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ABSTRACT. Based on observations and model calculations, the retreat over the last
two decades of Hansbreen, a tidewater glacier in southern Spitsbergen, Svalbard, is investi-
gated. The observations of the calving-front position between 1982 and 1998 show an
abrupt retreat in 1990, which is suggested to be related to a depression in the glacier bed.
The observed seasonal variations of the front position are mainly due to variations of the
calving rate. The observations of Hansbreen further indicate that during periods of slow
front-position changes, melting at the water-line may play an important role in triggering
the process of calving. The evolution of Hansbreen between 1982 and 1998 is simulated with
a numerical model for the dynamics of tidewater glaciers. Using a flotation criterion for
calving in which for each time-step the part of the glacier terminus which is below a critical
height above buoyancy is removed, we are able to reproduce the observed rapid retreat of
Hansbreen through the depression in the glacier bed. From the observations and model
calculations, we conclude that the rapid retreat is mainly an effect of basal topography in
the terminus region and not a direct response to a change in mass balance.

INTRODUCTION on the change of terminus position and to test a numerical
model of the dynamics of tidewater glaciers. A special focus
) ) ) ) ) is provided on the observed rapid retreat of Hansbreen in
The dynamical behaviour of tidewater glaciers, which are 1990 through a depression in the glacier bed.
considered as grounded calving glaciers from which icebergs
are discharged into the sea, is important with respect to their
reaction to changes in climate. Length changes of tidewater
glaciers are not only a result of a change in surface mass

balance, they are additionally affected by calving at the ter-

Calving

Calving is a very efficient ablation mechanism, and therefore
1s an important process for the dynamics of tidewater glaciers.
Based on observations, empirical relations for the calving rate
U, which 1s defined as the difference between ice velocity at

minus. Rapid retreats related to increased calving rates have
been observed for several grounded calving glaciers (Van der
Veen, 1996; Warren and Aniya, 1999). These rapid changes in
front positions have been interpreted as less a direct response
to changes in climate than a strong effect of the local basal

the terminus and the rate of change of the glacier length, have
been determined. A linear relation between the calving rate
and the water depth d at the terminus was suggested for tide-
water glaciers by Brown and others (1982). A linear relation
has also been suggested for glaciers calving into fresh water,

topography near the terminus (Meier and Post, 1987, Warren,
1993; Naruse and Skvarca, 2000; Vieli and others, 2001).

In this paper, we focus on the dynamical behaviour of
Hansbreen, a tidewater glacier, in southern Spitsbergen,
Svalbard. With a length of 16 km and frontal flow velocities
up to 150 ma ', Hansbreen is a relatively small, thin and

but for a given water depth the calving rate in fresh water is
expected to be one order of magnitude below the value found
in sea water (Funk and Réthlisberger, 1989).

Depressions in the basal topography are observed to be

slowly flowing tidewater glacier. Detailed front-position typical in the frontal region of tidewater glaciers. According

records between 1982 and 1998 exist, and the basal topog-
raphy of the terminus region is known. Such an extensive
dataset only exists for a few tidewater glaciers and provides
the opportunity to investigate the effect of basal topography

to these empirical relations, the calving rate increases with a
retreat of the terminus into deeper water, and a rapid
unstable retreat through a depression in the glacier bed is
therefore expected. This has been observed for several tide-
water and fresh-water calving glaciers and suggests that these
glaciers undergo cycles of slow advance and rapid retreat

through depressions in the glacier bed (Meier and Post,
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1987). For the case of rapidly changing glaciers the validity of
these linear empirical relations has been questioned (Meier
and Post, 1987; Van der Veen, 1996; Vieli and others, 2001).
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In general, for temperate tidewater glaciers no floating
tongues occur. During the rapid retreat of Columbia Glacier,
Alaska, U.S.A., in the 1980s, the terminus appeared to retreat
to the position where it did approach flotation thickness
(Meier and Post, 1987). On the basis of these observations,
Van der Veen (1996) suggested an alternative treatment of
calving to the empirical relations for the calving rate dis-
cussed above. In this flotation model the part of the terminus
that is too close to flotation calves off due to buoyancy forces
and weakening of the ice by bottom crevasses (Van der Veen,
1998). The glacier terminus retreats to the position where the
ice thickness h exceeds the flotation height by an amount of h,
(Van der Veen, 1996). For Columbia Glacier a value of h, =
50 m was found. This flotation model is found to be consistent
with the observed rapid retreat of grounded calving glaciers
in Patagonia, for which a similar critical height above buoy-
ancy was derived (Venteris, 1999).

