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Abstract

A large part of the ice discharge from ice caps and ice sheets occurs through spatially
limited flow units that may operate in a mode of steady flow or cyclic surge behaviour.
Changes in the dynamics of distinct flow units play a key role in the mass balance of
Austfonna, the largest ice cap on Svalbard. The recent net mass loss of Austfonna was
dominated by calving from marine terminating outlet glaciers. Previous ice-surface ve-
locity maps of the ice cap were derived by satellite radar interferometry (INSAR) and
rely on data acquired in the mid-1990s with limited information concerning the temporal
variability. Here, we present continuous Global Positioning System (GPS) observations
along the central flowlines of two fast flowing outlet glaciers over 2008—2010. The data
show prominent summer speed-ups with ice-surface velocities as high as 240 % of
the pre-summer mean. Acceleration follows the onset of the summer melt period, in-
dicating enhanced basal motion due to input of surface meltwater into the subglacial
drainage system. In 2008, multiple velocity peaks coincide with successive melt peri-
ods. In 2009, the principle melt was of higher amplitude than in 2008. Flow velocities
appear unaffected by subsequent melt periods, suggesting a transition towards a hy-
draulically more efficient drainage system. The observed annual mean velocities of
Duvebreen and Basin-3 exceed those from the mid-1990s by factors two and four,
respectively, implying increased ice discharge at the calving front. Measured summer
velocities up to 2 md~" for Basin-3 are close to that of Kronebreen, often referred to
as the fastest glacier on Svalbard.

1 Introduction

Spatially limited flow units are a typical feature of large ice caps and ice sheets and
responsible for most of the ice flux from the interior/accumulation area towards the
margin/ablation area. Changes in the dynamics of these flow units have strong impli-
cations on glacier mass balance. Transported towards the margin, the ice is exposed to
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increased surface melt and, in case of marine-terminating outlets, iceberg calving. The
calving rate depends on the ice flux towards the calving front and the position change
of the terminus. Iceberg calving allows for more rapid and abrupt ice mass loss than
surface melt. lts potential contribution to eustatic sea-level rise (SLR) is suggested to
account for up to 2m by the end of this century (Pfeffer et al., 2008). Yet, this con-
tribution is excluded from the last consensus estimate, 0.18-0.6 m SLR until 2100, by
the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment (Solomon
et al., 2007).

Fast glacier flow is achieved by basal motion rather than by internal deformation
and requires basal temperatures at or near the pressure-melting point. Basal motion
refers to sliding of the ice base over bedrock (Clarke, 1987) or deformation of sub-
glacial sediments (Clarke et al., 1984; Tulaczyk et al., 2000; Fischer and Clarke, 2001).
On shorter timescales (hourly to seasonal), flow variations appear closely linked to
changes in effective pressure at the glacier base, i.e. ice overburden reduced by basal
water pressure (Meier and Post, 1987). In addition, calving events (Thomas, 2004)
or buoyancy perturbations due to ocean tides (O’Neel et al., 2003) may influence the
stability of marine termini, and cause velocity fluctuations to propagate up-glacier by
means of longitudinal stress coupling (Price et al., 2008; Nick et al., 2009).

Excessive charge of the subglacial drainage system early in the summer melt sea-
son increases the basal water pressure, thereby weakening the ice-bed coupling and
promoting high velocities in excess of those during winter (Iken and Bindschadler,
1986). While the phenomenon was first observed and studied on temperate alpine
glaciers, enhanced ice-surface velocities following surface melt were also reported
for the Greenland ice sheet (Zwally et al., 2002) and Arctic glaciers with polythermal
regimes (Copland et al., 2003; Rippin et al., 2005; Nuttall and Hodgkins, 2005). In polar
environments, glacier acceleration usually lags the onset of summer melt. Meltwater
refreezes in the snowpack until the cold-content of the snow (and firn) is diminished
and basal lubrication does not occur, before a connection between the supraglacial
and englacial/subglacial drainage system is established (Copland et al., 2003). Abrupt
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and vigorous water input may follow drainage events of supraglacial lakes, that are
known to form at the surface of many Arctic glaciers during summer. The relationship
between surface melt and glacier acceleration is not linear, but depends on the nature
of the basal hydraulic system and the response time needed to adjust for changes in
water input. Sustained input of large volumes of meltwater may hamper rather than
enhance glacier motion, as recently observed in SW Greenland (van de Wal et al.,
2008; Sundal et al., 2011). Model results illustrate that a transition from a hydraulically
inefficient distributed drainage system to an efficient channelized system can explain
glacier slow-down during sustained melt periods (Schoof, 2010).

