric synthetic aperture radar (INSAR) measure-
ments from 1991 showed a maximum velocity close to the
equilibrium line of ~0.07md™" (Lefauconnier and others,
2001). Previous to this study, Fjortende Julibreen had not
been observed to surge; however, as reported by Sexton and
others (1992), Meier and Post (1969) note that Fjortende
Julibreen may be a surge-type glacier in the quiescent phase.

Comfortlessbreen (78°46'N, 12088’E)° drains into
Engelskbukta, south of the settlement of Ny-Alesund. Only
the southwest margin of Comfortlessbreen terminates in
water. From 1990 to 2002, Comfortlessbreen retreated
~250m (Sund and Eiken, 2010) and started to surge in
2006 (Sund and others 2009). Surface velocities from 2008
showed a 1 month average of ~2 md™" along the majority of
the glacier length, which indicates block sliding, a
characteristic of surging glaciers (Sund and Eiken, 2010).

Blomstrandbreen (79°1’ N, 12°10’ E) flows southwest into
Kongsfjorden. This glacier surged around 1960 (Hagen and
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others, 1993). During quiescence, Blomstrandbreen had
retreated 2.5 km between 1966 and 2010 (Sund and Eiken,
2010), by which time it had completely withdrawn from the
island Blomstrandhalvegya. From 2008 to 2009 the terminus
of Blomstrandbreen showed a small advance, and compared
with 1990 aerial photographs showed new and increased
crevassing in 2007 and 2009 (Sund and Eiken, 2010). These
are the first indications of a regime change from quiescence
to an active surge phase since its last surge in the 1960s.

4. METHODS

4.1. Surface velocity

In this study we utilized synthetic aperture radar (SAR) data
from the European Remote-sensing Satellite (ERS-1 and -2)
missions from 1991 to 2010 archived by the European Space
Agency (ESA), and from Fine Beam Single polarization (FBS)
and Fine Beam Dual polarization (FBD) Advanced Land
Observing Satellite (ALOS) Phased Array-type L-band SAR
(PALSAR) from 2006 to 2010 archived by the Japan
Aerospace Exploration Agency (JAXA). Over 70 image pairs
were utilized per glacier. Glacier surface velocity was
measured in both the slant-range and azimuth dimensions
between repeat-pass satellite image pairs, by cross-correlat-
ing image patches in a process commonly referred to as
feature tracking (Scambos and others, 1992; Strozzi and
others, 2002). This technique has been widely used on
tidewater outlet glaciers (e.g. Lucchitta and others, 1995;
Luckman and others, 2003, 2006; Luckman and Murray,
2005), due to their heavily crevassed surface, which
provides unique features that can be tracked between repeat
images and has successfully measured glacier flow speeds
on surging glaciers (e.g. Pritchard and others, 2005). Low-
confidence correlations were discarded based on the
strength of their signal-to-noise ratio, and also where the
flow direction deviated significantly from the glacier flow-
line (Luckman and others 2006). The resulting glacier
surface velocity maps allow comparisons across multiple
satellite data types.

The velocity maps produced from feature tracking cannot
be used to measure the strain rate (i.e. longitudinal
stretching) arising from spatial variations in velocity.
Because the strain rate requires a change in velocity, the
feature-tracking errors are compounded and the uncertain-
ties are beyond what is reasonable for the flow velocities of
the glaciers in this study. Due to this measurement
limitation, only point velocity measurements are used to
investigate the evolution of flow speeds and calving rates
through the surges. Errors from feature tracking arise from
changes in the crevasse pattern through time and space,
geometric transformations of the data, and errors in zero
displacement reference points (Luckman and others 2006).
The errors are estimated to be below +1md™" and were
calculated by measuring the displacements of features that
are assumed to be stationary, such as rock-outcrops and
nunataks (Pritchard and others 2005). For a given zero
velocity reference point, the recorded displacement is
therefore the error for that given image pair and surface
velocity measurement. Multiple stationary features were
selected, the apparent displacements of which were
averaged for each image pair to calculate the error.

Due to the low velocities during quiescence and to the
fact that Svalbard glaciers have low flow speeds in general,
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many of the quiescent flow speeds have large error estimates
relative to the low flow-speed measurement. Although it is
important to consider these error limits, the fact that there
are multiple measurements which together show a strong
underlying trend provides additional confidence for these
values. This underlying trend is intrinsic to the glacier flow
regime and is used to assess the timings of the surge. Flow
speeds are presented with error bars determined directly
from the errors estimated from zero references.

