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Abstract

The outlet glacier of Basin 3 (B3) of Austfonna icecap, Svalbard, is one of the fastest
outlet glaciers in Svalbard, and shows dramatic changes since 1995. In addition to
previously observed seasonal summer speed up associated with the melt season, the
winter speed of B3 has accelerated approximately five fold since 1995. We use the5

Elmer/Ice full Stokes model for ice dynamics to infer spatial distributions of basal drag
for the winter seasons of 1995, 2008 and 2011. This “inverse” method is based on min-
imising discrepancy between modelled and observed surface velocities, using satellite
remotely sensed velocity fields. We generate steady state temperature distributions for
the three time periods. Frictional heating caused by basal sliding contributes signifi-10

cantly to basal temperatures of the B3 outlet glacier, which exhibits a uniform steady
state basal temperature at pressure melting point in all three cases.

We present a sensitivity experiment consisting of transient simulations under present
day forcing to demonstrate that using a temporally fixed basal drag field obtained
through inversion can lead to thickness change errors of the order of 2 m per year.15

Hence it is essential to incorporate the evolution of basal processes in future pro-
jections of the basin. Informed by a combination of our inverse method results and
previous studies, we hypothesize a system of processes and feedbacks involving till
deformation and basal hydrology to explain both the seasonal accelerations and the
ongoing inter-annual speed up, and speculate on the wider relevance of deformable till20

mechanics to non-surging glaciers.

1 Introduction

Austfonna (ASF) is a large (approx. 8000 km2) icecap in the Svalbard Archipeligo. ASF
is divided into a number of drainage basins, one of which, basin 3 (B3), has recently
been observed to accelerate (Dunse et al., 2012). Speculation on the dynamics of B325

extends back to the 19th century. Dowdeswell et al. (1999) reviewed evidence on the
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dynamics of B3 back to the 19th century. Presence of heavy crevassing was taken to
indicate fast flow in the 1870s (Nordenskiold, 1875), whereas relatively smooth surface
topography is thought to indicate stagnation in the 1980s (Dowdeswell et al., 1999).
SAR interferometry in the early 1990s shows flow speeds in 1992 and 1994, of up to
90 ma−1 and 50 ma−1 respectively over a transect approx. 7.5 km upstream from the5

ocean margin (Dowdeswell et al., 1999). Ice velocity was of comparable magnitude in
1995 (Dunse et al., 2012) but has recently accelerated to give winter velocities up to
200 ma−1 at similar locations as the 1992 and 1994 observations, and a velocity range
(due a strong seaonal cycle) near the margin of 300–700 ma−1 (Dunse et al., 2012).
In the current study we use an ice dynamic computer model to make inferences about10

basal properties and processes of B3 using recent satellite observations, and focus on
the winter velocity increase rather than the seasonal cycle.

The fast flow of B3 is certainly due to basal sliding; ice deformation rarely accounts
for more than 5 ma−1 over Austfonna (Dowdeswell et al., 1999). This means that
a purely ice dynamic model is not sufficient to simulate the velocity evolution of B3;15

some representation of the changing basal processes, which permit an increase in
sliding, must be included.

A note on terminology: We use the term “sliding” to mean motion of the base of the
glacier, irrespective of whether this is due to sliding of the glacier over its bed or de-
formation of underlying sediment. In the absence of a universally accepted definition20

of the term “surge” as applied to a glacier or ice stream, we utilise our own definition.
By “surge-type” glacier we mean a coupled glacier-bed system showing strong (factor
three or more) variability of ice velocity with a cyclic nature, independent of changes in
external forcing (such as surface mass balance or temperature). By “surge” we mean
the fast flowing phase of a surge-type glacier during which the glacier shows rapid and25

sustained acceleration. We note that, by this fairly generic definition, different underly-
ing mechanisms can lead to surge-type glaciers with a large range of periodicities and
magnitudes.