Ice-surface velocity maps of good spatial resolution can be determined by satellite
radar interferometry (INSAR; e.g. Rott, 2009) or speckle/intensity tracking of SAR in-
tensity images (Strozzi et al., 2002). A disadvantage of these methods is that suitable
data is only available for limited time periods. Continuous or repeated ground-based
Global Positioning System (GPS) observations yield displacement rates of specific sur-
face points. GPS measurements provide velocity time series at the desired temporal
resolution and at high accuracy, however, with limited information on the spatial vari-
ability.

At Austfonna, the largest ice cap on Svalbard, INSAR revealed distinct fast-flow
units embedded in a slow moving bulk of the ice cap (Dowdeswell et al., 1999; Be-
van et al., 2007). These studies rely on data acquired during the winter months of
the mid 1990s. They do not capture the seasonal variability and may not reflect the
present dynamics of individual outlet glaciers. The ice cap comprises several surge-
type basins and its current net mass loss is mainly attributed to calving from the marine
ice margin (Dowdeswell et al., 2008; Moholdt et al., 2010). Also the calving estimate of
25+05km°a”" w.e. published by Dowdeswell et al. (2008) rely on mid 1990s surface-
velocity snapshots.

In this study, we present continuous GPS-measurements along the central flowlines
of Duvebreen and Basin-3, two of Austfonna’s fast-flow units. The presented GPS
records span a two-year period, and allow investigation of seasonal and year-to-year
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changes in flow velocities. Basin-3 was reported to have undergone a short-lived flow-
instability or “mini-surge” in the early 1990s (Dowdeswell et al., 1999). In parallel to the
GPS data, we consider the temperature record of a nearby automatic weather station
(AWS) to investigate a possible relationship between surface melt and flow dynamics
and compare the recently measured flow velocities with those from the mid 1990s.

2 Survey area
2.1 The Austfonna ice cap

Austfonna is a ~8000km? large ice cap centered at 79.7°N, 24.0°E on the island
Nordaustlandet, in the northeast of Svalbard (Fig. 1).

The ice cap represents the largest ice body on the highly glacierized archipelago. It
consists of one main dome that rises to 800 ma.s.l., where the ice thickness reaches
its maximum of about 580 m (Dowdeswell et al., 1986). A main ice divide separates
the northwestern basins, predominantly terminating on land or in narrow fjords, from
the southeastern basins, that are to a large extent grounded below sea level and form
an almost continuous calving front towards the Barents Sea (Dowdeswell, 1986; Ha-
gen et al., 1993). The general ice-surface velocity pattern derived from InNSAR data
acquired in January 1994 is typical for a slow moving Arctic ice cap. The bulk of the ice
is moving at low velocities < 10ma™’, interrupted by spatially limited flow units char-
acterized by enhanced ice surface velocities in the range of about 50-250ma”' and
coincident with subglacial valleys or troughs (Dowdeswell et al., 1999). Model results
suggest that the large ice thickness within these valleys allows for temperate basal con-
ditions, and hence, basal motion as the dominant mechanism of ice flow (Dunse et al.,
2011). Several basins are known to have surged in the past, specifically Etonbreen and
Brasvellbreen in the 1930s and Basin-3 between 1850-70 (Schytt, 1969; Lefauconnier
and Hagen, 1991). A submarine push-moraine in front of Basin-5, a northeastern
neighbour of Basin-3, suggests that also this basin may have surged, probably within
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the past 100years (Robinson and Dowdeswell, 2011). Currently observed elevation
changes with interior thickening at rates of up to 0.5 ma~" and marginal thinning at
1-3ma”’ (Bamber et al., 2004; Moholdt et al., 2010) can be explained by low ice
flux rates within surge-type basins in their quiescent phase (Hagen et al., 2005; Bevan
et al., 2007). Geodetically derived mass balance for the time period 2002-08 suggest
a surface mass balance close to zero with a mean equilibrium-line altitude (ELA) of
about 450ma.s.l. for the northwestern and 300ma.s.l. for the southeastern basins.
For 2008, mass balance stakes indicate an unusual low ELA (Moholdt et al., 2010).
Yet, the net mass balance of Austfonna is negative, —1.3+0.5 km® a'1, due to calving
and retreat of the marine ice margin at rates of several tens of meters per year during
the past few decades (Dowdeswell et al., 2008).

Here, we focus on the central flowlines of two fast-flowing outlet glaciers along which
surface velocities have been determined earlier by Dowdeswell et al. (1999): Duve-
breen in the northwestern and Basin-3 in the southeastern section of the ice cap
(Fig. 1). When the flowlines were visited on 25 August 2008, a continuous winter
snow cover persisted down to the calving termini. In 2009 the ELA was positioned
higher up than in 2008, but still below average, at about 200ma.s.l. on both Duve-
breen and Basin-3. In the following, we present general features of the dynamics of
the two basins and the geometry along their central flowline. The latter is based on
ground-penetrating radar and kinematic GPS data, further described in Sect. 3.2 and
Appendix A. Each flowline is defined by five specific survey locations, equidistantly dis-
tributed over a length of 16 km (Fig. 2).