Using a similar flotation criterion for calving in a
numerical model for the dynamics of tidewater glaciers, the
length change through a depression in the glacier bed is dis-
cussed in Vieli and others (2001). Their model calculations
confirm that rapid changes of tidewater glaciers are mostly
an effect of bed topography, and to a minor degree a direct
reaction to mass-balance changes. Furthermore, they show
that rapid retreats take place in regions where the bed slopes
up in the flow direction and that for these periods of rapid
changes calving rates do not follow the empirical relations.

Melting at the calving front

In most studies concerning the calving process, subaqueous
melting at the terminus is neglected, because the total mass
loss by melting at the calving front is found to be small com-
pared to the mass loss by calving (Powell, 1988). Based on a
study by Neshyba and Josberger (1980), Jania (1988) esti-
mated for Hansbreen a total mass loss by submarine melting
that was <10% of the loss by calving. Hanson and Hooke
(2000) pointed out that the energy in the far-field water is
often sufficient to melt ice at rates in the range of observed
calving rates, but the problem is to bring this water to the
calving front. From studies on the deterioration of icebergs,
melting concentrated to the water-line is known to be one to
two orders of magnitude higher than below the surface
(White and others, 1980; El-Tahan and others, 1987) due to
wave erosion. The resulting undercut notch at the water-line
of icebergs leads to calving of overhanging ice slabs above.
Although the total mass loss by melting is still small, melting
at the water-line plays an important role by triggering the
process of calving. For icebergs, 80% of the deterioration
rate 1s found to be due to melt-induced calving, which includes
melting at the water-line and the resulting calving of the
overhanging slabs (El-Tahan and others, 1987). Tor icebergs
in the open sea, melt rates at the water-line of about 2md '
are common (Robe and others, 1977), and strong seasonal
variations occur due to changes of sea temperature. During
wintertime, sea-ice cover additionally prevents wave ero-
sion at the water-line.

On several slowly flowing grounded calving glaciers, a
permanent notch melted out at the water-line, and the
resulting breaking-off of thin ice lamellae above it is also
observed (Warren, 1999; Vieli and others, 2001) and has been
described in detail for Maud Glacier, New Zealand, by
Kirkbride and Warren (1997). Due to differences between
open ocean and fjords in sea surface conditions, salinity
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and water flow, melt rates at the water-line are expected to
be smaller for tidewater glaciers than for icebergs, but the
seasonal pattern may be very similar.

Basal sliding

Basal sliding is an important process for controlling the
dynamics of tidewater glaciers. Increasing basal sliding
velocities are expected for a decreasing effective pressure pe
at the bed (Bindschadler, 1983; Boulton and Hindmarsh,
1987), which is defined as the ice-overburden minus the
basal water pressure. Within a tidewater glacier the basal
water pressure amounts to at least the water pressure that
corresponds to sea level and therefore comes close to the
ice-overburden pressure near the terminus. The generally
high water pressure may partly explain the observed high
sliding velocities in the terminus region observed for tide-
water glaciers (Meier and Post, 1987). For Hansbreen the
observed velocity increase towards the calving front could
be explained by using a water-pressure-dependent sliding
law (Vieli and others, 2000).

HANSBREEN: GEOGRAPHICAL SETTING AND
OBSERVATIONS

Hansbreen 1s a tidewater glacier situated at Hornsund in
southern Spitsbergen (Fig. la). It is about 16 km long and
covers an area of 57 km” The glacier is grounded and ends
with a 1.3 km wide calving front. Glaciological investigations
were initiated during the Third International Geophysical
Year by Kosiba (1960), continued by Baranowski (1977) and
since 1982 extended by Jania (1988,1994). Surface topography
is known for the years 1936 and 1990 from aerial photogram-
metry. Bed topography was investigated by radio-echo
soundings (Glazovskiy and others, 1992; Moore and others,
1999) and depth soundings of the fjord in front of the glacier
(Gizejewski, 1997). Annual mass-balance measurements are
available since 1989, with a gap in 1996 and 1997 (Haeberli
and others, 1996; Jania and Kaczmarska, 1997). The mean
average net balance (without calving) over the period
1991-95 is ~02lmw.e.a ', and the mean equilibrium-line
altitude (ELA) is 338 m a.s.1. The mean net balance between
1936 and 1990 estimated from the volume change of Hansb-
reen by comparing topographic maps from these two years is
of the same magnitude (Jania, 1994). The present accumu-
lation—area ratio (AAR) for Hansbreen is about 0.38, and
the ratio of calving to the surface melt is about 0.22. Glacier
front positions and surface flow velocities have been meas-
ured by terrestrial photogrammetry in the frontal part of
the glacier since 1982 (Jania and Kolondra, 1982) and in a
longitudinal profile in 1998 by terrestrial survey (Vieli and
others, 2000) and in 1999 by global positioning system
(GPS) (Fig. 1a). First front-position measurements date from
1918 and 1936. Since 1957 the calving front of Hansbreen has
been monitored more frequently using the method of terres-
trial photogrammetry. From 1936 until 1982, Hansbreen
retreated by about 1.4 km, corresponding to a mean retreat
rate of 225 ma . The retreat was interrupted by a few short
periods of advance in 1957-59 and 1973-77 (Jania and
Kaczmarska, 1997).