5826

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/5823/2013/tcd-7-5823-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/5823/2013/tcd-7-5823-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
7, 5823–5851, 2013

Surging Svalbard
glacier

R. Gladstone et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Svalbard glaciers are known to be commonly (Jiskoot et al., 2000), or perhaps over-
whelmingly, surge-type (Lefauconnier and Hagen, 1991; Sund et al., 2009). A Svalbard
surge-type glacier typically spends several decades to a few centuries in a quiescent
state, then becomes active for periods as long as a decade Dowdeswell et al. (1991).
The surge phase for Svalbard glaciers is significantly longer than for surging glaciers in5

other regions Dowdeswell et al. (1991), however the relative increase of velocity during
a surge is relatively lower than for glaciers in other regions. The longest surge phase
listed by Dowdeswell et al. (1991) was for Bodleybreen on Vestfonna ice cap which
lasted for between 5 and 13 yr, with a best estimate of 7 yr. Surge speeds in Svalbard
glaciers are typically many times greater than the stagnant phase since sliding be-10

comes the dominant factor of ice flow. The speed of the B3 glacier in 1995 was much
faster than the typical stagnant quiescent state of Svalbard glaciers which do not slide,
and given the continued or accelerating velocity, suggests that the glacier has been in
a fast flowing or surging state for perhaps 20 yr, with an even faster state for the past
few years. Given that B3 surface morphology indicated stagnant conditions most re-15

cently during in the 1980s, the B3 basin may be experiencing an extremely long-lasting
surge, or variations in fast-flowing glacier, or it may be an acceleration into a fast flow
regime that is not part of cyclic behaviour. in this respect B3 may be behaving more
like an Antarctic ice stream where long-period slow down and speed-up events occur
likely driven by changes in basal hydrology or “water piracy” (Tulaczyk et al., 2000;20

Anandakrishnan and Alley, 1997; Bougamont et al., 2011).
Svalbard surge-type glaciers are thought to be most commonly underlain by fine-

grained and potentially deformable beds (Jiskoot et al., 2000). Although the importance
of deformable sediment beneath glaciers was already widely discussed in the literature
of the 1980s (Boulton and Hindmarsh, 1987; Clarke, 1987a), ice dynamic modelling25

studies have only recently begun to simulate till deformation. Vieli and Gudmundsson
(2010) model the till as an incompressible non-linear viscous medium and do not con-
sider the effects of hydrology. However, Iverson (2010) shows that sediment typically
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deforms plastically and that the yield stress is strongly dependant on effective pressure,
which in turn is strongly dependant on water pressure and therefore also on hydrology.

Further modelling studies have investigated the impact of water content in de-
formable sediment on ice dynamics. Bougamont et al. (2011) solved a first order differ-
ential equation for evolution of porosity in the till, and showed that, with a plastic bed5

model and a simple parameterisation for basal water availability, low frequency oscil-
lations could be obtained (of the order of 103 yr) in an idealised ice sheet. Van Pelt
and Oerlemans (2012) used a simple diffusion relation to simulate evolution of till water
content and were able to demonstrate, for a plastic till (some of their simulations also
included a small linearly viscous component), both low frequency oscillations (driven by10

changes in temperature distribution) and high frequency oscillations (driven by changes
in till water distribution) in an idealised outlet glacier, with till strength being an important
factor governing possible oscillatory behaviour. van der Wel et al. (2013) used a plastic
till model with a hydrology model that incorporates representation of channelised flow
at the ice–till interface to demonstrate the important control connectivity through to the15

grounding line has on upstream sliding.
These till studies all express yield stress as a function of one unknown, imposing de-

pendency between effective pressure and porosity. Clarke (1987b) provides a physical
framework based on soil studies in which both positive and negative dilatancy can oc-
cur, and the evolution of yield stress is a function of both porosity and effective pressure20

as independent variables.
Simulations incorporating plastic till deformation have not yet been applied to B3.

However, Dunse et al. (2011) simulated cyclic behaviour on B3 using a basal drag for-
mulation dependant on temperature and overburden pressure. Till water is not explicitly
simulated by Dunse et al. (2011), but may be implicit in the temperature dependency.25

The current study does not attempt to simulate evolution of till properties, but instead
uses inverse and transient simulations with an ice dynamic model to make inferences
about key physical processes, which will in turn guide till model development. Section 2
presents a time series of three winter season inverse simulations whereby basal stress
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is derived to optimise the fit of simulated surface velocities to observations. Section 3
presents transient simulations as a sensitivity experiment to quantify the importance of
omitting evolution of basal stress. Section 4 discusses possible feedback mechanisms
to explain the acceleration of B3 in light of the new simulations.