2.2 Basin-3

Basin-3 coincides with the eastern half of a major valley that runs west-eastwards
across Nordaustlandet. A large area of the basin is marine grounded down to depths
of ~150 m below sea level and the terminus calves into the Barents Sea (Dowdeswell,
1986). Basin-3 has surged some years prior to 1873 (Lefauconnier and Hagen, 1991).
The terminus has retreated ~8 km from its maximum extent marked by the position of
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a large submarine push moraine since (Robinson and Dowdeswell, 2011). The ob-
served surface profile is relatively flat (Dowdeswell, 1986). This may be indicative for
the early quiescent phase (Meier and Post, 1969), thus implying a long, multi-century
surge cycle. Alternatively, the flat surface profile could be explained by a consider-
able contribution of basal motion to the overall ice flow. Along the surveyed section
of the flowline, surface elevations rise from 121 ma.s.l., ~5km from the calving front,
to 356 ma.s.l. with a mean surface slope of 0.84° (Fig. 2a). The glacier is grounded
below sea level along the entire section. The bedrock is relatively flat over the lower
12km, with bedrock elevations around —100ma.s.l. Further upstream, the bedrock
rises to near sea level and features two bedrock protrusions. The ice thickness gradu-
ally thickens upglacier from 220 to 361 m and a mean of 313 m.

INSAR analysis based on SAR scenes acquired in the early 1990s revealed a dis-
tinct flow unit of 5—-6 km width, topographically constrained by Isdomen, a prominent
subglacial hill to the north (Dowdeswell et al., 1999). Velocities in February 1992 were
as high as 140 m a~! at the terminus, whereas in January 1994, only 80 m a~' were ob-
served. Visible Landsat imagery suggest that the flow unit was fairly inactive between
1973-91 and that fast flow was initiated after 1991. Calculated balance velocities were
one order of magnitude smaller than the observed surface velocities. Dowdeswell et al.
(1999) thus interpreted the change in flow velocities as a short-lived flow instability or
mini-surge initiated after 1991, arguing that the ice flux cannot be sustained under the
present climate.

2.3 Duvebreen

Duvebreen, in the northwest of Austfonna, drains into the narrow Duvefjorden where
the terminus forms a ~2km wide calving front towering ~30 m above the water sur-
face. InSAR-derived velocities for February 1992 and January 1994 ranged from
20-80ma™’ along the central flowline (Dowdeswell et al., 1999).

Surface elevations along the surveyed section range from 207 ma.s.l., 4-5km up-
glacier from the calving front, to 548 ma.s.l. with a mean surface slope of 1.22°
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(Fig. 2b). The ice thickness ranges from ~300m at the lower to >400m at the up-
per end, with a mean of 328 m. The bedrock topography is relatively flat in the upper
half, with elevations ranging from 100-160ma.s.l. Further downglacier, the bedrock
abruptly drops down to sea level and beyond, reaching depths of more than 100 m be-
low sea level. Bedrock protrusions of several 100 m in diameter and 20-30 m heights
promote local increase in ice-bed coupling and hence, compressive flow. Convex ice-
surface undulations therefore appear slightly upglacier from bedrock protrusions. Vice-
versa, concave surface elevations coincide with downglacier sloping bedrock. A very
prominent surface depression lies upglacier from the bedrock escarpment. Field in-
spections in spring 2008 suggest that a supra-glacial lake may form within the depres-
sion during the summer melt season.

3 Methods

In spring 2008, we established a series of stakes along the central flowlines of Duve-
breen and Basin-3. Each flowline was surveyed by five GPS recording units, mounted
atop the stakes, drilled in the glacier ice at 4 km intervals, numbered 1 -5 in upglacier
direction (Fig. 2; Table 1). Maintenance and data retrieval took place in early May 2009
and 2010 during the annual ground-based field season and during a short visit in Au-
gust 2009. The lower units were positioned in highly crevassed areas with a thin snow
cover in May 2009, and hence weak snow bridges, prohibiting access of all units on
Basin-3 (B3#1-5) and the lowermost one on Duvebreen (Duve {1). Insufficient power-
supply caused a gap in the observations between June and August 2009.

3.1 Continuous Global Positioning System (GPS) observations

We utilized single-frequency GPS receivers that operate unmaintained over time peri-
ods of 1 year or longer (van de Wal et al., 2008; den Ouden et al., 2010). The receivers
switch on every hour for a period of 3 min to allow the system to stabilize. Subsequently,
positions are computed within the receiver and the geographical position and time are
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logged. Post-processing capabilities are restricted by the limited information stored,
i.e. we do not apply correction with respect to atmospheric effects such as ionospheric
and tropospheric delay, clock information or satellite configuration. Instead, the simple
broadcast orbits with the WGS84 reference frame are used and a running average is
applied to remove high frequency noise at the cost of temporal resolution. Based on
the standard deviation of the average position of a reference station in central Spits-
bergen during 2006 — 2009, the horizontal accuracy of the system was determined to
be 1.62m (den Ouden et al., 2010). Our measurement period largely overlaps with the
period investigated by den Ouden et al. (2010) and is characterized by a solar iono-
spheric minimum. A greater error associated with the neglected ionospheric delay and
hence, uncertainty in the positioning is to be expected in years with higher solar activity.