Frontal positions, 1982-98

Since 1982 the position of the calving front of Hansbreen has
been monitored systematically by means of terrestrial
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Iy 1. (a) Map of Hansbreen showing glacier surface topography (solid contour lines) and bed topography (dotted contour
lines ). The contour intervals are 50 m. The dashed line indicates the flowline used, and the star the location of a glacier moulin,
in which water pressure was monitored. The locations of the stakes used for the velocity measurements are shown with triangles for
1998 and black dots for 1999. The dashed-doited rectangular frame indicates the zoomed area shown in (b). (b) Map of the
Jrontal part of Hansbreen showing all observed terminus positions between 1952 and 1998. The thick solid lines show the front
lines before the abrupt retreat in 1991, and the dashed-dotted lines the front lines after it. Three additional terminus positions before
1982 are shown and labelled with the corresponding year. Basal topography is shown as grey shades and contour lines with a
contour interval of 10 m. The dashed line indicates the flowline used for the model calculations.

photogrammetry (Jania and Kolondra, 1982). From three
different baselines, repeated stereoscopic photographs were
taken (Fig. 1b), at least once a year, usually during summer.
For the years 1986 and 1991/92, nearly complete annual
cycles were recorded with a temporal resolution of about
2 months. There are no observations in winter between
November and February because of darkness during polar
night. The observed front positions of Hansbreen between
1982 and 1998 are shown in Figure 1b. The glacier length
averaged over a 200 m wide stripe along the flowline for
the same period is shown in Figure 2. A general slow retreat
of Hansbreen since 1982 as well as seasonal variations of the
terminus position are observed.

From 1962 until 1990 the terminus continuously retreated
at a rate of about 28 ma . Between 1990 and 1991, the front-
position record shows a jump in the retreat of about 280 m
(Fig. 2). Plotting all observed front lines between 1982 and
1998 on a map of Hansbreen (Fig. 1b) shows that the front
positions before and after this abrupt change are clearly sepa-
rated from each other. This sudden retreat is more pro-
nounced in the western part, where the water is deeper than
in the eastern part. After 1991, the terminus was more or less
stable, with a slight advancing tendency.

The terminus positions of Hansbreen additionally show
seasonal variations, with an advance during winter and a
retreat during summer (Fig. 2). During the well-documented
years 1986 and 1991/92 (Fig. 2b and ¢) the terminus advances
from October until the beginning of June with a rate of 0.33
and 055 md ', respectively. The retreat phase starts in June
and continues until October, with a retreat rate of 1.04 m d!
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for summer 1986. For other years with less temporal reso-
lution of the front-position measurements, the estimated sum-
mer retreat is generally smaller than the 1986 value (Table 1).
The inferred summer retreat and winter advance rates are
consistent with results of Jania (1988).

Observations related to calving

In winter, especially during periods with sea ice, calving
activity is close to zero (Jania, 1988; Jania and Kaczmarska,
1997). During periods with open water, the calving front is
observed to be undercut at the water-line, due to melting
and wave erosion (Fig. 3). During the summers of 1998 and
1999, at least, this notch at the water-line persisted through-

Table. 1. Estimated maximum summer retreat rates and
winter advance rates from observed front-position changes

Year Winter advance rate Summer retreat rate

md! md!

1983" 0.29 -099

1984" 028 -093

1986 0.33 -1.04

1988 - -0.54

1991 0.55 -

1993 - -0.95

1995 0.42 -0.32

* Data from Jania (1988).
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Fig. 2. (a) Observed glacier front positions averaged over a 200 m wide stripe along the flowline for the period 1982-98. (b, ¢)

The seasonal cycles of the years 1986 (b) and 1991/92 (¢).

