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Abstract. The outlet glacier of Basin 3 (B3) of Austfonna to explain both the seasonal accelerations (short residence
ice cap, Svalbard, is one of the fastest outlet glaciers intime pooling of meltwater at the ice—till interface) and the
Svalbard, and shows dramatic changes since 1995. In adddngoing interannual speed-up (gradual penetration of water
tion to previously observed seasonal summer speed-up asato the till, reducing till strength).
sociated with the melt season, the winter speed of B3 has
accelerated approximately fivefold since 1995. We use the
Elmer/Ice full-Stokes model for ice dynamics to infer spatial
distributions of basal drag for the winter seasons of 19951 Introduction
2008 and 2011. This “inverse” method is based on minimis-
ing discrepancy between modelled and observed surface veébustfonna (ASF) is a large (ca. 8000 Ryice cap in the Sval-
locities, using satellite remotely sensed velocity fields. Webard Archipelago. ASF is divided into a number of drainage
generate steady-state temperature distributions for 1995 an@sins. The outlet glacier of one of these basins, Basin 3
2011. Frictional heating caused by basal sliding contributedB3. Fig.1), has recently been observed to accelerfatente
significantly to basal temperatures of the B3 outlet glacier,et al. 2012. Dowdeswell et al (1999 reviewed evidence
with heat advection (a longer-timescale process than fricOn the dynamics of B3 back to the 19th century. Presence
tional heating) also being important in the steady state. of heavy crevassing was taken to indicate fast flow in the
We present a sensitivity experiment consisting of transientl870s Nordenskiold 1873, whereas relatively smooth sur-
simulations under present-day forcing to demonstrate that usf2ce topography is thought to indicate stagnation in the 1980s
ing a temporally fixed basal drag field obtained through in- (Dowdeswell et al.1999. SAR (synthetic aperture radar) in-
version can lead to thickness change errors of the order oferferometry in the early 1990s shows flow speeds in 1992
2myear . Hence it is essential to incorporate the evolution @nd 1994 of up to 90 nT@ and 50ma’ respectively over a
of basal processes in future projections of the evolution ofcr0Ss section approximatelyskm upstream from the ocean
B3. Informed by a combination of our inverse method resultsmargin Oowdeswell et al.1999. Ice velocity was of compa-
and previous studies, we hypothesise a system of processéable magnitude in 199®unse et al.2012 but has recently

and feedbacks involving till deformation and basal hydrology @ccelerated to give winter velocities up to 200m at loca-
tions similar to those where the 1992 and 1994 observations
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1394 R. Gladstone et al.: Surging Svalbard glacier

were made, and a velocity range (due to a strong seasonal cg fast-flow regime that is not part of cyclic behaviour. In
cle) near the margin of 300-700 m*a(Dunse et a].2012). this respect B3 may be behaving more like an Antarctic ice
In the current study we use an ice dynamic computer modebktream where long-period slow-down and speed-up events
to make inferences about basal properties and processes o€cur, likely driven by changes in basal hydrology or “water
B3 and its outlet glacier using recent satellite observationspiracy” (Tulaczyk et al. 2000 Anandakrishnan and Allgy
and focus on the winter velocity increase rather than the seat997 Bougamont et aj2017).
sonal cycle. Svalbard surge-type glaciers are thought to be most com-
The fast flow of B3 is certainly due to basal sliding; ice de- monly underlain by fine-grained and potentially deformable
formation rarely accounts for more than 5mtaver Aust-  beds iskoot et al.2000. Although the importance of de-
fonna Dowdeswell et al.1999. This means that a purely formable sediment beneath glaciers was widely discussed in
ice dynamic model is not sufficient to simulate the velocity the literature of the 1980B6ulton and Hindmarshl987
evolution of B3; some representation of the changing basaClarke 19873, ice dynamic modelling studies have only re-
processes, which permit an increase in sliding, must be incently begun to simulate till deformatiovieli and Gud-
cluded. mundssor(2010 model till as an incompressible non-linear
A note on terminology: we use the term “sliding” to mean viscous medium and do not consider the effects of hydrol-
motion of the base of the glacier, irrespective of whether thisogy. However, several studieulaczyk et al.200Q Clarke
is due to sliding of the glacier over its bed or deformation of 1987a Iverson 2010 show that sediment typically deforms
underlying sediment. In the absence of a universally accepteglastically and that the yield stress is strongly dependent on
definition of the term “surge” as applied to a glacier or ice effective pressure, which in turn is strongly dependent on wa-
stream, we utilise our own definition. By “surge-type” glacier ter pressure and therefore also on hydrology.
we mean a coupled glacier—bed system showing strong (fac- Further modelling studies have investigated the impact
tor 3 or more) variability of ice velocity with a cyclic na- of water content in deformable sediment on ice dynam-
ture, independent of changes in external forcing (such as suiies. Bougamont et al(2011) solved a first-order differential
face mass balance or temperature). By “surge” we mean thequation for evolution of porosity in the till, and showed that,
fast-flowing phase of a surge-type glacier during which thewith a plastic bed model and a simple parameterisation for
glacier shows rapid and sustained acceleration. We note thabasal water availability, low-frequency oscillations could be
by this fairly generic definition, different underlying mech- obtained (of the order of £§r) in an idealised ice sheet.
anisms can lead to surge-type glaciers with a large range ofan Pelt and Oerlemar{2012 used a simple diffusion rela-

periodicities and magnitudes. tion to simulate evolution of till water content and were able
Svalbard glaciers are known to be commonlijskoot  to demonstrate, for a plastic till (some of their simulations
et al, 2000, or perhaps overwhelmingly, surge-typesfau- also included a small linearly viscous component), both low-

connier and Hagenl991 Sund et al. 2009. A Svalbard frequency oscillations (driven by changes in temperature dis-
surge-type glacier typically spends several decades to a fewribution) and high-frequency oscillations (driven by changes
centuries in a quiescent state, then becomes active for perin till water distribution) in an idealised outlet glacier, with
ods as long as a decadedwdeswell et a].1991). The surge till strength being an important factor governing possible os-
phase for Svalbard glaciers is significantly longer than forcillatory behaviourvan der Wel et al(2013 used a plastic
surging glaciers in other regionBgwdeswell et al.1991); till model with a hydrology model that incorporates represen-
however the relative increase of velocity during a surge is reltation of channelised flow at the ice—till interface to demon-
atively lower than for glaciers in other regions. These factsstrate the important control that connectivity through to the
may be linked: a slower-flowing surge phase would require agrounding line exerts on upstream sliding.

longer active period to discharge the same mass of ice. The These till studies all express yield stress as a function of
longest surge phase listed Bpwdeswell et al(199]) was  one unknown, imposing dependency between effective pres-
for Bodleybreen on Vestfonna ice cap, which lasted for be-sure and porosityClarke(19871) provides a physical frame-
tween 5 and 13 yr, with a best estimate of 7 yr. Surge speedwork based on soil studies in which both positive and nega-
in Svalbard glaciers are typically many times greater thantive dilatancy can occur, and the evolution of yield stress is
during the quiescent phase since sliding becomes the doma function of both porosity and effective pressure as indepen-
nant component of ice flow. The speed of the B3 glacier indent variables.