The raw data consists of hourly records of the geographical position and the associ-
ated date and time. Outliers and data gaps are identified by determining the standard
deviations within a moving time window of 72 hours. An individual dataset entry is dis-
regarded, if it raises the standard deviation of either the latitude or longitude above a
specified threshold (e.g. 10 %). Outliers and data gaps may result from loss of energy
supply, bad satellite reception, e.g. due to riming of the antennas or external distur-
bances of the satellite signal, such as ionospheric effects. Daily displacements in the
range of 0.1—1m are within the uncertainty of the system’s position measurements.
Thus, data averaging over multiple days is required to yield meaningful results. The
cleaned raw data is converted to UTM33X and a daily mean position (at hour 1200)
is assigned, if at least 12 out of 24 samples of a particular day are available. The
daily averages are characterized by significant noise reduction, compared to the hourly
raw data (Fig. 3a). A 7day running mean is applied independently to the daily East-
ing and Northing. This further enhances the robustness of the position measurement,
however, at the cost of the temporal resolution. Daily displacements and hence ve-
locities are calculated from the averaged positions utilizing the theorem of Pythagoras.
Considering the small horizontal scales discussed here, the curvature of the Earth can
be neglected. Finally, the velocity record is smoothed by applying a second 7-day
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running-mean (Fig. 3b). Daily averaging has been shown to reduce the standard devi-
ation in the position measurement to <0.5m (den Ouden et al., 2010). Accordingly, the
maximum error in the displacement between consecutive days is 1 md"1(365ma"1).
The error in displacement between two arbitrary daily mean positions, e.g. at the be-
ginning and end of a 1year period, remains unaffected and the accuracy increases
significantly, i.e. to 1 ma~'. Annual velocities according to the mean of the computed
daily velocities differ from annual velocities inferred by the begin-end method by typi-
cally less than 1%. Exceptions can be explained with incomplete records of daily values
within a certain period. This indicates that the filtering of the GPS data provides robust
estimates of ice-surface velocities.

3.2 Additional data

Low-frequency ground-penetrating radar (GPR) and ground-based kinematic Global
Navigation Satellite System (GNSS; GPS and GLONASS) observations were collected
in spring 2008 and combined to derive glacier geometry along the flowlines. Where
GPR measurements are lacking, bedrock elevations are interpolated utilizing additional
information from a bedrock map at 1 km horizontal resolution (Dunse et al., 2011). A
detailed description of the methodology is provided in Appendix A.

The air temperature record from an AWS, located in the western part of Austfonna
at 510ma.s.l., (Fig. 1; Schuler et al., 2007) is used to derive time series of cumulative
positive degree-days (PDD) over the summer months. The annual PDD is the sum of
daily mean air temperatures above melting over the period of an entire melt season
(counted in °Cd) and an indicator for surface melt (Reeh, 1989). The temperature
record is not modified to account for the specific location or surface elevation of indi-
vidual stakes, e.g. by application of a temperature lapse rate. Doing so, would result
primarily in a shift in the absolute PDD values, but would not affect the timing of signif-
icant melt periods. In summer 2008, the PDD reached 52 °C d, with maximum diurnal
temperatures up to ~2.5°C, while throughout summer 2009, the PDD was significantly
larger, 78 °C d and maximum temperatures reached ~3.5°C.
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4 Results
4.1 Ice-surface velocities: 2008/2009 vs. 2009/2010

The GPS records span the time period from May 2008 to May 2010 and allow inves-
tigation of seasonal and interannual changes in ice-surface velocities. Over the mea-
surement period , ice-surface velocities decreased with distance upglacier along the
central flowlines (Fig. 4). In 2008, a prominent summer speed-up occurred at all sta-
tions on Basin-3 (Fig. 4a). Subsequently, ice-surface velocities gradually decreased
from their summer maxima maintaining relatively high speeds during the winter months
compared to the pre-summer minimum, occurring in June. Velocities in June 2009
were above those observed in June 2008. Unfortunately, the summer speed-up of
Basin-3 was not captured in 2009, but measured velocities from late summer 2009
until May 2010 appear to be shifted to higher values, compared to the corresponding
period of the previous year. Annual mean velocities during May 2008 to May 2009
ranged from ca. 120 ma~' at B3#5 to 400ma”"' at B3 #1 (Table 2). Over the period
May 2009-2010, velocities increased by 21-41%.