Fig. 3. View of the calving front of Hansbreen. The notch
melted out at the water-line shown on the photograph extends
all along the calving face and persisted throughout the melting
season. The height of the calving face is 18-50m, and the
water depth 40—70 m. The photograph was taken at low tide
in fuly 1999.

out the investigation period. The overhanging ice above the
notch broke off in thin lamellae and fractured into many
small-order (m) pieces of ice. This is the most common pro-
cess of calving observed at Hansbreen and has been described
in Jania (1988). The notch at the water-line was also visible on
the photographs taken between 1982 and 1998 for the front-
position survey of Hansbreen by photogrammetry and has
also been observed at several other calving glaciers of
similar size in the Hornsund region. Occasionally, single
large icebergs in the order of 20 m rising to the sea surface
were observed, indicating subaqueous calving. They sur-
faced at a distance from the calving face of about 50 m and
are one to two orders of magnitude larger than the largest

https://doi.org/10.3189/172756502781831089 Published online by Cambridge University Press

pieces from calving above the water-line. Sediment layers
on the observed icebergs indicate their glacier-bed origin.

During hydrological investigations in 1981/82, seasonal
variation of the sea surface temperature and the sea-ice cover
at Hornsund was measured (Swerpel, 1982; Moskal, 1987). In
summer, sea surface temperatures were about 2°C, whereas
from October to June the surface temperatures were below
freezing and the fjord was mostly covered by sea ice (Fig. 4).
In the 1997/98 season the Hornsund region was found to be
covered by sea ice from the end of November until the begin-
ning of June (U.S. National Ice Center, Washington, DC,
http://www.natice.noaa.gov). Nevertheless, longer periods
with ice-free conditions near the Hansbreen front were
observed during winter.

Flow velocities

Annual ice-flow velocities at the terminus found by terres-
trial photogrammetry and survey are in the range 0.30—
045md ! (Jania, 1988; Vieli and others, 2000). Temporal
variations of flow velocities have been observed by Jania
(1988) and were investigated in detail in summer 1998 (Vieli
and others, 2000) and summer 1999. On a monthly or sea-
sonal scale, the available observations show that there are
almost no changes in velocity and the ice speed is found to
be rather constant through the year. On a daily or weekly
basis, clear temporal variations in ice speed are visible.
Sporadic speed-up events are observed during the melting
season, with an increase in surface flow velocities up to a fac-
tor of five and a typical duration of 1-2days (Vieli and
others, 2000). These speed-up events are related to enhanced
basal water pressure during periods of enhanced water
input to the glacier due to rainfall or enhanced surface melt.
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Fig 4. (a) Sea surface temperatures of Hornsund in the vicinity
of Hansbreen, shown for the year 1981/82 ( crosses with dashed
line; Moskal, 1987) and summer 1975 (triangles and thick
solid line; Swerpel, 1982). (b) Observed seasonal pattern of
sea ice covering Hornsund in the vicinity of the calving front of
Hansbreen for the year 1981/82 ( Moskal, 1987).

Because of the short duration of these events, they have only
a minor effect on the mean annual and seasonal velocities.

Surface velocities along the flowline were measured in
the summers of 1998 (Vieli and others, 2000) and 1999 and
are shown in Figure 5. The velocities during a short period
immediately after a speed-up event (termed slow-flow 98
and slow-flow 99) were found to be slightly lower than the
mean annual values. Before a speed-up event in 1999, the
velocities were nearly constant for 2 weeks, with values very
close to the mean annual velocities, and are assumed to be
representative for the mean annual flow (Fig. 5b). This
period is termed mean-flow 99.

The measured velocity variations are related to variations
of basal water pressure. The water pressure in a glacier
moulin, located 4.5 km upstream of the terminus (Fig. 1a),
was recorded in summer 1999, simultaneously with the
velocity measurements (Fig. 5a). For the slow-flow 99 period,
a water level of about 50 ma.s.l. was observed, and for the
mean-flow 99 period it was 120 m a.s.1.

INTERPRETATION AND DISCUSSION OF
OBSERVATIONS

Long-term changes, 1982-98

The observed retreat from 1982 to 1998 follows the observed
general retreat and surface lowering since 1936, except for
the jump in the terminus retreat of about 280 m from 1990
to 1991 (Fig. 2). Before and after this abrupt retreat, the
frontal position underwent only small changes in the range
of seasonal variations. The rapid retreat of 1990/91 can be
explained by a temporary strong increase in the calving rate.