4.2. Frontal positions

Recent studies have measured terminus positions from
satellite scenes to monitor seasonal and annual variations
of the terminus of fast-flowing glaciers (e.g. Joughin and
others, 2008a), tidewater-terminating glaciers (e.g. Vieli and
others, 2002; Moon and Joughin, 2008; Ritchie and others,
2008), surging glaciers (e.g. Murray and others, 2003b;
Jiskoot and Juhlin, 2009; Sund and Eiken, 2010) and ice
shelves (e.g. Cook and others, 2005). The majority of these
studies have used frontal positions digitized manually from
geocoded satellite images. The Nyquist theorem determines
the minimum sampling rate required to reasonably recon-
struct a given signal. For an annual cycle that includes a
seasonal fluctuation, at least four frontal positions per year
are required (Ritchie and others, 2008). With investigations
of multiple glaciers the process of manually digitizing fronts
is very time-consuming and errors are dependent on the
ability of the operator to effectively determine the boundary
between the glacier front and the fjord.

In this study, tidewater-terminating fronts were measured
using an approach that automatically detects the terminus
position along a flowline on a georeferenced SAR scene. The
calving front is detected from changes in the backscatter
contrast between the bright, heavily crevassed terminus and
the lower backscatter of the fjord. The border between high
backscatter and significantly lower backscatter is the location
of the terminus position along the flowline.

If the automatic detection technique does not recognize a
significant contrast difference along the flowline, the ter-
minus is unsuccessfully identified. This only occurs on rare
occasions resulting from a change in backscatter of the fjord
due to variable surface characteristics such as choppy surface
waters or significant sea-ice cover. A visual inspection step is
therefore carried out to check these outliers, as well as a
general quality check on a portion of the scenes for each year.
Where automatic detection of the terminus was rejected
(<10%), manual digitization of the front was carried out.

Frontal positions were recorded from ERS SAR scenes
throughout the time series and from November 2006 for the
more frequent but lower-spatial-resolution Envisat Wide
Swath Mode (WSM) data. More than 200 frontal positions
were detected per glacier, with over 487 scenes for
Monacobreen alone.

To measure the advance and retreat of the terminus, the
position of the front was determined along transect lines
measured from the position at the earliest image date. This
study used the average frontal position from three parallel
transect lines for each glacier, to account for non-uniform
retreat across the ice front.

Both the manual digitizing and automatic detection
procedures were tested for error by finding the position
change of a rock outcrop border. The error is approximately
equal to one pixel, which is £20m for the ERS scenes and
around £100m for the Envisat WSM scenes. Although the
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error for the Envisat WSM scenes is larger, the frontal
positions recorded from the Envisat WSM data are consistent
with those extracted from the ERS scenes.

4.3. Calving rate

The calving flux Q. is defined as the volume of ice lost by
iceberg calving from a tidewater-terminating glacier over
any given time. It is usually measured in m”>d™" and is
calculated by:

Qc:Qin_¥/ (1)

where the ice flux into the terminus from up-glacier is Qi
the change in volume loss at the terminus is V, and t is the
change in time (O’Neel and others, 2003). The calving flux
calculation is not possible where the ice-cliff thickness is
unknown, which along with water depth is the case for many
Svalbard glaciers, including the glaciers in this study. For
these glaciers the length calving rate can be used, which is a
useful comparative measure of calving where ice thickness is
not well known and is calculated by simplifying Equation (1).
The length calving rate, U, is defined as the length of
terminus discharged as icebergs per unit time (m d™). It is
calculated from the terminus speed and change in the
terminus position of tidewater-terminating glaciers,
L

UC = UT - ?/ (2)
where U is the vertically average glacier flow speed and L is
the change in terminus length. When L is negative there is a
retreat; when L is positive, the terminus has advanced.