At Duvebreen, ice-surface velocities maintained a steady level over the two-year pe-
riod, with short-lived summer speed-ups noticeable at the lower locations (Fig. 4b).
Within a few weeks after the summer maximum, velocities returned to pre-summer val-
ues. Annual mean velocities ranged from 40 m a~" at Duve #5 to 200ma™" at Duve #1.
In 2009/2010, the annual mean velocity decreased by ca. 10% at the lowermost stake
(Duve #1), compared to 2008/2009, while velocities at the other measured locations
(Duve #2-4) did not change significantly. The GPS unit at Duve #5 did not function in
2009/2010.

4.2 Summer speed-up 2008 and 2009

Ice-surface velocities at Basin-3 underwent a clear annual cycle with lowest velocities
preceding a prominent summer speed-up (Fig. 4). During June, the velocities were
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characterized by a quasi-stationary pre-summer low. The associated monthly means
and standard deviations provide a reference against which to compare maximum sum-
mer velocities. We define the onset of the summer speed-up at a particular location
as the day where velocities are in excess of three standard deviations from the pre-
summer mean. The summer speed-up was initiated at the lowest location and occured
with several days delay between stations located further upglacier (Figs. 5 and 6). The
summer maximum, however, was reached at about the same day at all locations of a
particular flowline (Table 3). At Basin-3, in summer 2008, a summer speed-up was de-
tected at all locations with a onset-delay of 11 days at the highest location (B3 #5) com-
pared to the lowermost (B3 #1; Fig. 5a). The maximum summer velocity was reached
9-25 days after the onset date, in the beginning of August (29 July—3 August) and
ranged from 1432ma”" to 698.5ma"'. This corresponds to a velocity increase of
53—-140 % compared to the pre-summer mean. The relative acceleration is smallest at
the uppermost station and increases further downglacier. At Duvebreen, the summer
speed-up was less pronounced and only noticeable at the locations further downglacier
along the flowline (Fig. 5b).

The 2008 summer speed-up was characterized by 3 distinct peaks, concurrent at
all locations. The second and third peaks followed ~2 and 7 weeks after the primary
summer maxima. (Fig. 5a, b). The initial summer speed-up coincided with the first
prolonged period with air temperatures above 0°C in the second half of July (Fig. 5c).
The two other velocity peaks coincided with a second and third period of melting that
lead to a significant rise in cumulative PDD. In 2009, summer velocities were only
recorded at 3 locations of Duvebreen (Duve #2-4; Fig. 6). The 2009 summer speed-up
at these locations was of higher amplitude (Table 3) and also detected further upglacier
than in 2008, where only the two lowermost stakes (Duve #1-2) showed significant
acceleration.
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5 Discussion
5.1 Surface-velocities fluctuations

The distinct characteristics of the summer-speed up in 2008 and 2009 can be ex-
plained by the total volume of surface-generated meltwater and the timing of the input
into the subglacial drainage system. Summer 2008 was characterized by relatively low
air temperatures, yielding a low cumulative PDD and hence, little surface melt. Snow
cover persisted over the ice cap throughout the entire summer season and is likely to
have maintained high surface albedo, thereby reducing the energy available for melt.
The input of small volumes of melt water to the subglacial system may not have been
sufficient to establish an efficient drainage system. Consequently, renewed melt water
input during late-summer melt periods, associated with a distinct increase in cumula-
tive PDD, presumably provoke high subglacial water pressure and enhanced hydraulic
lubrication. In 2009, air temperatures were significantly higher, yielding a cumulative
PDD of 78°Cd, compared to only 52°Cd in 2008. The summer speed-up in 2009
coincided with a strong increase in cumulative PDD. A second significant melt period
in the end of August had no clear effect on the observed surface motion, in contrast
to comparable melt periods in 2008. This indicates that in 2009, the basal drainage
system was able to accommodate the increased input of meltwater likely associated
with the warm events, without weakening the ice-bed coupling. This in turn implies that
a hydraulically efficient drainage system evolved earlier in summer during the principle
melt period (late July to early August). At both flowlines, an upglacier propagation of the
onset of the summer speed-up was observed. This can be explained by a later onset of
surface melt and hence local input of meltwater into the englacial/subglacial drainage
system, together with longitudinal coupling, with increased delay in the response of
upglacier ice regions to a speed-up initiated further downglacier.

At Basin-3, the decrease from the summer-2008 velocity peak was slow and grad-
ual. This indicates that also basal water pressure remained at a high level and only
decreased gradually. An inefficient drainage system may have retained a significant
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fraction of basal water throughout the winter months, thereby facilitating continuous,
though diminishing basal lubrication or plastic deformation of water-saturated sedi-
ments. The bedrock slope along the surveyed profile is gentle and lies below sea level
along its entire length, providing little topographic resistance to basal sliding and facili-
tating upglacier propagation of velocity fluctuations through longitudinal coupling. This
may explain why the summer speed-up is noticeable at all locations, albeit at decreas-
ing amplitude further upglacier. The observed acceleration of Basin-3 in 2009/2010
compared to 2008/2009 could be explained by a general shift of the basal water pres-
sure towards higher values, but this remains speculative, as no information of basal
hydrology is available.