1.1 Open source tools5

A number of open source software projects made possible the inverse modelling and
other analyses in the current study. Elmer/Ice (Gagliardini et al., 2013) was used for ice
dynamic simulations. Mesh generation for the simulations used YAMS (http://www.ann.
jussieu.fr/frey/publications/RT-0252.pdf) and GMSH (Geuzaine and Remacle, 2009).
Analyses and presentation of outputs utilised Paraview (Ahrens et al., 2005).10

2 Inverse modelling

Modelling results presented in the current study were obtained using the Elmer/Ice full
stokes model for ice dynamics (Gagliardini et al., 2013). In this section, we present
inverse simulations using the method of Arthern and Gudmundsson (2010) as imple-
mented in Elmer/Ice by Gillet-Chaulet et al. (2012). The experimental setup is the same15

as that used for neighouring Vestfonna icecap (Schäfer et al., 2013), following the work
of Schäfer et al. (2012), except where stated otherwise.

2.1 Model setup

The approach to inverse modelling involves optimisation of the basal drag coefficient,
C, to provide a best fit between observed and simulated surface velocities. C is given20

by

τb = Cub (1)

where τb is basal shear stress and ub is basal ice velocity.
5829
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A three-step process is followed: the inversion is carried out with a uniform (−7 ◦C)
temperature distribution; a steady-state temperature simulation is carried out using the
velocities derived from the inversion; finally the inversion is repeated using the derived
steady state temperatures. This gives consistent temperature and velocity fields. The
geometry is kept fixed at all stages. In some cases further temperature – inversion5

iterations were carried out, but these showed little or no further change. The steady
state temperature simulation incorporates deformational heating and heating due to
friction at the bed, as described by Schäfer et al. (2013).

The steady-state temperature simulation is carried out with a fixed temperature
boundary condition at the upper surface10

Ts = −7.684−0.004z (2)

where Ts is surface ice temperature, z is height a.s.l., and the constant values on the
right hand side represent sea level temperature (in ◦C) and lapse rate (in ◦C m−1) re-
spectively, with values as in Schäfer et al. (2013).15

A heat flux, Qb, boundary condition is used at the base of the ice

Qb = 0.063+ubτb (3)

where the terms on the right hand side are geothermal heat flux (in W m−2), as in
Schäfer et al. (2012), and frictional heat flux respectively.20

The ice geometry (surface elevation and bedrock heights) are based on Norwegian
Polar Institute maps and various ice thickness data as described in Sect. 3.3 of Dunse
et al. (2011).

2.1.1 Observed velocities

Ice surface velocities based on satellite remote sensing are used. Velocities were ob-25

tained using interferometry for the period December 1995 to January 1996 (henceforth
“1995 velocities”), offset tracking for the period January to March 2008 (henceforth
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“2008 velocities”), and a combined interferometry/tracking approach (effectively offset-
tracking over B3) for the period March to April 2011 (henceforth “2011 velocities”).
A more detailed description is given by (Schäfer et al., 2013). It is important to empha-
size that all these observations indicate velocities prior to the melt-season speed up
(Dunse et al., 2012).5

The 1995 data set of observed surface velocities, based on interferometry, is smooth
and has good coverage (Dowdeswell et al., 2008). The 2008 and 2011 data sets con-
tain many data gaps and regions with noisy error fields (Fig. 1), but the dramatic speed
up of the B3 outlet glacier is clearly visible.

Since we wish to simulate the basal properties of B3 over time we need to provide10

a smooth input field for the inverse modelling. Therefore the following processing of the
noisy velocity fields took place. The 2008 and 2011 velocities were smoothed using an
11 point (approx. 3 km) conic filter. The B3 outlet glacier region from 2008 and 2011
was then copied over to the 1995 velocity field and smoothed using interpolation over
a buffer zone, so that the smooth and complete 1995 dataset can be used where data15

are missing or contain too much high amplitude noise to be useful. This results in three
data sets for inverse modelling, using 1995 velocities for regions other than B3, but with
the 1995, 2008 and 2011 velocities respectively for the B3 region (Fig. 2).