The length calving rate cannot be negative; however, on
rare occasions the measured advance rate was greater than
the measured speed Uy, as a result of lower measured
velocity values than those at the terminus. On these
occasions the length calving rate was set to zero to
overcome this measurement issue. Annual length calving
rates are required to compare changes in calving rates across
the time series. In order to calculate the relevant annual
averages for the velocity and frontal positions, seasonal
values must be calculated. In order to avoid the annual
averages being skewed by data-rich parts of the year
compared to parts of the year with limited data coverage,
seasonal values were calculated by taking the mean for a
3 month period. For example, a mean of the December—
February values provided the winter average, and a mean of
the June—August period provided the summer average. The
annual frontal positions and flow speeds were then calcu-
lated by averaging the four seasonal values for that year. The
resulting annual value is therefore unbiased across the year,
despite different temporal coverage of the scenes, and
variations in the coverage of robust flow speeds from feature
tracking. Annual length calving rates were calculated by
combining the annual frontal retreat/advance rates, and the
speed at the terminus for each glacier.

5. ASSUMPTIONS AND LIMITATIONS

There are a number of assumptions made in calculating the
length calving rate. The first is that the glacier speed used to
calculate the length calving rate is approximately equal to
that of the terminus. The flow speed close to the terminus is
assumed to match that of the calving front due to the
characteristic plug flow of surge-type glaciers (Schytt, 1969).
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Fig. 2. Example velocity map during the surge of Monacobreen.
Velocity values are indicated by the colour bar and are determined
from feature tracking between ERS-1 image pairs from 19 October
and 23 November 1995. The location of the image is shown in
Figure 1.

Terminus flow speeds were not consistently available
throughout the time series due to the increasingly chaotic
nature of crevasses at the terminus, so robust flow speeds up-
glacier from the chaotically crevassed zone were used
which were approximately on the central flowline. The
speed Uy, in Equation (2), was extracted from an area as
close to the terminus as possible and produced robust flow-
speed values for that location throughout the time series. The
location of these points is shown in Figure 1 for each glacier.
This enabled a much more robust and complete time series
of glacier flow speeds which was used to calculate the
length calving rate.

The length calving rate incorporates both calving and
submarine melting at the terminus (Motyka and others,
2003). For the length calving rate to be applicable to the
entire thickness of the glacier, it is assumed that the depth-
averaged velocity, Uy, is equal to the surface flow speed, i.e.
the glacier is sliding. This characteristic of sliding is typical
of surging glaciers (Raymond, 1987). During times of
quiescence, the glacier may or may not be sliding. In either
case the error is small since Uy is >80% of the surface
flow speed.

6. MEASURED ICE DYNAMICS AND CALVING RATES

To illustrate the coverage of velocity measurements, we
present an example velocity map for Monacobreen from the
peak of the surge (Fig. 2). Flow-speed measurement locations
were chosen to be as close to the terminus as possible, and
on the central flowline, with maximum available measure-
ments throughout the time series, indicated by a white cross
in Figure 1.
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6.1. The active surge phase

Increased crevassing, terminus advance and increased gla-
cier flow speeds indicated the active surge phase for each of
the four tidewater glaciers in this study. For Monacobreen,
surface flow rates increased to 4.5+0.6md™" from ~0.6m
d™" during quiescence (Fig. 3a). The timings of changes in
flow speed provide further evidence that the Monacobreen
surge peaked between 1993 and 1995, which is in agreement
with Strozzi and others (2002), who concluded the surge
maximum was in 1994. The terminus advanced almost 2 km
during the surge from its 1991 position, and the glacier
continued to advance after velocities peaked. Annual calving
rates show that although the surface flow speed had a nearly
eightfold increase during the surge, the length calving rate
showed no substantial variation for Monacobreen.

During the surge of Fjortende Julibreen, the glacier flow
speed peaked in 2002, at a time when the terminus was
advancing into the fjord. The calving rate is small for this
glacier during quiescence and remains low during the surge
(Fig. 3b). There is an observed decrease in calving rate
during the surge, but this is within the error limits. The
terminus continued to advance until the flow speed had
returned to a pre-surge level, while maximum frontal
advance occurred in 2004.

Comfortlessbreen demonstrated the same trend as
Monacobreen and Fjortende Julibreen whereby the terminus
continued to advance after the fastest flow phase. The
maximum surface flow rate we measured during the
Comfortlessbreen surge was in July 2008 when surface flow
speeds were 1.95+0.25 md™’ (Fig. 3c). This confirms
previous measurements, which reported a July monthly
average during 2008 of 2md™" (Sund and Eiken, 2010). In
2004, before the surge had initiated, the terminus showed a
small advance and small increase in flow speed. This small
advance and subsequent retreat caused the annual mean
length calving rate to increase in 2006. The length calving
rate for Comfortlessbreen is small during both the quiescent
period and the active surge phase, so care must be taken
when interpreting changes within the error limits (Fig. 3c).
During the active phase of the surge, the advance of the
terminus was at a rate approximately equal to that of the
increased ice flux to the terminus and so the length calving
rate reduces from the 2006 annual mean.