At Duvebreen, the multiple summer speed-ups in 2008 and the single one in 2009
were short-lived in nature. The surface velocity quickly returned to pre-summer values.
This may be explained by a rapid transition from a hydraulically inefficient, distributed
drainage system to a hydraulically efficient, channelized system. Another explana-
tion is provided by the specific topography, which is fundamentally different than that of
Basin-3. At the uppermost 3 stakes on Duvebreen (Duve #3-5) the glacier is grounded
about 100 ma.s.l. (Fig. 2). Duve #2 is located just downglacier of a steep drop into the
narrow Duvefjord, where bedrock elevations reach deeper than —100 ma.s.l. (Duve #1).
The steep valley walls may possess significant lateral drag upon the lower section of
the glacier, i.e. below Duve #2. Additional basal lubrication has to compensate for the
lateral drag. This may only be fulfilled in periods where the basal water pressure ex-
ceeds a certain threshold. Lateral shear may thus stabilize the terminus of Duvebreen
and make the glacier less prone to terminus fluctuations and/or longitudinal coupling of
changes in terminus dynamics, initiated at the calving front. The steep bedrock topog-
raphy at Duve #2 promotes the formation of surface crevasses (those have also been
observed in the field) and facilitates meltwater routing to the bed. The presence of
soft sediments and a reduction in effective normal pressure may alternatively explain
the sensitivity of the marine grounded section to flow perturbations as also suggested
by recent model experiments (Dunse et al., 2011). In 2009, surface melt and input of
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meltwater into the englacial/subglacial drainage system may have occurred at higher
elevation, causing noticeable summer speed-up also at higher stations.

5.2 Implications for iceberg calving

Changes in the dynamics of marine terminating glaciers have a direct impact on the
iceberg discharge. The calving flux, q., is determined by the ice flux through the calving
front and the position change of the front. Following van der Veen (1996) the calving
flux can be expressed as:

— dL
QCz(uc_E)'hW M
where v, is the depth-averaged velocity at the calving front, % the change in front

position over time (positive in case of advance, negative in case of retreat) and /# and
w are the vertical and horizontal dimensions of the calving front.

Using the InSAR-derived surface velocities, Dowdeswell et al. (1999) investigated
the ice flux within the flow unit of Basin-3. Estimating the cross-sectional area
to 5km x240m, ~7.5km upglacier from the marine ice margin, and assuming a
depth-averaged velocity corresponding to 85% of the measured surface velocity,
90ma~" in winter 1992 and 50ma™" in winter 1994, the ice flux amounted to 0.1
and 0.05km®a™" respectively. Dowdeswell et al. (2008) provided a total calving esti-
mate for Austfonna, distinguishing between the ice-flux through the calving front and
margin-change flux contribution of individual basins. The calving flux from Basin-3 was
dominated by marginal retreat, accounting for 0.3 km®a~" out of a total 0.45km>a™".
The ice flux through the calving front contributed 0.15km%a™"'. The calving flux from
Duvebreen was dominated by the ice-flux contribution, accounting for ~75 % of a total
calving flux of 0.1 km3a~'.

Dowdeswell et al. (1999, 2008) considered his annual ice flux estimates to repre-
sent a lower limit, because flow rates during the winter months December to February,
corresponding to the acquisition period of the SAR data used, are usually lower than
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average. However, our two-year record indicate that velocities in December to Febru-
ary are approximately equal or, in case of Basin-3 over the period 2009—2010, even
slightly larger than the corresponding annual average (Fig. 4). Mean-annual veloci-
ties 2009/2010 of 479ma™" at B3#1 and 444ma~" at B3#2 (Table 2), about 4-5km
and 8-9km from the marine margin, indicate a more than four-fold velocity increase
compared to those used to derive previous ice flux estimates. Applied to the flux-
gate defined by Dowdeswell et al. (1999), the ice flux within Basin-3 increased from
0.1km®a~" in 1992 to 0.45km®a~" in 2009/2010, indicating that the ice flux contribu-
tion may have surpassed the contribution from marginal retreat. The flow velocities
along the central flowline of Duvebreen doubled from 20—-80 m a~' in the mid-1990’s to
35-200ma”" in 2008-2010, also suggesting an increased ice-flux contribution to the
total calving flux. New data on the marine outline is required to assess the total calving
flux.