2.1.2 Mesh generation

For consistency, all simulations in the current study use the same mesh (Fig. 3). The20

mesh is unstructured in the horizontal, and extruded in the vertical with 10 equally
spaced layers. The horizontal mesh resolution varies between approximately 250 m
and 2.5 km. Mesh refinement is guided by 1995 velocity magnitude (smaller element
size for higher velocities), except for B3. Mesh refinement for B3 is based on 2011
velocities with additional resolution enhancement.25

Previous studies (Schäfer et al., 2013; Gillet-Chaulet et al., 2012) have implemented
mesh refinement based on the Hessian of the velocity field in order to give a spatially
uniform truncation error. Such an approach was not chosen for the current study due to
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the motivation to simulate greatly differing observed velocity fields on the same mesh,
and to carry out transient simulations in which the velocity field is allowed to evolve.

2.2 Inverse modelling results

The simulated surface velocities for all three time periods show (unsurprisingly given
the inverse approach) a good match to observations. The 2011 simulated velocity field5

is shown with the model mesh and the icecap surface in Fig. 3. We mainly present
results from the 1995 and 2011 simulations, with 2008 providing a less significant in-
termediate state.

The basal drag coefficient β is shown in Fig. 4 for the 1995 and 2011 simulations.
Basal sliding accounts for most of the surface velocity. The 2011 β distribution shows,10

in comparison to the 1995 β, both a reduction in the minimum value of β, and an
increase in the area of low β corresponding to the increase in area of fast flow.

We compare the gravitational driving stress, τD, with the basal shear stress, τb, in
Fig. 5. τb is given by Eq. (1) and is dependant on the surface velocity observations,
basal drag law, ice geometry and on shear stresses in the ice model. τD is a function15

of the icecap geometry only, and is given by

τD = ρgH∇(s), (4)

where ρ is ice density (910 kgm−3), g is gravitational acceleration (9.81 ms−2), H is ice
thickness and ∇(s) is the ice surface gradient.20

In 1995 τD is approximately 10 to 20 kPa higher than τb in the fast flowing B3 outlet
glacier, and is approximately the same amount lower than τb at or just beyond the shear
margins. This suggests that even in 1995 the bed strength is insufficient to balance the
driving stress, and support from the lateral margins compensates. In 2011 the pattern
is the same but stronger, with τb dropping close to zero and τD−τb around 50 kPa. The25

imbalance also occurs over a larger area (corresponding to the increased region of fast
flow).
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Note that τD is calculated using the same ice cap geometry for different time periods.
To test sensitivity of τD to the evolving ice cap free surface we calculated τD also using
the ice sheet geometry from the transient 2011β simulation (Sect. 3). The results (not
shown) show very little difference to Fig. 5, because it is the change in τb that dominates
rather than the change in τD.5

3 Forward modelling

Further simulations are carried out to investigate sensitivities to thermodynamic terms
and to basal processes.

3.1 Transient simulations

Two transient simulations of 100 yr were carried out to compare the evolution of B310

when the 2011 basal drag is used (henceforth experiment T11) against the use of
the 1995 basal drag (T95). The aim is an experiment to investigate sensitivity of B3
evolution to basal drag; it is not a future prediction. Forcing is approximately present
day.

Initial icecap geometry is as described in the setup for inverse modelling (Sect. 2).15

Temperature is given by the steady state temperature derived using the inverse method
for 1995. This temperature field is used for both T95 and T11 experiments as we aim
to isolate the impact of basal drag. Given that motion occurs primarily through sliding
rather than deformation, temperature is held constant throughout the simulations.

Surface mass balance (smb) is given by HIRHAM5, a regional atmospheric climate20

model (Christensen et al., 2007). HIRHAM5 is based on a subset of the (Undén et al.,
2002) and ECHAM models (Roeckner et al., 2003) combining the dynamics of the
former model with the physical parameterization schemes of the latter. Bilinear inter-
polation is used to interpolate from the approx. 5 km resolution of HIRHAM to the finer
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resolution Elmer mesh. The smb does not evolve through time; rather the 1990s mean
smb is used.