1995 was much faster than is typical of the quiescent phase Simulations incorporating plastic till deformation have not
of Svalbard glaciers which do not slide, and, given the con-yet been applied to B3. Howeveadunse et al(2011) simu-
tinued or accelerating velocity, suggests that the glacier hatated cyclic behaviour on B3 using a basal drag formulation
been in a fast-flowing or surging state for perhaps 20 yr, withdependent on temperature and overburden pressure. Till wa-
an even faster state for the past few years. Given that B3er content is not explicitly simulated iyunse et al(2011),
surface morphology indicated stagnant conditions most rebut may be implicit in the temperature dependency.

cently during in the 1980s, B3 may be experiencing an ex- The current study does not attempt to simulate evolu-
tremely long-lasting surge, or it may be an acceleration intotion of till properties, but instead uses inverse and transient
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simulations with an ice dynamic model to make inferences
about key physical processes, which will in turn guide till
model development. Secti@presents a time series of three
winter season inverse simulations whereby basal stress is de
rived to optimise the fit of simulated surface velocities to
observations. SectioB.1 presents transient simulations as
a sensitivity experiment to quantify the importance of omit-
ting evolution of basal stress. Secti8tR presents steady-
state and transient simulations in which the thermodynamic
regime of Basin 3 is investigated in order to inform the
discussion on basal processes. Secfiatiscusses possible
feedback mechanisms to explain the acceleration of B3 in
the light of the new simulations.

1000

1.1 Open-source tools

A number of open-source software projects made pos-
sible the inverse modelling and other analyses in the
current study. Elmer/lce Gagliardini et al. 2013 was
used for ice dynamic simulations. Mesh generation for
the simulations used YAMS h{tp://www.ann.jussieu.fr/
frey/publications/RT-0252.pjifand GMSH (Geuzaine and
Remacle 2009. Analyses and presentation of outputs
utilised ParaviewAhrens et al.20095.

Figure 1. Surface height of the Austfonna ice cap. Fast-flowing out-
let glaciers are indicated by the blue 100maontour calculated
from 2011 observed velocities. The Basin 3 outlet glacier is labelled
B3. North is towards the top of the figure.

ture simulation incorporates deformational heating and heat-

2 Inverse modelling ing due to friction at the bed, as described®ghéfer et al.

Modelling results presented in the current study were ob_(2(_)|_1h3- teadv-state temperature simulation is carried out with
tained using the Elmer/Ilce Stokes flow model for ice dy- € steady-stal€ lemperature simuation Is carried ou

namics Gagliardini et al, 2013, In this section, we present a fixed-temperature boundary condition at the upper surface:

inverse simulations using the method Afthern and Gud-

Ts= —7.684— 0.004, 2
mundsson(2010 as implemented in Elmer/lce billet- S x @
Chaulet et al(2012. The experimental setup is the same as\here 75 is surface ice temperature,is height a.s.l. and
that used for neighbouring Vestfonna ice c8plfafer eta).  the constant values on the right-hand side represent sea level
2013, following the work of Schéfer et al(2012, except  temperature (ifC) and lapse rate (fC m~1) respectively,

where stated otherwise. with values as irSchafer et al(2013.
A heat flux, Qp, boundary condition is used at the base of
2.1 Model setup the ice:
The approach to inverse modelling involves optimisation of Ob = 0.063+ up, ©)
the basal drag coefficieng, to provide a best fit between
observed and simulated surface velocitiéss given by where 0.063 is the geothermal heat flux adry, is the fric-
tional heat flux.
= Cup, 1) The ice geometry (surface elevation and bedrock heights)
) ) ) . is based on Norwegian Polar Institute maps and various ice
wherezy, is basal shear stress amglis basal ice velocity. thickness data as described in Sect. 3 Bafise et al(2011).

_ A three-_step process is followed: the inversio_n i§ car-The surface elevation dates from 1990.

ried out with a uniform £7°C) temperature distribution;

a steady-state temperature simulation is carried out usin@. 1.1 Observed velocities

the velocities derived from the inversion; finally the inver-

sion is repeated using the derived steady-state temperaturege surface velocities based on satellite remote sensing are
This gives consistent temperature and velocity fields. Theused. Velocities were obtained using radar interferometry for

geometry is kept fixed at all stages. In some cases furthethe period December 1995 to January 1996, offset track-
temperature—inversion iterations were carried out, but theséng for the period January to March 2008 and a combined

showed little or no further change. The steady-state temperanterferometry—tracking approach (effectively offset tracking

www.the-cryosphere.net/8/1393/2014/ The Cryosphere, 8, 139305 2014
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over B3) for the period March to April 2011. A more detailed 8950
description is given below. It is important to emphasise that
all these observations indicate velocities prior to the melt-
season speed-upynse et al.2012.

Tandem Phase ERS-1/2 (European Remote Sensing Satel-
lit) 1-day SAR scenes were acquired between December
1995 and January 1996 (1-day interval) and surface ice ve-
locities were calculated using SAR interferometry (INSAR)
(henceforth “1995 velocities’Dowdeswell et a].2008.

Four ALOS (Advanced Land Observing Satellite) PAL- 8800
SAR (Phased Array type L-band Synthetic Aperture Radar) 550 600 650 700 750
scenes were acquired between January 2008 and March 2008
with a 46-day time interval and velocities calculated using
offset tracking (henceforth “2008 velocitiePphjola et al.
2011).

400

300
8900

200

8850
100

UTM Y distance, km

8950 400

For 2011, an ERS-2 SAR data stack acquired in % 300
March/April with a 3-day time interval processed with a % 8900
combined INSAR and tracking approach is used (henceforth @ 200
“2011 velocities”;Schéafer et a).2013. In the northern and s
eastern parts of Austfonna, including B3, SAR data are avail- 2 8850 100
able from only one orbit, and offset tracking was therefore >
considered.

In all three cases the vertical components of the veloci- 88005 0

ties have been neglected during the calculation of horizontal
velocities.

The displacement error in the INSAR data is about 2 cm 8950
(Dowdeswell et al.2008, which corresponds to a velocity
error of 7myr ! for Tandem ERS-1/2 SAR data (1-day time
interval) and 2myr?! for 3-day ERS-2 SAR data. By con-
sidering a matching error estimate of1D of a pixel, the
precision of offset tracking is about 10 nyrfor the 2008
ALOS PALSAR data separated by a temporal interval of 46
days Pohjola et al.2011) and of the order of 130 m y# for
the 2011 ERS-2 data set separated by a temporal interval of
3 days. 8800

The 1995 data set of observed surface velocities, based 550 82?\/' % d650 700 750

. . istance, km
on interferometry, is smooth and has good coverage
(Dowdeswell et al.2008. The 2008 and 2011 data sets Figure 2. Observed winter velocity magnitude (in m*) over Nor-
contain many data gaps and regions with noisy error fieldsdaustlandet from 1995 (top), 2008 (middle) and 2011 (bottom). B3
(Fig. 2). The dramatic speed-up of the B3 outlet glacier is of is the most prominent outlet glacier on the eastern side. Dark blue
much greater magnitude than these errors, but the errors afgdicates no data. UTM zone is 33N. Neighbouring ice cap Vestfona
such that, if there is a change in the slow-moving interior, it (VSF) is also shown.
cannot be detected.