The start of the active surge phase of Blomstrandbreen
was captured at the end of 2007 when the flow speed
increased and the terminus started to advance for the first
time throughout the time series (Fig. 3d). By the beginning of
2009, the active surge phase was dominating the glacier
dynamics and the flow speeds increased throughout the
year. The increased flow speeds were accompanied by an
advance of the terminus and the flow speeds continued to
increase to the end of the time series in January 2010. Due to
the shift from terminus retreat to terminus advance during
the active surge phase, the annual length calving rate was at
its lowest in 2008.

6.2. The quiescent surge phase and seasonal cycle

On all four glaciers, during quiescence a seasonal oscillation
in the calving front was observed. During the summer the
terminus retreat rates increased, whereas during the winter
the retreat rates were restricted or in some years terminus
advance took place. For the Comfortlessbreen surge the
frontal positions showed seasonal variations of ~0.1km,
superimposed on a slow steady retreat from 1991 to 2004.
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When the temporal sampling of glacier flow speeds was
high, a seasonal pattern was observed in the glacier flow
speeds. These observations are noisy due to uncertainty
limits of the measurement technique and the low flow
speeds of these glaciers. Maximum flow occurred in the
summer, while flow speeds were reduced during the winter.
This trend was most obvious when good temporal coverage
of glacier flows speeds existed, and is shown in Figure 3 for
Monacobreen during 2008-09 and for Blomstrandbreen
from 2002 to 2006.

Monacobreen returned to quiescence at the end of 1997,
when glacier flow speeds had reduced significantly and a
steady retreat of the terminus was initiated. After 11 years of
retreat, the terminus returned to the 1991 position, and a
strong seasonal cycle in the calving front position was
observed.

After the termination of the Fjortende Julibreen surge, the
length calving rate increased and the glacier underwent a
steady retreat. The rate of retreat decreased from 2008
onwards, along with the length calving rate, while the base
speed remained steady at ~0.2md™" from 2005 to 2010.
Although this value is below the error limits of the feature-
tracking technique, it is an average over multiple years and
describes the robust underlying trend for this time period.

Blomstrandbreen had a much larger retreat rate during
quiescence compared to the other glaciers in this study.
From 1991 to 2007, Blomstrandbreen retreated ~1.4 km.
Superimposed on the overall retreat is the same seasonal
cycle of reduced frontal retreat during the winter and
enhanced retreat during the summer. This is particularly
noticeable for 1991-2001 and 2002-07, when there is good
temporal coverage for Blomstrandbreen (Fig. 3d).

7. DISCUSSION

7.1. Quiescent-phase dynamics

During the quiescent period prior to the surge, a seasonal
cycle was evident in the terminus positions. This seasonal
cycle was also observed after the surges of Monacobreen
from 2007 onwards and Fjortende Julibreen from 2009
onwards. During these years, enhanced retreat occurred
during the summer, while the rate of terminus retreat was
reduced during the winter. The data show that annual
fluctuations in front position are clearer than fluctuations in
speed, suggesting that calving rate is the main driver of this
pattern as opposed to changes in flow speeds driving
calving. Possible drivers for the seasonal pattern of terminus
advance/retreat could be due to meltwater availability and
the influence of water in crevasses (Nick and others, 2010),
or sea-ice buttressing during the winter, which is a signifi-
cant factor for Greenland tidewater-terminating glaciers
where ice melange is prevalent (Joughin and others, 2008b;
Amundson and others, 2010).