Climatic and mass-balance records do not indicate any
abrupt change for this time period outside the range of the
annual variability; however, the length-change signal is
strong and short. Therefore, the rapid retreat cannot be a
direct and immediate result of a sudden mass-balance
change. A depression in the basal topography with a maxi-
mum depth of about 78 m below sea level is located between
the glacier front lines before and after the abrupt retreat of
1990/91 (Fig. 1b). This suggests that the retreat was affected by
the basal topography. Earlier observations and numerical
model experiments showed that such accelerated retreats
are likely to occur through depressions in the bed of a glacier
(Meter and Post, 1987; Vieli and others, 2001). With continu-
ing thinning and retreat of the glacier, due to a negative
mass balance, the flotation level is approached in the region
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velocities to the observed meanflow 99 velocities ( crosses). The
sliding parameter kisinma ',
of the depression in the bed, and increased calving due to
buoyancy forces occurs. The decreasing effective pressure
there leads to enhanced sliding, longitudinal stretching and
bottom crevassing and may additionally weaken the ice
(Van der Veen, 1996, 1998). Thus the observations from
Hansbreen suggest that the abrupt retreat is mostly an effect
of the bed topography at and behind the terminus, and the
high calving rates are expected to be a result of the glacier
dynamics in the region of a depression in the glacier bed.
The slight readvance observed between 1993 and 1996
(Fig. 2) may be a consequence of reduced summer calving
rates due to changes in climatic conditions. The obser-
vations clearly show that summer retreat rates were signifi-
cantly reduced in 1994 and 1995 (Fig. 2). The readvance may
also be a dynamical reaction to the abrupt removal of the
terminus part in 1990/91. The reason for the readvance can-
not be determined unambiguously because it was not
observed whether the glacier was thinning or thickening
near the terminus after the rapid retreat in 1991.

Seasonal variations

The seasonal variation of the front position is determined by
the seasonal change of the calving rate and the flow velocity
at the glacier terminus. The observed speed-up events showed
that, on a time-scale of days, strong velocity variations occur
on Hansbreen during the melt season. On time-scales of
months or seasons, these events do not significantly change
the ice flow. Thus seasonal variations of the frontal velocities
are small compared to the fluctuations of terminus position,
and seasonal changes of the front position are mainly due to a
seasonal variation of the calving rate. A calving rate close to
zero during winter implies that the advance rate matches the
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flow velocity at the terminus. The observed values for the
winter advance rate of the front position in 1986 and 1991/92
are in the range of frontal ice-flow velocities of 0.30-045md '
directly measured by terrestrial photogrammetry and survey
(Jania, 1988; Vieli and others, 2000).

Assuming constant flow velocities over the year, a sea-
sonal pattern of the calving rate can be estimated from the
observed changes in front positions. The inferred annual
calving cycle yields no calving from October to the begin-
ning of June (~8months) and high calving rates between
June and October (~4 months). This step function is a first
approximation to the annual calving cycle. In reality, the
switch in the calving rate between seasons is expected to be
more gradual.

The summer calving rate can be estimated from the
observed summer retreat rate dL/d¢ and the frontal ice
velocity wu;, which is assumed to be equal to the winter
advance rate. For the best-documented year, 1986, a summer
calving rate of u. = u; — dL/dt = 033 md ' + 1.04md '
= 137md ' is obtained, which corresponds to a mean
annual calving rate of 164 ma '. Rough estimations for the
other years give values for the summer calving rate which
are similar to or below that in 1986 ('Table 1). For the year
1991/92 it is difficult to see the annual signal of the frontal
position because of the rapid retreat. The main calving
period corresponds to the period of surface melting and
highest sea-water temperatures in the fjord (Fig. 4).