Since we wish to simulate the basal properties of B3 over
time we need to provide a smooth input field for the inversefor regions other than B3, but with the 1995, 2008 and 2011
modelling. Therefore the following processing of the noisy velocities respectively for the B3 region (Fi).
velocity fields took place. The 2008 and 2011 velocities were
smoothed using an 11-point (ca. 3km) conic filter. The B32.1.2 Mesh generation
outlet glacier region from 2008 and 2011 was then copied
over to the 1995 velocity field and smoothed using interpo-For consistency, all simulations in the current study use the
lation over a buffer zone, so that the smooth and completessame mesh (Figd). The mesh is unstructured in the hori-
1995 data set can be used where data are missing or contazontal, and extruded in the vertical with 10 equally spaced
too much high-amplitude noise to be useful. This results inlayers. The horizontal mesh resolution varies between ap-
three data sets for inverse modelling, using 1995 velocitiegproximately 250 m and .8 km. Mesh refinement is guided

by 1995 velocity magnitude (smaller element size for higher

400

300

8900

200

8850
100

UTM Y distance, km

The Cryosphere, 8, 13933405 2014 www.the-cryosphere.net/8/1393/2014/



R. Gladstone et al.: Surging Svalbard glacier 1397

8870 400 2.2 Inverse modelling results
£ 8860 4 300 The simulated surface velocities for all three time periods
g show (unsurprisingly given the inverse approach) a good
g 8850 ) match to observations. The 1995- and 2011-simulated sur-
2 200 face velocity fields are shown with the model mesh and the
; 8840 ice cap surface in Fig$a and c respectively. We present
5 8830 100 results from the 1995 and 2011 simulations, with 2008 pro-
viding a less significant intermediate state.
8820 0 The basal drag coefficiext is also shown in Figssh and
680 700 720 d for the 1995 and 2011 simulations respectively. Basal slid-
ing accounts for most of the surface velocity (not shown).
The 2011C distribution shows, in comparison to the 1995
8870 600 C, both a reduction in the minimum value 6fand an in-
£ 8860 500 crease in the area of lo@ corresponding to the increase in
- 400 area of fast flow.
% 8850 We compare the gravitational driving stresg, with the
o d 300 basal shear stress,, in Fig. 6. tp is given by Eq. {) and
S 8840 is dependent on the surface velocity observations, basal drag
Z 200 law, ice geometry and on shear stresses in the ice meslel.
> 8830 vy 100 is a function of the ice cap geometry only, and is given by
8820 680 700 720 0 ™ = pgHV(s), (4)

wherep is ice density (910 kg m?), g is gravitational accel-
800 eration (981 ms2), H is ice thickness an® (s) is the ice
surface gradient.
In 1995 1p is approximately 10 to 20 kPa higher thapn

8870

8860

S
X
g 000 in the fast-flowing B3 outlet glacier, and is approximately
& 8850 the same amount lower thag at or just beyond the shear
§ 8840 400 _margi_n_s. This suggests that even in 1995 the bed strength is
s insufficient to balance the driving stress, and support from
5 8830 200 the lateral margins compensates. In 2011 the pattern is the
same but stronger, witl, dropping close to zero ang —
8820 0 around 50 kPa. The imbalance also occurs over a larger area

680 700 720

UTM X distance. km (corresponding to the increased region of fast flow).

Note thatrp is calculated using the same ice cap geom-
Figure 3. Smoothed and patched (see main text for details) ob-etry for different time periods. To test sensitivity of to
served winter velocity magnitude (in 4) over B3, ASF, from  the evolving ice-cap-free surface we calculatgdalso us-
1995 (top), 2008 (middle) and 2011 (bottom). Note the different ing the ice cap geometry from the transigit1 simulation
colour scales. Dark blue indicates no data. UTM zone is 33N. (Sect.3.1). The results (not shown) show very little differ-
ence to Fig6, because it is the change ip that dominates

velocities), except for B3. Mesh refinement for B3 is basedrather than the change 1.

on 2011 velocities with additional resolution enhancement.
Previous studiesSchéafer et a) 2013 Gillet-Chaulet et al.
2012 have implemented mesh refinement based on the Hes-

sian of the velocity field in order to give a spatially uniform Fyrther simulations are carried out to investigate sensitivities

truncation error. Such an approach was not chosen for thgp basal processes and to thermodynamic terms.
current study due to the motivation to simulate greatly differ-

ing observed velocity fields on the same mesh, and to carng.1 Transient surface change experiment

out transient simulations in which the velocity field is al-
lowed to evolve. Two transient simulations of 100 yr were carried out to com-

pare the evolution of B3 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

Forward modelling

www.the-cryosphere.net/8/1393/2014/ The Cryosphere, 8, 139305 2014
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Figure 5. 3-D view (same viewing angle and vertical exaggeration as indyishowing inverse model outputs in the B3 outlet glacier region.
The left panels show simulated surface velocity magnitude (im#) m solid colour with observed velocity contours (40, 80, 160, 320 and
640m a_l) overlain for(a) 1995 andc) 2011. The right panels show the log of the basal drag coefficient, C, on the bedrock (the ice cap is
removed) forb) 1995 andd) 2011. Units for C are MPaaTt.

sensitivity of B3 evolution to basal drag; it is not a future for the period 1989-2011Lé&ngen et al.2014. Bilinear
prediction. Initialisation and forcing, described in the next interpolation is used to interpolate from the approximately
two paragraphs, are approximately present day. 5km resolution of HIRHAMS to the finer-resolution Elmer
Initial ice cap geometry is as described in the setup formesh. The SMB does not evolve through time; rather the
inverse modelling (Sect?). Temperature is given by the 1990s mean SMB is used. Surface temperature and geother-
steady-state temperature derived using the inverse method fonal heat flux are as described in Sext.
1995. This temperature field is used for both T95 @id ex- Both simulations T95 and T11 show changes in sur-
periments as we aim to isolate the impact of basal drag. Giverfiace elevation over much of the ice cap due to discrepan-
that motion occurs primarily through sliding rather than de- cies between the divergence of the velocity field and the
formation, temperature is held constant throughout the simuHIRHAM 1990s SMB. The T11 simulation shows a large
lations. (up to 18 ma 1) relative surface lowering compared to T95
Surface mass balance (SMB) is given by HIRHAM5, a re- in the B3 interior (Fig7). The T11 simulation shows a thick-
gional atmospheric climate modelliristensen et al2007 ening near the margin during the first two decades relative
Lucas-Picher et 8l2012. HIRHAMS5 is based on th&lndén  to the T95 simulation due to the greater discharge from the
et al. (2002 and ECHAMS5 modelsRoeckner et al.2003, interior.
combining the dynamics of the former model with the physi-
cal parameterisation schemes of the latter. The physics of th8.2 Temperature simulations
model have been supplemented with a surface snow scheme ) ) )
and SMB calculation for glaciera/ottram et al, 2014 Rae As o_hscussed in the_Intro<_ju_ct|on basal water pressure is a
etal, 2012. SMB is calculated using the energy balance ap_crumal factor governing sliding, an_d water cannot build up
proach to determine melt rates and a parameterisation for re2t the bed when the temperature is below pressure melting
tention of liquid water in the snowpack. The HIRHAMS5 sim- POint (pmp). Here we present sensitivity studies to assess the
ulation used in this study was forced with the ECMWF ERA- re_levance of d|ffere_3nt aspects of the thermodynamic regime,
Interim reanalysis data set in the atmosphere and sea surfadth & focus on which regions of the bed reach pmp.
temperature and sea ice concentration also from the ECMWF