Both simulations show changes in surface elevation over much of the icecap due to
discrepancies between the divergence of the velocity field and the HIRHAM 1990s smb.
The T11 simulation shows a large (up to 1.8 ma−1) relative surface lowering compared5

to T95 in the B3 interior (Fig. 6).
The T11 simulation shows a thickening near the margin during the first two decades

relative to the T95 simulation due to the greater discharge from the interior.

3.2 Steady state simulations

As discussed in the Introduction, observations suggest a quiescent phase for B3 ex-10

tending back in time up to a century from the 1980s, with the implication that the 1980s
basal temperature may have been close to steady state, resulting from a long period of
gradual thickening and near zero velocities. Here steady state simulations are carried
out to investigate the sensitivity of steady state basal temperatures to geothermal heat
flux, advection, and frictional heat generation at the bed.15

A simulation with no advection terms (henceforth experiment SS for “steady state”)
was carried out as a proxy for 1980s basal temperatures. This simulation is repeated
with geothermal heat flux, a poorly constrained parameter, halved from the value used
in the T95 and t11 experiments to 31.5 mWm−2 (SSLG for “steady state low geothermal
heat flux”). These two experiments are designed such that the resulting temperature20

distribution is determined mainly by vertical diffusion.
In addition to the steady state simulation with full thermodynamics using the 1995

simulated velocity and basal drag coefficient fields (SS95), an identical simulation with
frictional heating removed is carried out (SS95NF). Note that SS95 is identical (except
for initial conditions) to the second step of the inversion process, Sect. 2.25

The basal temperatures resulting from all four simulations described above are
shown in Fig. 7 and are discussed further in Sect. 4.
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4 Discussion

We discuss possible mechanisms for surging and whether the simulations presented
here support them. Key properties of basal processes of glacier systems and their inter-
actions are shown in Fig. 8 (see also Introduction). An outlet glacier for which (a subset
of) these processes are active may or may not exhibit cyclic (surge) behaviour. Gener-5

ation of till material and evolution of the grain size distribution are not considered here
but we include properties directly related to hydrology of both till and ice–till interface,
and also effects of ice sheet geometry.

We consider which of these processes act to either restore or amplify a perturbation
away from a steady state (or “attractor” in state space), in other words which processes10

act to return a glacier system towards steady state (negative feedbacks) or amplify the
perturbation away from steady state (positive feedbacks). Note that in the context of
internal periodicity, the “attractor” would likely be a hypothesized unstable steady state
that lies within the periodic extremes. Any closed loop of processes in Fig. 8 indicates
a feedback loop whose sign depends on the number of red arrows in the loop. Note15

that oscillations can arise from strongly non linear negative feedbacks, or from positive
feedbacks with a limited temporal effect, or from combinations of positive and negative
feedbacks.

Ice thickness – driving stress feedback. Ice thickening causes increased velocity
due to increased driving stress. The combined increase in thickness and velocities20

increases the flux of ice discharged from the system, reducing ice thickness. This is
a negative feedback, though it has previously been erroneously referred to as a positive
feedback (Fowler et al., 2001).

Ice thickness – temperature feedback. Thicker ice insulates the bed and allows
warmer steady state temperatures at the bed due to the warming effect of the geother-25

mal heat flux. Warming at the bed increases the possibility of sliding, and the effective
increase of heat generation at the bed potentially increases sliding velocity. This is
a strongly non-linear (due to significance of the pressure melting point) long time scale
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(heat diffuses slowly through ice) negative feedback that will tend to speed up a thick
outlet glacier or slow down a thin outlet glacier.