6 Conclusions

Annual mean and mean winter flow velocities of Duvebreen over the period 2008-2010
were twice as high as those inferred for winter in the 1990s. The spatial velocity pattern
and the characteristics of summer speed-up appear to be controlled by the distinct
topography with the lower part of the glacier flowing over an escarpment and being
channelled into a deep and narrow fjord. Likewise, Basin-3 has accelerated by about
a factor four compared to the 1990s and showed also an acceleration of 30-40 %
from 2008/2009 to 2009/2010. Velocities measured during summer 2008 reach up to
2md™’ (700 m a'1) within 5 km from the calving front and are as high as those reported
from Kronebreen, often referred to as the fastest tidewater glacier on Svalbard, with
annual mean velocities up to 1.5m d'/550ma™’ (Lefauconnier et al., 1994) and recent
summer maxima of 2.5md~' measured at the calving front (Rolstad et al., 2009).

In 2008, the observed summer speed-up of both Basin-3 and Duvebreen appears
closely linked to positive diurnal air temperatures/cumulative PDD, a proxy for surface
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melt and potential input of meltwater into the englacial/subglacial drainage system.
In 2009, GPS observations only cover the speed-up of Duvebreen. Summer 2009
was significantly warmer than summer 2008 with a pronounced principle melt period
(late July to early August) and the relationship between ice-surface velocity and air
temperature is more complex. Meltwater volumes produced later in the melt season
do not lead to positive excursions in glacier flow. This indicates that a hydraulically
effective drainage system has established in the course of the principle melt period
and increased meltwater input can therefore be accommodated without raising basal
water pressure and enhancing basal lubrication.

Appendix A

Derivation of glacier geometry along flowlines

To derive the glacier geometry along the flowlines, we combine surface elevation pro-
files from ground-based kinematic GNSS with low-frequency GPR measurements of
ice thickness. Kinematic GNSS observations were logged at a rate of 1 Hz (approx. ev-
ery 5.5m) and differentially post-processed using a stationary GNSS as reference,
yielding an accuracy of typically better than 5cm in horizontal position and 10cm in
height (Eiken et al., 1997). GPR (VIRL-6) measurements were triggered every 2m
by means of an odometer. Navigation data was recorded simultaneously with the
GPR data using a GPS Garmin Il Plus receiver (Vasilenko et al., 2010). The radar
transmitter generates pulses of 25 ns duration with a center frequency of 20 MHz, re-
sulting in a system resolution of approximately 2 m (assuming a radio-wave velocity of
0.168 +0.0005mns ™", typical for cold ice). The precision of the ice thickness mea-
surements was estimated to ~1.6 m, based on the standard deviation in ice thickness
at more than 34000 crossover points from the entire Austfonna survey (personal com-
munication G. Moholdt, Department of Geosciences, University of Oslo, Oslo, Norway,
2011). The precision represents the error in ice thickness due to the uncertainty in
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the time measurement (digitization of bedrock reflection). The accuracy in ice thick-
ness is determined when adding an absolute error of about 0.3% (3 mm per meter
ice) to the precision value. This absolute error is related to the uncertainty of radio-
wave velocity. For an ice thickness of 350 m this corresponds to an error of about
1m (2000 ns x 0.0005m ns_1) yielding an accuracy of the GPR-derived ice thickness
of about 2.6 m.

To link kinematic GPS and GPR measurements along the flowline, linear legs be-
tween consecutive stake positions have been taken as benchmark distance. A cor-
rection factor, specific for each dataset and leg (typically between 0.98 and 1) is then
applied to all distance increments so that the cumulative distance along the measured
tracks matches the benchmark distance. Both datasets are resampled at 10 m in-
tervals to allow subtraction of ice thickness from surface elevation to derive bedrock
elevation. Gaps in the GPR record are padded by extracting values from an ice thick-
ness map at 1km horizontal resolution (Dunse et al., 2011). Values were extracted
for positions corresponding to 1km intervals along the flowlines and corrected for a
mean bias, determined from the overlapping sections (mean and standard deviation of
—16.61+11.59m in the case of Basin-3; —1.11+£7.80m in the case of Duvebreen).
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Table 1. Survey locations of stakes along the central flowlines of Basin-3 (B3 #1-5) and Duve-
breen (Duve #1-5) and their glacier-geometric characteristics. Positions are measured directly
and the associated absolute error given in the last row is constant. Ice thickness and hence,

bedrock elevation are indirectly measured, the associated error is ice-thickness depended.