The observed notch at the calving front of Hansbreen
suggests that melting at the water-line may play an import-
ant role in the calving process by inducing the break-oft of
the ice slabs above the notch as observed for icebergs (El-
Tahan and others, 1987). The melt rate at the water-line is
zero when the temperature is <0°C or when wave activity
1s suppressed by sea-ice cover in the vicinity of the calving
face. From the observed seasonal pattern of the sea surface
temperatures and the duration of sea-ice cover (Fig. 4), we
expect a melt rate at the water-line which is close to zero
from the beginning of October until June and 1s highest in
late summer. This seasonal pattern is very similar to the
one found for the calving rate and indicates a link between
melting at the water-line and calving. If melting at the
water-line produces calving, the melt rate should be in the
range of the observed calving rates. Between 1982 and 1998,
summer calving rates up to 137md ' occurred. Using a
relation derived from studies on iceberg deterioration (El-
Tahan and others, 1987), a rough estimation of the summer
melt rate at the water-line for Hansbreen is Imd
assuming a surface water temperature of 2°C, a wave height
of 0.1m and a wave period of 1.5s. This melt rate is in the
range of the observed summer calving rates but may be an
overestimate, because the relation was derived for icebergs
in the open sea. However, for Hansbreen the direct obser-
vations of calving and the permanent and persistent notch
at the water-line every summer show that melting at the
water-line has to be taken into account at least as a trigger-
ing mechanism for calving and as a possible explanation for
the observed seasonal fluctuation of the front position
during periods of slow retreat.

The calving of ice lamellae above the water-line should
lead to a submarine ice foot. The large icebergs that occa-
sionally rise to the sea surface in front of the calving front
of Hansbreen indicate the development of an ice foot below
the surface, which might be due to enhanced submarine
melting near the surface (Hunter and Powell, 1998). Icebergs
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detach from the ice foot when buoyancy exceeds a critical
stress for failure.

Calving-rate/water-depth relation

For the year 1986 the annual calving rate is estimated to be
164ma . For the period 1982-90 a mean calving rate of
150-190ma 'is found, assuming flow velocities according
to observations of 110-164 ma . The water depth at the ter-
minus in the middle part of the glacier is about 50 m, and
averaged over the glacier width it is 30 m. These observed
calving rates are far below the value expected from the calv-
ing-rate to water-depth relationship suggested for Alaskan
tidewater glaciers by Brown and others (1982). Based on their
relationship, calving rates of 1350 ma ' for 50 m water depth
and 8l0ma ' for 30m would be expected. The observed
values for Hansbreen are in the range of the calving-rate/
water-depth relation suggested for fresh-water calving
glaciers (Funk and Roéthlisberger, 1989). On a seasonal time-
scale the calving rates undergo strong changes from zero
calving in winter up to 500 ma ' in summer and show no cor-
relation to water depth, which is also known from Columbia
Glacier (Sikonia, 1982).

MODELLING THE RETREAT OF 1982-98

A time-dependent numerical model for the glacier flow of
tidewater glaciers (Vieli and others, 2001) is applied to
Hansbreen to test the concept of a flotation criterion for
calving and to investigate whether the rapid retreat can be
a result of buoyancy-induced calving.

Model description

The numerical model used here to study the retreat of
Hansbreen was described and discussed in Vieli and others
(2001). It calculates the surface evolution and the two-
dimensional velocity and stress fields for a longitudinal sec-
tion of the glacier. The two-dimensional force-balance and
mass-conservation equations are solved to compute stress
and velocity fields using the finite-element method. Glen’s
flow law is used in the model with a flow-law exponent n =

3 and a rate factor A = 0.l bar °a .

Calving

Calving i1s implemented in the model by two different
schemes. A seasonal calving rate, for which melting at the
water-line may be the controlling process, is included in the
model by the seasonal calving scheme, in which the calving rate
1s prescribed according to the observed seasonal pattern.

Additionally, a flotation criterion is included which is
described in detail in Vieli and others (2001) and is similar
to the criterion suggested by Van der Veen (1996). For each
time-step the new terminus is moved to the position where
the ice thickness h exceeds the flotation height by the frac-
tion ¢ = 0.15. The ice mass that is removed corresponds to
the mass loss due to calving. Following this method, the
calving rate is a result of the computation and is controlled
by the ice velocity and the surface-elevation changes.

The calving process is implemented in the model as
follows: At each time-step, first the front position is shifted
according to the prescribed seasonal calving rate. Then the
terminus position is updated according to the modified flo-
tation criterion. Calving is governed by buoyancy whenever
a part of the glacier surface in the terminus area is below the
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critical height above buoyancy. With this approach, the
model decides whether the prescribed seasonal or the buoy-
ancy-induced calving is the controlling process for calving,

Basal sliding
A commonly used water-pressure-dependent sliding relation

(Bindschadler, 1983) of the form
vy = km'p, " (1)

1s included in the model, where vy, is the basal velocity, 71, the
basal shear stress, k is an adjustable empirical positive
parameter and p, the effective pressure. The parameters m
and 7 are set to 1 such that we get a linear sliding relation.
Vieli and others (2000) used the same linear relation to
explain the flow pattern of Hansbreen and gave a detailed
description for the implementation of Equation (1) in the nu-
merical model. The factor k and the effective pressure pe in
Equation (1) are input to the model, and the basal velocity
and basal shear traction result from solving the system of
field equations and boundary conditions. The effective pres-
sure changes with time and has to be updated for each time-
step with the actual ice thickness and basal water pressure.