These two negative feedback loops alone would be expected to lead either to
a steady state thickness profile in which smb is balanced by driving stress, or long
time scale oscillations (order 103 a) due to thermoviscous instability (Boulton and Hind-5

marsh, 1987; Fowler et al., 2001; Van Pelt and Oerlemans, 2012).
Efficient drainage feedback. The relationship between basal water and sliding is com-

plicated, but the first order response is an increase in sliding caused by increase in
basal water. But increased basal water pressure also increases rate of discharge of
water, reducing sliding. This is a highly non-linear negative feedback, with efficient10

drainage channels forming in response to high basal water content (Rothlisberger,
1972; Schoof, 2010). Such channels can drain basal water quickly, greatly reducing
sliding velocities. Efficient drainage channels are typically considered to be a hard bed
process, but if the timescale for water penetration of subglacial sediment is slow com-
pared to the meltwater source (from in situ melting or penetration of surface melt) the15

process can also occur at the ice–till interface.
Friction heating. Friction due to either till deformation or sliding of ice over the bed

causes heating and, where basal temperature is at the pressure melting point, in-
creased melting, providing additional water to the till or ice–till interface. This decreases
effective pressure, weakening till and enhancing flow speed (Iverson, 2010), providing20

a strong positive feedback.
Water/till strength feedbacks. The interactions between deformation and till proper-

ties are complex. As stated above, increased water pressure leads to reduced till yield
strength, making deformation more likely. However, deformation can lead to either di-
lation (which weakens the till) or compression (which strengthens the till). Dilation is25

the expansion of consolidated till (and thus increase in porosity) in response to shear-
ing. Dilatancy decreases with effective pressure and porosity (Clarke, 1987b). This is
further complicated by water availability. If insufficient water is available then dilation
can strengthen instead of weaken the till due to decreasing water pressure as poros-
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ity increases (Iverson, 2010). This network of dependencies is hard to resolve without
a detailed model for till evolution.

We argue against a hard bedded sliding mechanism. B3 exhibits seasonal cyclicity in
addition to the ongoing (inter-annual) speed up (Dunse et al., 2012). The only plausible
mechanism for seasonality is due to surface meltwater reaching the bed and causing5

either basal sliding or till deformation. The reduction in velocity after the melt season
can only be due to drainage of the excess basal water, most likely through efficient
drainage channels. If both the seasonal speed up and the interannual acceleration are
due to hard bedded sliding it is hard to explain why the additional water needed for
the interannual acceleration is not discharged by the same method as the seasonal10

acceleration after the melt season. The possibility that seasonal acceleration occurs
due to sliding near the ice cap margin whereas interannual acceleration occurs due to
upstream water build up can be discounted due to the similar spatial patterns of both
types of acceleration (Dunse et al., 2012).

We therefore hypothesize that the seasonal cycle is governed by the evolution of15

hydrology at the ice–till interface in response to penetration of surface melt, and that
the interannual acceleration is governed by evolving by till properties, of which poros-
ity, water pressure and permeability are perhaps the most important. This is consistent
with previous studies that point to soft bed mechanisms for Svalbard glacier surges
(Dowdeswell et al., 1999; Jiskoot et al., 2000; Murray et al., 2003). The physical sepa-20

ration of the seasonal and interannual accelerations could be due to the difference in
timescales: seasonal melt events may be too short a timescale to permeate into the
sediment and instead form drainage channels at the ice–till interface.

Reality may not be so simple: “sticky” spots (bedrock rises protruding through the
sediment) may become important once τb has passed the yield stress.25

The 2000s in Svalbard were historically very warm, likely warmer than any period in
the previous 1000 yr (Grinsted et al., 2006; Virkkunen et al., 2007; Divine et al., 2011).
Franklinbreen on Vestfonna is also presently undergoing a similar increase in velocity
from 1995 to 2010 (Pohjola et al., 2011) as B3. This warm period may induce an earlier,
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stronger or longer surge of B3 due to increased surface meltwater reaching the bed.
Whether such warming could lead to a change in behaviour of B3 such as more rapid
surge cycles, or even sustained fast flow, remains an open question.