Stake Latitude Longitude  Surface alt. Ice thickness Bedrock elev.
(no.) (decim.’°N) (decim.°E)  (ma.s.l.) (ma.s.l) (m)
B3 #1 79.4992370 25.468043 121.18 219.99 + 13.84" -98.81 + 13.94"
B3#2 79.4976114 25.273292 184.21 280.78 + 14.08° -96.57 + 14.13"
B3 #3 79.5032166 25.077680 249.41 328.95 + 2.58 —79.54 + 2.68
B3 #4 79.5136708 24.889501 282.38 357.10 + 2.66 —74.72 £ 2.76
B3#5 79.5279278 24.710116 355.86 360.94 + 14.26" —-5.08 + 14.36"
Duve#1 80.1421759 23.958117 207.15 309.00 + 2.52 -101.854 + 2.62
Duve#2 80.1117554 24.063358 308.36 301.67 + 2.50 6.685 + 2.60
Duve#3 80.0760756 24.047865 391.36 299.82 + 2.49 91.541 + 2.59
Duve#4 80.0406765 24.007224 482.06 333.16 £+ 2.59  148.897 + 2.69
Duve#5 80.0047962 23.989474 548.42 410.96 £ 2.82  137.461 £ 2.92
Error +0.05m +0.05m +0.10m " interpolated values (see Sect. A)
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Table 2. Annual mean velocities for the period May 2008-2009 and May 2009-2010 based
either on all available daily values (V,,.4n) OF the first and last day’s position at the beginning and
end of the respective year (/). The velocity factor, V., refers to current vs. previous year’s
Vye- At Basin-3, data is lacking between ~15 June-25 August, including both the pre-summer
minimum and summer speed-up/maximum. The corresponding entry for V..., is marked by
a-superscript.

Stake Period Flow dir. Vinean Ve Vi
(no.) dd/mm/yyyy ("azimuth) (ma™) (ma™)

B3 #1 04/05/2008-30/04/2009  72.99 4156+£99.4 4025 -
B3#2  04/05/2008-30/04/2009  87.75 34944655 3483 -
B3#3  05/05/2008-30/04/2009  98.47 2649+393 2639 -
B3#4  05/05/2008-30/04/2009  118.39  190.5+255  189.7 -
B3#5  05/05/2008-30/04/2009 11950 1181141 117.0 -
B3 #1 01/05/2009-30/04/2010  70.76 ~ 478.9+86.3% 4851 1.21
B3#2  01/05/2009-30/04/2010  86.91  4441+687°% 4444 128
B3#3  01/05/2009-30/04/2010  96.56  349.8+487°% 349.6 1.32
B3#4  01/05/2009-30/04/2010  116.64  256.3+33.8% 2552 1.34
B3#5  01/05/2009-30/04/2010  118.11  168.2+236° 165.3 1.41
Duve#1 01/05/2008-30/04/2009 29550  198.8+19.3 1981 -
Duve#2 01/05/2008-30/04/2009  344.01 150.0+125 1494 -
Duve#3 01/05/2008-30/04/2009  357.08 111168 1102 -
Duve#4 01/05/2008-30/04/2009  356.29 729477 71.6 -
Duve#5 01/05/2008-30/04/2009  345.65 358+6.9 31.7 -
Duve#1 01/05/2009-26/04/2010  296.28  167.7+111 1741 0.88
Duve#2 01/05/2009-27/04/2010  341.63  147.2+169 1467 0.98
Duve#3 01/05/2009-27/04/2010  357.33  111.5£110 110.7 1.00
Duve#4 01/05/2009-26/04/2010  355.89 741+9.4 735  1.03
Duve#5 01/05/2009-04/05/2009  360.00 -~ - -
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Table 3. Characteristics of the summer speed-up, following the pre-summer minimum in June,
Vyun, in terms of the onset date, timing and value of measured maximum velocities, V., and

the normalized maximum flow enhancement relative to pre-summer velocities, V.

Stake Viun Onset Summer max. Vimax Vise
(no.) (ma™") (da/mmiyyyy)  (dd/mmiyyyy) (ma™')  (Viae/Vion)
B3 #1 290.6+8.8 09/07/2008 03/08/2008 698.5 2.40
B3 #2 253.2+5.6 09/07/2008 03/08/2008 556 2.20
B3#3 198.6+£3.7 13/07/2008 02/08/2008 374.1 1.88
B3 #4 149.0+4.7 17/07/2008 02/08/2008 256.8 1.72
B3#5 93.3+6.4 20/07/2008 29/07/2008 143.2 1.53
Duve#1 178.0+7.4 21/07/2008 03/08/2008 254.2 1.43
Duve#2 134.6+6.2 28/07/2008 03/08/2008 190.2 1.41
Duve#3 105.0%5.1 01/08/2008 01/08/2008 1215 1.16
Duve #4 71.2+7.6 - - - -
Duve #5 37.8+£9.0 - - - -
Duve#1 180.6+10.2 - - - -
Duve#2 150.7+9.4 29/07/2009 04/08/2009 239.1 1.59
Duve#3 113.2+8.6 31/07/2009 04/08/2009 163.8 1.45
Duve#4 748+7.0 01/08/2009 04/08/2009 101.5 1.36
Duve #5 - - - - -
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Fig. 6. Summer speed-up along the central flowline of Duvebreen in summer 2009 (a) with
markers indicating the occurrence of onset of summer speed-up and peak velocity. Positive

Date (first day of month)

daily mean air temperature and cumulative PDD is shown in (b).
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