The Cryosphere, 8, 13933405 2014 www.the-cryosphere.net/8/1393/2014/
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Figure 6. Basin 3 stress balance. Left: simulated basal shear stress
(tp) from the inverse modelling fofa) 1995 and(c) 2011. Right:
gravitational driving stress (calculated from ice cap geometry) mi-
nus basal shear stress {bj 1995 andd) 2011. Note that the zigzag
discontinuities visible in the plots on the right are artefacts of the
parallel domain decomposition in a post-processing step and do no
significantly affect the stress patterns. Units are MPa.

Figure 8. Basal temperatures (in centigrade relative to the pressure
melting point) in the Basin 3 outlet glacier region from steady-state
simulations described in Se&.2.1 (a) diffusion only, geothermal
heat flux halved (SSLGJb) diffusion only (SS){c) full thermody-
namics with 1995 dynamical regime except that frictional heating
is omitted (SS95NF)(d) full thermodynamics with 1995 dynam-
ical regime (SS95)(e) full thermodynamics with 2011 dynamical
Figure 7. Change in free surface (in m) over 100 model years us-regime except that frictional heating is omitted (SS11); épéull

ing the 1995-derived basal drag field (simulation T95, left) and thethermodynamics with 2011 dynamical regime (SS11NF). 105 (
2011-derived basal drag field (simulation T11, right). Velocity con- to d) and 2011 ¢ andf) velocity contours (in mat) are overlain to
tours (in ma1) are overlain to indicate regions of fast flow. indicate regions of fast flow.

3.2.1 Steady-state temperature simulations

Here steady-state simulations are carried out to investigat

the sensitivity of steady-state basal temperatures to geothe " \
mal heat flux, advection and frictional heat generation at the

bed. The assumption of steady state is questionable for

surge-type glacier, and yet it provides an idealised starting

point for sensitivity studies investigating thermodynamics.

. A S|mulat|0£1 with no ad\{’ectlon terrr_ls (henceforth exper- Figure 9. Basal temperatures (in centigrade relative to the pressure
iment SS for “steady state”) was carried out as a proxy formejiing point) in the Basin 3 outlet glacier region from the transient

1980s basal temperatures. This simulation is repeated Withimyation T_T95 after 10 years of integration (left) and 50 years
geothermal heat flux, a poorly constrained parameter, halvegight). 1995 velocity contours (in ntd) are overlain to indicate
from the value used in the T95 and T11 experiments toregions of fast flow.

31.5mW n1?2 (SSLG for “steady-state low geothermal heat

flux”). These two experiments are designed such that the re-

sulting temperature distribution is determined mainly by ver-

www.the-cryosphere.net/8/1393/2014/ The Cryosphere, 8, 139305 2014
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Figure 10.Properties (blue boxes) and processes (purple boxes) at the bed, and potential relationships/feedbacks between them. Red arrow
indicate a decrease in the target property and green arrows indicate an increase. So a closed loop of arrows with an odd number of red arrow
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.

tical diffusion. The SS simulation (Fidgb) shows a mostly  vected away from B3, and SS95 shows that even the presence
temperate bed (i.e. at pressure melting point), with cold iceof frictional heating does not compensate for advective heat
at the bed near the margins. loss in the steady state. The situation is different for 2011. As
An ice mass in which the steady-state thermal regimeexpected, the bed under the B3 outlet glacier is even colder
is dominated by vertical diffusion has, for given surface in SS11 than in SS95 (due to the higher ice velocity), but the
and bed conditions, a hypothetical threshold thickness abovéictional heating more than compensates, resulting in tem-
which the steady-state bed temperature will be at pressurperate conditions under much of the B3 outlet glacier. This is
melting point, and below which the bed will remain below due to high frictional heating in the shear margins and onset
pressure melting point (decreasing monotonically with de-region.
creasing thickness). The facts that halving geothermal heat This motivates the question of whether steady state is ap-
flux leads to a widespread cold bed under B3 (Ba). and  plicable to any of our time slices.
that geothermal heat flux is poorly constrain8dtféfer et al.
(2013 use 40mWm?, for example, on nearby_ Vestfor_ma) 3.2.2 Transient temperature simulation
suggests that the present-day geometry of the ice cap is close
to (likely just above) the thickness threshold for a temperate
steady-state bed in the interior, and below the threshold neafVe carried out a transient simulation with full thermody-
the margins. namics starting from the temperature distribution of the SS
In addition to a Steady_state simulation with full thermo- Simulation, Using the 1995 basal drag field. This simulation
dynamics using the 1995 simulated velocity and basal drad T_T95) is identical to T95 except for the starting temper-
coefficient fields from the inversion (SS95, Fagl), an iden- ~ ature distribution and the inclusion of thermodynamic evo-
tical simulation with frictional heating removed is carried out lution. T_T95 shows (Fig9) that on timescales of years to
(SS95NF, Fig8c). Note that SS95 is identical (except for decades, advective heat loss plays a small role, with the bed
initial conditions) to the second step of the inversion processfemaining at pmp, and indeed the temperate region extending
Sect.2. Compared to SS, SS95NF adds the effects of strairPut towards the ocean.
heating and heat advection. Similarly, steady-state tempera- The slow response time of advective heat loss certainly
ture simulations with and without frictional heating at the bed invalidates the steady-state assumption for B3 for any time
were carried out using the 2011-simulated velocity and basaPeriod after 1995, when the velocity is known to be rapidly
drag coefficient (Simu|ations SS11 and SS:I_:I_NF7 F@ Changing. The Val|d|ty of the assumption in 1995 is also

andsf respectively). In SS95NF it can be seen that heat is adauestionable. A likely scenario is that slow flow and grad-
ual thickening of B3 occurred during the quiescent phase,
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resulting in a temperature distribution in 1995 somewheretend to speed up a thick outlet glacier or slow down a thin
between that of SS and a 100-year snapshot of T_T95. outlet glacier.