Increasing summer velocities could be a driver for the
seasonal fluctuations in terminus position due to increased
extensional flow and crevassing. However, seasonal velocity
variations cannot be confirmed for the glaciers in this study
due to the limits of the data uncertainties. Seasonal velocity
variations are observed for a nearby glacier, Kronebreen,
which calves into Kongsfjord (Kddb and others, 2005). It is
expected that this seasonal cycle is a common pattern for the
quiescent glaciers in this study and other tidewater-
terminating glaciers in northwest Svalbard. This seasonality
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Fig. 3. Time series of measurements from 1991-2011 for (a) Monacobreen, (b) Fjortende Julibreen, (c) Comfortlessbreen and

(d) Blomstrandbreen. The top panel for each glacier shows the frontal positions relative to the 1991 position where an advance is

positive and retreat is negative. Frontal positions extracted from ERS scenes are plotted as green crosses; those from Envisat WSM scenes are
purple circles. The black line is a plot of the seasonally averaged values to highlight seasonal variations. The middle panels show the surface

flow speeds from feature tracking. The bottom panels show the length calving rates as annual means, in some cases using interpolated

velocity measurements where feature-tracking measurements are not available.
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is likely to be linked to the relationships between subglacial
hydrology, meltwater availability and the drainage of surface
and stored water to the bed (Lingle and Fatland, 2003).

A notable observation is that in the three glaciers that
have already ceased to surge, the terminus continued to
advance after maximum speeds had been observed. The
larger flow regime and calving rate of Monacobreen is
attributed to the larger drainage area of this glacier
compared to the others in the study.

7.2. Active-surge-phase dynamics

During the active surge phase for the four glaciers observed
in this study, the flow speed closely matched the rate of
terminus advance, resulting in the calving rates remaining
low, with no additional mass loss by iceberg calving. This
was likely due to compressive stresses limiting transverse
crevasse propagation and calving. A compressive flow
regime at the terminus during the active phase suggests that
the glacier front could be the surge front (Murray and others,
1998). If the surge front is at the terminus, this supports the
notion that surges on tidewater-terminating glaciers initiate
at the glacier front and most likely propagate up-glacier
(Murray and others, 2003b).

On all four glaciers the seasonal variation in frontal
positions was not observed during the active surge phase, as
the dynamics of the surge dominated the flow regime and the
glacier changed to a state of increased glacier flow and
terminus advance. Late in the active phase as flow speeds
started to decrease, the terminus continued to advance due to
the above-average ice flux to the terminus. When flow speeds
returned to magnitudes more common with those in
quiescence, transverse crevasses which had opened up
behind the terminus as a result of increased longitudinal
strain rates and velocity gradients may have propagated to
the terminus and encouraged calving by providing prefer-
ential lines of weakness (Benn and others, 2007). Increased
crevassing may also explain the seasonal retreat pattern,
whereby increased velocities during the summer and associ-
ated strain rates are likely to cause the crevasse density to
increase, leading to enhanced calving during the summer
and a reduced retreat rate or advance during the winter. In
this mechanism, calving is controlled by the factors that
control the ice thickness and velocity, with calving respond-
ing to the overall glacier dynamics, as opposed to calving
events triggering dynamic changes up-glacier, such as flow
acceleration (Benn and others, 2007).

7.3. Comparisons with other Svalbard surges

During the surge of Monacobreen, flow speeds increased
nearly eightfold, whereas Fjortende Julibreen, Comfortless-
breen and Blomstrandbreen had an increase of approxi-
mately five times the base flow rate. This is lower than the
10-100-fold velocity increase that is typical of surging
glaciers (Murray and others, 2003a). Monacobreen, Fjor-
tende Julibreen and Comfortlessbreen all started to retreat
once flow speeds had reverted to those associated with
quiescence. Although only the initial retreat of Comfort-
lessbreen was captured in the time series, we expect the
reduced ice flux to the terminus will remain low and the
terminus is likely to undergo a long steady retreat.

During Blomstrandbreen’s quiescent phase the terminus
retreated 1.4km from 1991 to 2007. This retreat rate is
significantly greater than the retreat rates prior to the surge of
the other glaciers in this study. For example, Monacobreen
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retreated 0.75-1.45 km between 1966 and 1990 (Luckman
and others, 2002). The large retreat rates of Blomstrandbreen
are likely to be explained by the fact that it retreated from a
pinning point on the bed into deeper water away from the
island Blomstrandhalveya. Retreating into deeper water
encourages fast flow and increased longitudinal strain at
the terminus, promoting crevasse propagation and calving
losses (Meier and Post, 1987).