Model input

The model calculations were focused on the period 198298,
with special interest in the 1990/91 season in which the abrupt
retreat occurred. The 1936 surface is used as the starting
geometry for the model (Fig. 5a).

Sliding parameter and water level

The sliding parameter k and the englacial water level for the
numerical model are not known and are adjusted by mini-
mizing the root-mean-square error between modelled and
observed surface flow velocities. Sea level is a lower limit
for the englacial water level, but, especially during the melt-
ing season, the water level is higher and is assumed to
increase linearly with distance to the terminus with a
water-level gradient a, starting at sea level at the calving
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front. We additionally assumed that the water level does
not exceed 120 m, to take into account in a simple way a de-
creasing water-level gradient upstream.

The model parameters determined by fitting the modelled
to the observed velocities of the mean-flow 99 period are k =
470ma 'and o = 1.6° (Fig. 5) and are used for modelling the
retreat of Hansbreen. For the two slow-flow periods 98 and 99
the same sliding parameter k is found, but « is smaller, which
is consistent with the expected lower water pressure. The
resulting water level to the optimized o = 1.6° is 120 m at the
location of the glacier moulin, which is in agreement with the
observed water level for this mean-flow 99 period (Fig. 5a).

Input mass-balance function

There are no mass-balance data available for the period
before 1991. A surface-altitude S dependent mass-balance
function b averaged over the years 1991-95 is used as input
for the model which is given by

b=a1S+ag, (2)

with the coefficients a; = 0.0066a ' and agp = —220m al
This mass-balance function includes surface accumulation
and ablation without calving. The mass-balance function b
may not be representative for the entire period from 1936
until today, but its mean average net balance is consistent
with the value estimated from the glacier volume change
between 1936 and 1990. Because of the uncertainty in the
mass-balance input, additional model runs were performed

with a shift of the mass-balance function by £ 0.2 m w.e. al

Calving rate

Beside the flotation criterion for calving, a seasonal cycle of
calving rate u, 18 prescribed according to observations. We
assumed no calving for the 8 month period from the begin-
ning of October to the beginning of June, and for the four
summer months (June—October) we used the observed
1986 value of 1.37 md . The resulting mean annual calving
rate amounts to 045md . To show the sensitivity of the
model results to the prescribed calving rates, additional
model runs with different summer calving rates of 1.28 and
146 md ' were performed.

MODEL RESULTS AND DISCUSSION

The modelled front position shows a general slow retreat
with a superimposed annual cycle (Fig. 6). A jump in the
modelled retreat of about 220 m occurs in year 47 after the
model start which takes place over the region where the
depression in the glacier bed is located (Figs 6 and 7). The
glacier thins continuously with time due to the imposed
negative mass balance. In the frontal region, where the
basal topography at the terminus slopes up in flow direc-
tion, the thinning is found to be accelerated.

The modelled retreat of the period 198298 is not expected
to be accurate in time, because the calculated mean retreat
rate mainly depends on the assumptions made for the
mass-balance history and the annual prescribed calving
rate. The model calculations start in 1936 in order to have a
long enough spin-up period for realistic initial conditions
for the jump in 1990 in which we are interested. The position
and shape of the jump in retreat is very robust with regard
to different mass-balance inputs and prescribed calving
rates for the spin-up, as discussed below. To obtain the
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modelled abrupt length change at the true time (1990/91),
the model time is shifted accordingly (Fig. 6).

The seasonal variations of the front position, well repro-
duced by the model calculations (Fig. 6a), are a direct con-
sequence of the prescribed seasonal calving rate, estimated
from observations. The modelled abrupt retreat is due to the
flotation criterion, and the position where it takes place cor-
responds well to the observations. Additional model runs
were performed with different values for the prescribed
seasonal calving rate, a different input mass balance or a
lower water-level inclination c. The location of the abrupt
retreat remains the same and is fixed to the position of the
depression in the basal topography, although the model
time of these jumps differs.