However, the steady-state simulations are still informative. These two negative feedback loops alone would be ex-
The simulations are consistent with much of the bed of thepected to lead either to a steady-state thickness profile in
B3 interior and outlet glacier approaching pmp towards thewhich SMB is exactly balanced by divergence of the ice flux,
end of the quiescent phase. The simulations indicate that, aler long-timescale oscillations (order318) due to thermovis-
though advective heat loss and frictional heat generation areous instability Boulton and Hindmarsi.987 Fowler et al,
competing effects in terms of basal temperature, their net be2001; Van Pelt and Oerlemang012.
haviour is not likely to reduce basal temperature below pmp Efficient drainage feedback: the relationship between
during a surge. The implications of these temperature simubasal water and sliding is complicated, but the first-order re-
lations are discussed further in Sett. sponse is an increase in sliding caused by increase in basal

water. But increased basal water content also increases rate
of discharge of water, reducing sliding. This is a highly
non-linear negative feedback, with efficient drainage chan-
4 Discussion nels forming in response to high basal water cont&iti(-
lisberger 1972 Schoof 2010. Such channels can drain
We discuss possible mechanisms for surging and whether thieasal water quickly, greatly reducing sliding velocities. Ef-
simulations presented here support them. Key properties dficient drainage through channels is typically considered to
basal processes of glacier systems and their interactions atee a hard-bed process, but if the timescale for water pene-
shown in Fig.10 (see also Introduction). An outlet glacier tration of subglacial sediment is slow compared to the melt-
for which (a subset of) these processes are active may owater source (from in situ melting or penetration of surface
may not exhibit cyclic (surge) behaviour. Generation of till melt) the process may also occur at the ice—till interface.
material and evolution of the grain size distribution are not Frictional heating: friction due to either till deformation or
considered here, but we include properties directly related tasliding of ice over the bed causes heating and, where basal
the hydrology of both the till and the ice—till interface, and temperature is at the pressure melting point, increased melt-
also effects of ice cap geometry. ing, providing additional water to the till or ice—till interface.

We consider which of these processes act to either restoré€his decreases effective pressure, weakening till and enhanc-
or amplify a perturbation away from a steady state (or “at-ing flow speed I{erson 2010, providing a strong positive
tractor” in state space), in other words which processes act téeedback to sliding velocity.
return a glacier system towards steady state (negative feed- Advective heat loss: increased sliding increases advec-
backs) or amplify the perturbation away from steady statetion of heat from the glacier to the ocean, potentially reduc-
(positive feedbacks). Note that in the context of internal peri-ing basal temperatures below pmp. This provides a negative
odicity, the attractor would likely be a hypothesised unstablefeedback to sliding velocity.
steady state that lies within the periodic extremes. Any closed Water/till strength feedbacks: the interactions between de-
loop of processes in Fig.0indicates a feedback loop whose formation and till properties are complex. As stated above,
sign depends on the number of red arrows in the loop. Noténcreased water pressure leads to reduced till yield strength,
that oscillations can arise from strongly non-linear negativemaking deformation more likely. However, deformation can
feedbacks, or from positive feedbacks with a limited tem-lead to either dilation (which weakens the till) or compres-
poral effect, or from combinations of positive and negative sion (which strengthens the till). Dilation is the expansion
feedbacks. (and thus the increase in the porosity) of consolidated till

Ice thickness — driving stress feedback: ice thickeningin response to shearing. Dilatancy decreases with effective
causes increased velocity due to increased driving stress. Tharessure and porosityC(arke 19870. This is further com-
combined increase in thickness and velocities increases thglicated by water availability. If insufficient water is avail-
flux of ice discharged from the system, reducing ice thick- able, then dilation can strengthen instead of weaken the till
ness. This is a negative feedback, though it has previouslylue to decreasing water pressure as porosity increbsgs (
been erroneously referred to as a positive feedbBolwler  son 2010. This network of dependencies is hard to resolve
etal, 2001)). without a detailed model for till evolution.

Ice thickness — temperature feedback: thicker ice insulates We argue against a hard-bedded sliding mechanism. B3
the bed and allows warmer steady-state temperatures at thexhibits seasonal cyclicity in addition to the ongoing (inter-
bed due to the warming effect of the geothermal heat flux.annual) speed-upDunse et al.2012. The only plausible
Warming at the bed increases the possibility of sliding, andmechanism for seasonality is due to surface meltwater reach-
the effective increase of heat generation at the bed potentialling the bed and causing basal motion due to either sliding
increases sliding velocity. This is a strongly non-linear (dueat the ice—till interface or till deformation. The reduction in
to significance of the pressure melting point) long-timescalevelocity after the melt season can only be due to drainage of
(heat diffuses slowly through ice) negative feedback that willthe excess basal water, most likely through efficient drainage
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channels. If both the seasonal speed-up and the interannuatease is consistent with an increase in water production at
acceleration are due to hard-bedded sliding, it is hard to exthe bed resulting from the frictional heating feedback.
plain why the additional water needed for the interannual ac- The high spatial variability in modelled basal stress arises
celeration is not discharged by the same method as the sefrom small-scale spatial variations in the velocity field. These
sonal acceleration after the melt season. The possibility thatnay be due to the presence of sticky spots. However given
seasonal acceleration occurs due to sliding near the ice cane noisy error fields associated with the observed 2011 ve-
margin whereas interannual acceleration occurs due to upecities, they may be artefacts of measurement errors.
stream water build-up can be discounted due to the similar A prerequisite for rapid sliding is a temperate bed. The
spatial patterns of both types of accelerati@uiise et a.  temperature simulations (Se@.2) are consistent with a
2012. gradual thickening during the quiescent phase, leading to
We therefore hypothesise that the seasonal cycle is govtemperate conditions at the bed in the B3 interior. We now
erned by the evolution of hydrology at the ice—till interface consider mechanisms for the temperate bed extending to the
in response to penetration of surface melt, and that the intermargin.
annual acceleration is governed by evolving by till proper- The onset of surge behaviour in some glaciers has been ob-
ties, of which porosity, water pressure and permeability areserved to occur through downstream propagation of a surge
perhaps the most important. This is consistent with previoudront between fast-moving temperate-based ice upstream and
studies that point to soft-bed mechanisms for some Svalbardlow-flowing cold-based ice downstream. The two key char-
glacier surgesfowdeswell et a].1999 Jiskoot et al.200Q acteristics of a surge front are the transition between a cold
Murray et al, 2003. The physical separation of the seasonal bed and a warm bed, and a significant steepening of the sur-
and interannual accelerations could be due to the differencéace slopeffowler et al, 2001, Murray et al, 1999. A propa-
in timescales: seasonal melt events may be too short in duragating surge front seems unlikely for B3 for several reasons:
tion for water to percolate into the sediment and may insteadt has been suggested that surge front propagation is more
form drainage channels at the ice—till interface. In this casetypical of land-terminating glaciers than marine-terminating
it is likely that, while much of the seasonal melt water drains glaciers Murray et al, 2003. In 1995 the higher velocities
into the ocean, a fraction will percolate into, and be storedwere towards the front, suggesting that any propagating surge
within, the till, contributing to the ongoing surge build-up.  front would have to have developed before this time, but with
Reality may not be so simple: “sticky” spots (bedrock rises velocities in 1995 of the order of 100 myrwe would argue
protruding through the sedimerfdwler et al, 2001)) may  that the surge was not underway at this time. The steepening
become important oncg has passed the yield stress. of surface slope at the surge front, which provides the high
There is some evidence to suggest a positive total masdriving stresses needed to propagate the surge front into the
balance over the accumulation zone of ASF in the late 20ttcold-bedded region, would be much harder to achieve (i.e.
century Bevan et al.2007), but this may be attributable to a much greater volume of ice would b required) for a low-
surge-type basins in quiescent phase rather than being indicaspect-ratio glacier like B3 (the aspect ratio of B3 is nearly
tive of a climate-forced increase in SMB. an order of magnitude lower than that of Bakaninbreen, for
The 2000s in Svalbard were likely warmer than any pe-example Murray et al, 1999, on which surge front propa-
riod in the previous 1000 yQGrinsted et al.2006 Virkkunen gation has been observed). Therefore we consider surge front
et al, 2007 Divine et al, 2011). Dunse et al(2009 identify propagation to be unlikely, though not impossible, for B3.
a high amount of surface melt over the southern part of ASF The temperature simulations suggest that, while a fast-
in summer 2004, followed by lowering of the firn line and flowing outlet glacier would be expected to advect sufficient
increase in SMB until 2007 (see alstoholdt et al.(2010). heat away to lower the temperature in some regions below
pmp, a slow-flowing outlet glacier might advect heat towards
the margins without causing the interior to become cold
based (at least not for many decades). We therefore hypothe-
sise a quiescent phase with a slow-flowing outlet glacier and
Given the likelihood that ASF overlies a plastically de- a gradual increase of thickness. As the ice thickens the inte-
formable till, we consider the significance of our basal stressior becomes temperate, and this temperate region is gradu-
calculations from the inverse simulations (F&). The rela-  ally extended to the ice front through a combination of heat
tively small and uniform excess af overtyp in 1995 sug-  advection and continued thickening.
gests that the till may already be starting to fail, but that Once a temperate bed is obtained throughout the outlet
is still close to the till yield stress, with the larger difference glacier, water pressure can increase, leading to rapid sliding,
seen in 2011 suggesting widespread till failure. Given thatand the frictional heat feedback becoming important. This
changes inp between 1995 and 2011 are relatively small mechanism could potentially occur locally rather than un-
(Sect.?2), this implies a reduction in the till yield strength, derthe whole outlet glacier, in which case the resistive stress
most likely caused by an increase in pore water pressure andould be transferred to nearby cold-bedded regions by lon-
or porosity (i.e. dilation) in the till. Pore water pressure in- gitudinal stress in the ice. In order for this to lead to locally