The gradual onset and length of the active phase of the
four surges in this study are in keeping with other surges in
Svalbard (Meier and Post, 1969; Dowdeswell and others,
1991; Hodgkins and Dowdeswell, 1994; Murray and others,
2003b). Fjortende Julibreen had previously not been known
to surge, but the measured flow-speed increase and terminus
advance show a 3 year active phase for this glacier as well as
for Comfortlessbreen, with a 7year active phase for
Monacobreen. Although the length of the active phase for
Blomstrandbreen is yet to be determined since the surge is
ongoing, the observed active surge phase from late 2007
through to 2010 is already longer than would be expected
for North American, Icelandic or Pamir surges (Dowdeswell
and others, 1991). This timing dissimilarity is due to the fact
that Svalbard surges are slower, so the down-glacier transfer
of mass from the reservoir zone takes place over longer
time periods.

The large increases of glacier flow speed for Blomstrand-
breen accompanied by glacier advance from the end of
2007 to 2010 show the first signs of a change of regime from
quiescence to an active surge phase since the glacier last
finished surging in 1966. This gives a surge cycle of ~47
years for Blomstrandbreen, which is close to the lower limit
for known Svalbard surges (Dowdeswell and others, 1991).
Blomstrandbreen is one of only five glaciers that have been
observed to surge twice (Dowdeswell and others, 1991). The
surge cycles of these glaciers include 40 years for Tuna-
breen, 70 years for Hambergbreen, 110 years for Recherche-
breen and 133 vyears for Fridtjovbreen (Dowdeswell and
others, 1991; Hagen and others, 1993). Tunabreen has since
surged in 2003-05, which is in keeping with a 40 year cycle
and makes it the only Svalbard glacier known to have surged
three times (personal communication from D. Benn, 2011).

Svalbard surge-type tidewater-terminating glaciers have
been observed to increase in calving rate during the active
surge phase (e.g. Etonbreen and Brasvellbreen (Dowdeswell,
1989)). However, the calving rates for these observations
were not well constrained but were inferred from obser-
vations of icebergs and the presence of brash ice at the
terminus. During the surge a change in the type of iceberg
calving typically occurs, from small bergs during quiescence
to moderate-sized icebergs during the active surge phase
(Dowdeswell, 1989). The observations of Monacobreen,
Fjortende Julibreen, Comfortlessbreen and Blomstrandbreen
support those from Persiebreen, which show terminus
advance rates closely matching the increased flow rates of
a surge (Dowdeswell and Benham, 2003). The glaciers in
this study underwent terminus retreat after the point of
maximum ice flux, highlighting the importance of the
timings of the surge cycle when estimating short-term mass
loss from iceberg calving.

8. CONCLUSIONS

From an analysis of ERS, ALOS and Envisat WSM SAR
scenes the frontal positions, surface flow speeds and calving
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rates of four tidewater-terminating surging glaciers in north-
west Svalbard have been investigated. The gradual onset and
length of the active phase of Monacobreen, Fjortende
Julibreen, Comfortlessbreen and Blomstrandbreen are in
keeping with other Svalbard surges. The initiation of the
Blomstrandbreen surge at the end of 2007 shows the surge
cycle length is ~47 years which is at the lower limit of

known surge periods in Svalbard.

Despite the large increase in glacier flow, the calving rate
did not increase during the active phase of each surge, as the
terminus advance was at a rate similar to the increased flow.
Terminus advance rates closely matched velocities during
the active phase. After the maximum flow speed had been
reached, the terminus continued to advance. We hypothe-
size that the terminus advance occurred when compressive
stresses most likely limited crevasse propagation and calv-
ing. Calving rates increased only after the active phase of the
surge had been completed, at which time the flow most
likely returned to an extensional regime and calving took
place along transverse crevasses at the terminus. This
process supports the view of calving being driven by ice
flux and terminus position changes, as opposed to the
alternate view whereby calving triggers changes up-glacier,
including flow acceleration (Meier and Post, 1987; Howat

and others, 2005).

In all four glaciers a seasonal retreat pattern is observed
during the quiescent period. Enhanced retreat occurred
during the summer, while the rate of terminus retreat was
reduced during the winter. During the active phase of each
surge, the change in flow regime to a fast-flowing advancing
glacier dominated the glacier dynamics, and the seasonal
cycle was not observed at the scale of this study. Terminus
retreat and an increase in calving was only observed after
the active phase of the surge had completed. The results
highlight the importance of understanding the timings and
compressive/extensional flow regimes when quantifying

calving losses of tidewater surge-type glaciers.
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