Treating calving by a flotation criterion, the resulting
retreat and calving rate are a direct consequence of the sur-
face evolution near the terminus and therefore expected to
be affected by basal topography. Before the jump in retreat
takes place, the surface elevation at the calving front is
always above the critical height above flotation, and the pre-
scribed mass balance and seasonal pattern of the calving
rate control the retreat. With retreat and thinning of the
glacier, a slight depression develops at the surface above
the trough in the glacier bed (Fig. 7). The glacier surface
thins below the critical height above buoyancy, and accord-
ing to the flotation criterion, all the ice in front is removed.
Instead of the prescribed seasonal calving, the buoyancy-
induced calving now becomes the governing process and
the retreat is mainly controlled by surface lowering in the
terminus region. When the terminus reaches the region of a
downslope bed in the flow direction with shallow water, the
surface exceeds the critical height, and the prescribed sea-
sonal calving again becomes the controlling process.

The model calculations show how the surface of Hans-
breen during retreat evolves with time in the region of the
depression in the glacier bed (Fig. 7). The resulting rapid
retreat and high calving rates are a direct consequence of
applying a flotation criterion to this evolving surface, and
therefore a result of the surface dynamics. The rapid retreat
well reproduced by the modelling therefore supports the
idea derived from the observations that the rapid retreat
and the high calving rates are a result of buoyancy-induced
calving in the region of a depression in the glacier bed.

For the model calculations the prescribed seasonal calving
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rate and the input mass-balance function are kept constant
with time, corresponding to constant climatic conditions.
The modelled rapid retreat, as a response to this external for-
cing, clearly shows that front-position changes of tidewater
glaciers do not directly reflect the climatic signal and are
strongly affected by basal topography.

The proposed two relevant processes for calving do not
distinguish between fresh water and tidewater, so there is no
fundamental restriction on applying our model to fresh-water
glaciers. The magnitude of the calving rate may be affected
by the difference of buoyancy in fresh water and tidewater
or by the different melt rates at the water-line, due to differ-
ences in salinity and wave activity.

CONCLUSIONS AND PROSPECTS

The observed seasonal changes of the front position of
Hansbreen are mainly due to variations of the calving rate.
The main calving period occurs during summer and corres-
ponds to the period of surface melting and highest sea-water
temperatures in the fjord. In winter the calving rate is close
to zero, resulting in an advance corresponding to the ice
flow at the calving front. The commonly observed calving
process and notch at the water-line and the observed sea-
sonal pattern of calving indicate that, during periods of slow
front-position changes, melting at the water-line may play
an important role as a triggering mechanism for calving.

The observed rapid retreat of the front position of Hans-
breen in 1990/91 is found to be related to a depression in the
glacier bed in the terminus region. The process of buoyancy-
induced calving is suggested to govern the abrupt retreat, and
the general thinning of Hansbreen due to a long-term mass-
balance deficit is expected to be the triggering process. This
supports the flotation model of Van der Veen (1996) proposed
for the rapid retreat of Columbia Glacier.

The observed calving rates and corresponding terminus
water depths for Hansbreen’s slow-retreat period result in a
calving-rate to water-depth relationship which is similar to
the function inferred from observations of fresh-water calv-
ing glaciers (Funk and Réthlisberger, 1989). Thus, the
Hansbreen data call into question the existence of a different
relationship for fresh-water and tidewater glaciers.

The model calculations show that by treating calving
with a flotation criterion we are able to reproduce the
observed rapid retreat of Hansbreen. This supports the idea
that the abrupt retreat and enhanced calving rate is a result
of the strong influence of bed topography on surface evolu-
tion, and therefore primarily a result of glacier dynamics,
and not vice versa. The successfully modelled rapid retreat
supports the use of a flotation criterion to model the dynamics
of tidewater glaciers. Although the flotation criterion used
leads to a reasonable dynamics of tidewater glaciers, the
physical mechanism of calving behind this criterion is not
addressed in this study and needs to be further investigated.

Rapid retreats through depressions in the glacier bed
were observed on several tidewater glaciers, but these
studies were mostly focused on large, fast-flowing glaciers
with calving rates and frontal velocities in the order of
lkma " This study of Hansbreen shows that the effect of
basal topography on the dynamics of small, slowly flowing
tidewater glaciers is similar.

The observations and model calculations of Hansbreen
support the idea that rapid unstable retreats of grounded
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calving glaciers in fresh water or tidewater are mainly related
to depressions in the glacier bed in the terminus region and
are only to a minor degree a direct response to climate
change. Because of the sensitivity of length changes of
grounded calving glaciers to basal topography, their future
behaviour with respect to climate change is difficult to pre-
dict and requires an accurate knowledge of the glacier bed.
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