4.1 Implications of modelling results
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rapid sliding, high driving stresses would be needed to overarate internal cyclicity from climatic forcing and to predict
come the lateral resistance. While the B3 driving stress is lowfuture behaviour of Austfonna.
due to the low aspect ratio, this may provide the mechanism
for surge front propagation in steeper glaciers.

As the till begins to fail, the basal shear stress drops, re/AcknowledgementsiVe wish to thank Thorben Dunse from the
ducing frictional heating and transferring the resistive stresdJniversity of Oslo for providing bedrock and surface elevation data.

to the shear margins. The higher friction under the shear mar. "¢ Satellite velocity data were produced with support of the EU

. . . . . . _FP6 INTEGRAL Project (1995), the ESA DUE GLOBGLACIER
gins, and the higher heating due to internal ice deformationy, ..+ >008) and the EU FP7 CRYOLAND Project (2011). We
in this region, could lead to increased basal water generatiolish to thank Fabien Gillet-Chaulet from the Université Joseph

under the shear margins, leading to preferential weakening Ofoyrier for making available his code for the inverse modelling. We

the bed below the shear margins more than the main trunkacknowledge CSC — IT Center for Science Ltd. for the allocation

This provides a possible mechanism for the observed 8ig. of computational resources. This work was performed at the Arctic

widening of the outlet glacier through shear margin migra- Centre at the University of Lapland through funding by projects

tion. SVALI (Stability and Variations of Arctic Land Ice) and SvalGlac.
Temperate conditions throughout the B3 outlet g|acie|’ al-This publication is contribution number 31 of the Nordic Centre

low redistribution of heat (and possible heat loss to the oceanjf_ Excellence SVALI funded by the Nordic Top-level Research

through the subglacial hydrological system (this process is™tative.

not currently represented in our simulations). The reduction

in frictional heating due to a failing till, and heat loss to the

ocean due to both ice advection and hydrological discharge,

could jointly contribute to eventual colder-bed conditions References

and surge shutdown. Dynamic thinning of the glacier could

also lead to basal temperature reduction through reduced imAhrens, J., Geveci, B., and Law, C.: 36 — ParaView: An End-

sulation against the cooler atmosphere, but this would be on a User Tool for Large-Data Visualization, in: Visualization Hand-

timescale longer than decades, and is hence an unlikely can- Pook edited by Hansen, C. D. and Johnson, C. R., 717 pp. —
didate for a surge shutdown mechanism. LXXII, Butterworth-Heinemann, Burlington, ddi0.1016/B978-

012387582-2/50038;2005.
Anandakrishnan, S. and Alley, R.: Stagnation of ice stream C, West
. Antarctica by water piracy, Geophys. Res. Lett., 24, 265-268,
5 Conclusions doi:10.1029/96GL040161997.

) ) Arthern, R. J. and Gudmundsson, G. H.: Initialization of ice-sheet
We have conducted simulations to demonstrate that the as- forecasts viewed as an inverse Robin problem, J. Glaciol., 56,

sumption of a linear relationship between basal drag and 527-533, 2010.

basal velocity, along with a temporally fixed coefficient, can Bevan, S., Luckman, A., Murray, T., Sykes, H., and Kohler,

lead to large errors in simulations of ice cap evolution. J.: Positive mass balance during the late 20th century on
The proposed soft-bed surge mechanisnFofler et al. Austfonna, Svalbard, revealed using satellite radar interfer-

(2001) is likely applicable to Austfonna’s Basin 3, with the ~ Ometry, in: Ann. Glaciol., VOL 46, 2007, edited by Sharp,

addition of a seasonal cycle arising from surface melt reach- M vol. 46 of Ann. Glaciol, pp. 117-122, Int Glaciol Soc;

ing the ice—till interface and then draining through efficient ~Snush Antarct Res; IUGG Commiss Cryospher Sci; World

drainage channels, without ever penetrating significantly into Climate Res Program Climate & Cryosphere Project, Int
the segiment ’ P gsig y Glaciological Soc, Lensfield rd, Cambridge CB2 1ER, Eng-

; . ) . . land, doi10.3189/17275640778287147nternational Sympo-
Our simulations are consistent with this theory, and also  gjym on Cryospheric Indicators of Global Climate Change, Cam-

suggest that the increase in advection of heat due to sliding pridge, England, 21-25 August, 2006, 2007.

is likely to limit the duration of the surge phase of Basin 3. Bougamont, M., Price, S., Christoffersen, P., and Payne, A. J.: Dy-

Observations and simulations are consistent with a quiescent namic patterns of ice stream flow in a 3-D higher-order ice sheet

phase ending in the 1990s, with rapid acceleration occurring model with plastic bed and simplified hydrology, J. Geophys.

in the 2000s. Res.-Earth Surf., 116, F04018, d.1029/2011JF002025
Arguments presented here, and in previous studies, point 2011. _ ) _

to the importance of incorporating basal processes into fu-Bo:th”H ;;I.a C"i":r‘;' Hmi@?ﬁg& R;'r:]dSzc:gl"ggitca?e‘z’(;nm:ggou”enkc":'s

ture models of glacier systems in which sliding may occur, j ) '

and suggest that hydrology is key for sliding on both hard ). Geophys. Res-Solid Earth Planets, 92, 9059-9082,

. doi:10.1029/JB092iB09p090592987.
and soft beds. Models of surge-type glaciers should be abl‘%:hristensen, 0., Drews, M., Christensen, J., Dethloff, K., Ketelsen,

to simulate subglacial hydrology, including residence times k Hepestadt, I., and Rinke, A.: The HIRHAM regional cli-
and water routing, and its impact on bed yield strength. In - mate model version ). Danish Meteorological Institute Tech-
particular, modelling the interaction between sediment prop- nical Report 06-17http://www.dmi.dk/fileadmin/Rapporter/TR/
erties and water pressure evolution is essential in order sep- tr06-17.pdf 2007.