4.1 Implications of modelling results

Given the likely situation that ASF overlies a plastically deformable till, we consider the5

significance of our basal stress calculations from the inverse simulations (Fig. 5). The
relatively small and uniform excess of τD over τb in 1995 suggests that the till may
already be starting to fail, but that τD is still close to the till yield stress, with the larger
difference seen in 2011 suggesting widespread till failure. Given that changes in τD
between 1995 and 2011 are relatively small (Sect. 2), this implies a reduction in the till10

yield strength, most likely caused by an increase in pore water pressure and or porosity
(i.e. dilation) in the till. Pore water pressure increase is consistent with an increase in
water production at the bed resulting from the friction heating feedback. An alternative
explanation is that the till was overconsolidated in 1995 and the weakening is due to
dilation. Likely both effects contribute.15

The high spatial variability in modelled basal stress may be due to the presence of
“sticky” spots, localised regions where bedrock protrudes through the sediment (Fowler
et al., 2001). However, an equally likely explanation comprises the noisy error fields in
observed velocities.

Simulated steady state basal temperature for ASF in the absence of advection (i.e.20

temperature distribution is driven by diffusion of geothermal heat through the ice) shows
strong sensitivity to the geothermal heat flux, a poorly constrained parameter for ASF.
Halving the chosen geothermal heat flux value of 0.063 Wm−2 changes the steady
state basal temperature distribution from widespread attainment of pressure melting
point to cold bedded throughout ASF (Fig. 7 top panel).25

This is consistent with the theory of the bed reaching pressure melting point due
to gradual thickening as a trigger for the surge phase, but more accurate knowledge
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of the geothermal heat flux would be needed in order to assess how strongly these
simulations support the theory.

While the region of basal melting due to geothermal heating could extend to the
onset area for B3 fast flow (Fig. 7 top right), the advection of heat once sliding is
initiated would tend to reduce the temperature below pressure melting point throughout5

the fast flow area (Fig. 7 bottom left). This not only emphasizes the importance of
friction heating (Fig. 7 bottom right), but suggests a mechanism for accelerating surge
shutdown: if shut down is due to refreezing at the bed as a result of thinning, the
advection of heat away from the fast flow region (ultimately this heat is transported to
the ocean) reduces the amount of thinning needed to refreeze the bed, shortening the10

surge duration.

5 Conclusions

We have conducted simulations to demonstrate that the assumption of a linear relation-
ship between basal drag and basal velocity, along with a temporaly fixed coefficient, can
lead to large errors in ice cap evolution.15

The proposed soft bed surge mechanism of Fowler et al. (2001) is likely applicable
to Austfonna’s Basin 3, with the addition of a seasonal cycle arising from surface melt
reaching the ice–till interface bed and then draining through efficient drainage channels,
without ever penetrating significantly into the sediment.

Our simulations are consistent with this theory, and suggest in addition that the in-20

crease in advection of heat due to sliding is likely to shorten the surge phase of Basin
3. Observations and simulations are consistent with a quiescent phase ending in the
1990s, with rapid acceleration occuring the 2000s.

Arguments presented here, and in previous studies, point to the importance of incor-
porating basal processes into future ice sheet models for applications in which sliding25

may occur, and that both for hard bed and soft bed sliding hydrology is key. In particular,
modelling the interaction between sediment properties and water pressure evolution is
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essential in order separate internal cyclicity from climatic forcing and to predict future
behaviour of Austfonna.
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Fig. 1. Observed velocity magnitude (in m/a) over Nordaustlandet from 1995 (top), 2008 (middle) and 2011

(bottom). B3 is the most prominent outlet glacier on the eastern side. Dark blue indicates no data. UTM zone

is 33N.
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Fig. 1. Observed velocity magnitude (in ma−1) over Nordaustlandet from 1995 (top), 2008
(middle) and 2011 (bottom). B3 is the most prominent outlet glacier on the eastern side. Dark
blue indicates no data. UTM zone is 33◦ N.
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scales. Dark blue indicates no data. UTM zone is 33◦ N.
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Fig. 3. Magnitude of the 2011 simulated surface velocity (in m/a) on the refined ASF mesh showing B3 in the

centre. Vertical exaggeration is 25.

Fig. 4. Log of the basal drag coefficient, Log(β), calculated by inversion of observed surface velocities for 1995

(top panel) and 2011 (bottom panel). Units for β are MPa a m−1. Surface ice flow speed contours of 50 and

100 m/a are shown.