Edited by: M. Sharp

www.the-cryosphere.net/8/1393/2014/ The Cryosphere, 8, 139305 2014


http://dx.doi.org/10.1016/B978-012387582-2/50038-1
http://dx.doi.org/10.1016/B978-012387582-2/50038-1
http://dx.doi.org/10.1029/96GL04016
http://dx.doi.org/10.3189/172756407782871477
http://dx.doi.org/10.1029/2011JF002025
http://dx.doi.org/10.1029/JB092iB09p09059
http://www.dmi.dk/fileadmin/Rapporter/TR/tr06-17.pdf
http://www.dmi.dk/fileadmin/Rapporter/TR/tr06-17.pdf

1404

R. Gladstone et al.: Surging Svalbard glacier

Clarke, G.: Fast glacier flow — ice streams, surging, and tidewateriskoot, H., Murray, T., and Boyle, P.: Controls on the distribu-

glaciers, J. Geophys. Res.-Solid Earth Planets, 92, 8835-8841,

doi:10.1029/JB092iB09p08833987a.

tion of surge-type glaciers in Svalbard, J. Glaciol., 46, 412-422,
doi:10.3189/1727565007818331,12000.

Clarke, G.: Subglacial till — a physical framework for its properties Langen, P., Mottram, R. H., Christensen, J. H., Boberg, F., Rode-

and processes, J. Geophys. Res.-Solid Earth Planets, 92, 9023—

9036, doi10.1029/JB092iB09p09023987h.

Divine, D., Isaksson, E., Martma, T., Meijer, H. A. J., Moore, J.,
Pohjola, V., van de Wal, R. S. W., and Godtliebsen, F.: Thou-
sand years of winter surface air temperature variations in Sval-
bard and northern Norway reconstructed from ice-core data, Po-
lar Research, 30, 7379, db@.3402/polar.v30i0.7372011.

Dowdeswell, J., Hamilton, G., and Hagen, J.: The duration of the

hacke, C., Stendel, M., Cappelen, J., van As, D., Ahlstrgm,

A., Mortensen, J., Rysgaard, S., Petersen, D., Svendsen, S. H.,
and Adalgeirsdottir, G.: Estimating and understanding recent

changes in freshwater input to the Godthabsfjord, Greenland,
using a high-resolution regional climate model, in preparation,

2014.

Lefauconnier, B. and Hagen, J.: Surging and calving glaciers in

Eastern Svalbard, Norsk Polarinstitutt Meddelelser, 1-130, 1991.

active phase on surge-type glaciers — contrasts between Svalbatdicas-Picher, P., Wulff-Nielsen, M., Christensen, J. H., Adalgeirs-

and other regions, J. Glaciol., 37, 388—-400, 1991.

Dowdeswell, J., Unwin, B., Nuttall, A., and Wingham, D.: Velocity
structure, flow instability and mass flux on a large Arctic ice cap
from satellite radar interferometry, Earth Planet. Sci. Lett., 167,
131-140, doit0.1016/S0012-821X(99)00034-B299.

Dowdeswell, J. A., Benham, T. J., Strozzi, T., and Hagen, J. O.:
Iceberg calving flux and mass balance of the Austfonna ice cap

dottir, G., Mottram, R., and Simonsen, S. B.: Very high resolu-
tion regional climate model simulations over Greenland: Iden-
tifying added value, J. Geophys. Res.-Atmos., 117, D02108,
d0i:10.1029/2011JD016262012.

Moholdt, G., Hagen, J. O., Eiken, T., and Schuler, T. V.: Geometric

changes and mass balance of the Austfonna ice cap, Svalbard,
The Cryosphere, 4, 21-34, db.5194/tc-4-21-201,2010.

on Nordaustlandet, Svalbard, J. Geophys. Res.-Earth Surf., 113\iottram, R., Adalgeirsdottir, G., Boberg, F., Lucas-Picher, P., Sten-

F03022, doil0.1029/2007JF000903008.

Dunse, T., Schuler, T. V., Hagen, J. O., Eiken, T., Brandt, O., and
Hogda, K. A.: Recent fluctuations in the extent of the firn area
of Austfonna, Svalbard, inferred from GPR, Ann. Glaciol., 50,
155-162, doit0.3189/1727564097877697&D09.

del, M., Christensen, O. B., and Christensen, J. H.: Reconstruct-
ing the Surface Mass Budget of the Greenland Ice Sheet with the
Regional Climate Model HIRHAMS5 1989-2011, in preparation,
2014.

Murray, T., Strozzi, T., Luckman, A., Jiskoot, H., and Christakos,

Dunse, T., Greve, R., Schuler, T. V., and Hagen, J. O.: Permanent P.: Is there a single surge mechanism? Contrasts in dynamics be-

fast flow versus cyclic surge behaviour: numerical simulations of
the Austfonna ice cap, Svalbard, J. Glaciol., 57, 247-259, 2011.

tween glacier surges in Svalbard and other regions, J. Geophys.
Res.-Solid Earth, 108, 15, d&D.1029/2002jb00190&003.

Dunse, T., Schuler, T. V., Hagen, J. O., and Reijmer, C. H.: Seasona\urray, T., Dowdeswell, J. A., Drewry, D. J., Frearson, |: Geomet-

speed-up of two outlet glaciers of Austfonna, Svalbard, inferred

ric evolution and ice dynamics during a surge of Bakaninbreen,

from continuous GPS measurements, The Cryosphere, 6, 453— Svalbard, J. Glaciol., 44, 263-272, 1998.

466, doi10.5194/tc-6-453-2012012.
Fowler, A., Murray, T., and Ng, F.:
trolled glacier surging, J. Glaciol,,
doi:10.3189/17275650178183172001.
Gagliardini, O., Zwinger, T., Gillet-Chaulet, F., Durand, G., Favier,
L., de Fleurian, B., Greve, R., Malinen, M., Martin, C., Raback,
P., Ruokolainen, J., Sacchettini, M., Schafer, M., Seddik, H., and
Thies, J.: Capabilities and performance of Elmer/ice, a new gen-

Thermally con-
47,

eration ice-sheet model, Geosci. Model Dev. Discuss., 6, 1689—
Rae, J. G. L., Aoalgeirsdottir, G., Edwards, T. L., Fettweis, X., Gre-

1741, doi10.5194/gmdd-6-1689-2013013.

Nordenskiold, E.: Den Svenska Polarexpeditionen, 1872—73, Sven-

ska Vetenskapsakademiets Handlingar 2, 1875.