17

Fig. 3. Magnitude of the 2011 simulated surface velocity (in ma−1) on the refined ASF mesh
showing B3 in the centre. Vertical exaggeration is 25.
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Fig. 3. Magnitude of the 2011 simulated surface velocity (in m/a) on the refined ASF mesh showing B3 in the

centre. Vertical exaggeration is 25.

Fig. 4. Log of the basal drag coefficient, Log(β), calculated by inversion of observed surface velocities for 1995

(top panel) and 2011 (bottom panel). Units for β are MPa a m−1. Surface ice flow speed contours of 50 and

100 m/a are shown.

17

Fig. 4. Log of the basal drag coefficient, Log(β), calculated by inversion of observed surface
velocities for 1995 (top panel) and 2011 (bottom panel). Units for β are MPa a m−1. Surface ice
flow speed contours of 50 and 100 ma−1 are shown.
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Fig. 5. Gravitational driving stress minus basal shear stress (τb) for 1995 (top panel) and 2011 (bottom panel),

overlain by contours of surface speed. Note that the zig zag discontinuities visible in Figure 5 are artefacts of

the parallel domain decomposition in a post processing step and do not significantly affect the stress patterns.

18

Fig. 5. Gravitational driving stress minus basal shear stress (τb) for 1995 (top panel) and 2011
(bottom panel), overlain by contours of surface speed. Note that the zig zag discontinuities
visible in Fig. 5 are artefacts of the parallel domain decomposition in a post processing step
and do not significantly affect the stress patterns.
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Fig. 6. Change in free surface (in m) over 100 model years using the 1995 derived basal drag field (left) and the

2011 derived basal drag field (right). The large (more than 1m/a) localised changes in South West ASF may be

due to the paucity of bedrock data.

Fig. 7. ASF basal temperatures (in K) from steady state simulations. Top left: diffusion only, geothermal

heat flux halved (SSLG). Top right: diffusion only (SS). Bottom left: full thermodynamics except friction

heating is omitted (SS95NF ). Bottom right: full thermodynamics (SS95). 1995 velocity contours (in m/a)

are overlain to indicate regions of fast flow.
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Fig. 6. Change in free surface (in m) over 100 model years using the 1995 derived basal drag
field (left) and the 2011 derived basal drag field (right). The large (more than 1 ma−1) localised
changes in South West ASF may be due to the paucity of bedrock data.
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Fig. 6. Change in free surface (in m) over 100 model years using the 1995 derived basal drag field (left) and the

2011 derived basal drag field (right). The large (more than 1m/a) localised changes in South West ASF may be

due to the paucity of bedrock data.

Fig. 7. ASF basal temperatures (in K) from steady state simulations. Top left: diffusion only, geothermal

heat flux halved (SSLG). Top right: diffusion only (SS). Bottom left: full thermodynamics except friction

heating is omitted (SS95NF ). Bottom right: full thermodynamics (SS95). 1995 velocity contours (in m/a)

are overlain to indicate regions of fast flow.
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Fig. 7. ASF basal temperatures (in K) from steady state simulations. Top left: diffusion only,
geothermal heat flux halved (SSLG). Top right: diffusion only (SS). Bottom left: full thermody-
namics except friction heating is omitted (SS95NF). Bottom right: full thermodynamics (SS95).
1995 velocity contours (in ma−1) are overlain to indicate regions of fast flow.
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Caption: 
Causality in basal 

properties and 
processes affecting  ice 

flow speed.  Green 
arrows indicate 

increases in the target 
property and red 

indicate decreases (so a 
chain of two red arrows 

between three 
properties imply that an 

increase in the first 
causes a decrease in the 
second and an increase 
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Fig. 8. Properties (blue boxes) and processes (purple boxes) at the bed, and potential relation-
ships/feedbacks between them. Red arrows indicate an decrease in the target property and
green arrows indicate an increase. So a closed loop of arrows with an odd number of red ar-
rows indicates a negative feedback, whereas a closed loop with an even number of (or zero) red
arrows indicates a positive feedback. Note the “dilation” process could change to compression
depending on the state of the till, changing the sign of the feedback.
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