527-538, Pohjola, V. A., Christoffersen, P., Kolondra, L., Moore, J. C.,

Pettersson, R., Schafer, M., Strozzi, T., and Reijmer, C. H.:
Spatial distribution and change in the surface ice-velocity
field of Vestfonna ice cap, Nordaustlandet, Svalbard, 1995-
2010 using geodetic and satellite interferometry data, Geograf.
Ann. Se. A-Phys. Geogr., 93A, 323-335, d6i:1111/j.1468-
0459.2011.00441,2011.

Geuzaine, C. and Remacle, J.-F.: Gmsh: A 3-D finite element mesh gory, J. M., Hewitt, H. T., Lowe, J. A., Lucas-Picher, P., Mot-

generator with built-in pre- and post-processing facilities, Int.
J. Numer. Meth. Eng., 79, 1309-1331, d6i:1002/nme.2579
20009.

Gillet-Chaulet, F., Gagliardini, O., Seddik, H., Nodet, M., Du-
rand, G., Ritz, C., Zwinger, T., Greve, R., and Vaughan, D. G.:

tram, R. H., Payne, A. J., Ridley, J. K., Shannon, S. R., van de
Berg, W. J., van de Wal, R. S. W., and van den Broeke, M. R.:
Greenland ice sheet surface mass balance: evaluating simula-
tions and making projections with regional climate models, The
Cryosphere, 6, 1275-1294, dbi.5194/tc-6-1275-2012012.

Greenland ice sheet contribution to sea-level rise from a new-Roeckner, E., Bauml, G., Bonaventura, L., Brokopf, R., Esch,

generation ice-sheet model, The Cryosphere, 6, 1561-1576,

doi:10.5194/tc-6-1561-2012012.
Grinsted, A., Moore, J., Pohjola, V., Martma, T., and Isaksson, E.:
Svalbard summer melting, continentality, and sea ice extent from

the Lomonosovfonna ice core, Journal of Geophysical Research-
Rothlisberger, H.: Water pressure in intra and subglacial channels,

Atmospheres, 111, ddi0.1029/2005JD006492006.
Iverson, N. R.: Shear resistance and continuity of subglacial till:
hydrology rules, J. Glaciol., 56, 1104-1114, 2010.

The Cryosphere, 8, 13933405 2014

M., Giorgetta, M., Hagemann, S., Kirchner, |., Kornblueh,
L., Manzini, E., Rhodin, A., Schlese, U., Schulzweida, U.,
and Tompkins, A.: The atmospheric general circulation model
ECHAMS. Part 1. Model description. Report no. 349, Max-
Planck-Institut fiir Meteorologie (MPI-M), 2003.

J. Glaciol., 11, 177-203, 1972.

Schéafer, M., Gillet-Chaulet, F., Gladstone, R., Pettersson, R., Po-

hjola, V. A., Strozzi, T., and Zwinger, T.: Assessment of heat
sources on the control of fast flow of Vestfonna Ice Cap, Sval-

www.the-cryosphere.net/8/1393/2014/


http://dx.doi.org/10.1029/JB092iB09p08835
http://dx.doi.org/10.1029/JB092iB09p09023
http://dx.doi.org/10.3402/polar.v30i0.7379
http://dx.doi.org/10.1016/S0012-821X(99)00034-5
http://dx.doi.org/10.1029/2007JF000905
http://dx.doi.org/10.3189/172756409787769780
http://dx.doi.org/10.5194/tc-6-453-2012
http://dx.doi.org/10.3189/172756501781831792
http://dx.doi.org/10.5194/gmdd-6-1689-2013
http://dx.doi.org/10.1002/nme.2579
http://dx.doi.org/10.5194/tc-6-1561-2012
http://dx.doi.org/10.1029/2005JD006494
http://dx.doi.org/10.3189/172756500781833115
http://dx.doi.org/10.1029/2011JD016267
http://dx.doi.org/10.5194/tc-4-21-2010
http://dx.doi.org/10.1029/2002jb001906
http://dx.doi.org/10.1111/j.1468-0459.2011.00441.x
http://dx.doi.org/10.1111/j.1468-0459.2011.00441.x
http://dx.doi.org/10.5194/tc-6-1275-2012

R. Gladstone et al.: Surging Svalbard glacier 1405

bard, The Cryosphere Discuss., 7, 5097-514510d5194/tcd-  van der Wel, N., Christoffersen, P., and Bougamont, M.: The

7-5097-20132013. influence of subglacial hydrology on the flow of Kamb
Schéafer, M., Zwinger, T., Christoffersen, P., Gillet-Chaulet, F., Ice Stream, West Antarctica, J. Geopys. Res., 118, 97-110,

Laakso, K., Pettersson, R., Pohjola, V. A., Strozzi, T., and Moore, do0i:10.1029/2012JF002572013.

J. C.: Sensitivity of basal conditions in an inverse model: Vest- Van Pelt, W. J. J. and Oerlemans, J.: Numerical simulations of cyclic

fonnaice cap, Nordaustlandet/Svalbard, The Cryosphere, 6, 771— behaviour in the Parallel Ice Sheet Model (PISM), J. Glaciol., 58,

783, d0i10.5194/tc-6-771-2012012. 347-360, doit0.3189/2012J0G11J217012.
Schoof, C.: Ice-sheet acceleration driven by melt supply variability, Vieli, G. J. M. C. L. and Gudmundsson, G. H.: A numerical study of
Nature, 468, 803—-806, ddi0.1038/nature09612010. glacier advance over deforming till, The Cryosphere, 4, 359-372,

Sund, M., Eiken, T., Hagen, J. O., and Kaab, A.: Svalbard surge dy- doi:10.5194/tc-4-359-201@010.

namics derived from geometric changes, Ann. Glaciol., 50, 50-Virkkunen, K., Moore, J. C., Isaksson, E., Pohjola, V., Pera-

60, 2009. maki, P., Grinsted, A., and Kekonen, T.. Warm summers
Tulaczyk, S., Kamb, W., and Engelhardt, H.: Basal mechanics oflce and ion concentrations in snow: comparison of present day

Stream B, West Antarctica 1. Till mechanics, J. Geophys. Res.- with Medieval Warm Epoch from snow pits and an ice core

Solid Earth, 105, 463—-481, dt&D.1029/1999JB9003292000. from Lomonosovfonna, Svalbard, J. Glaciol.,, 53, 623-634,
Undén, P., Rontu, L., Jarvinen, H., Lynch, P., Calvo, J., Cats, G., d0i:10.3189/00221430778440938807.

Cuxart, J., Eerola, K., Fortelius, C., Garcia-Moya, J. A., Jones,

C., Lenderlink, G., McDonald, A., McGrath, R., Navascues,

B., Woetman Nielsen, N., @degaard, V., Rodrigues, E., Rum-

mukainen, M., R6dm, R., Sattler, K., Hansen Sass, B., Savi-

jarvi, H., Wichers Schreur, B., Sigg, R., The, H., and Tijm, A.:

HIRLAM-5 Scientific Documentatiorhttp://hirlam.org 2002.

www.the-cryosphere.net/8/1393/2014/ The Cryosphere, 8, 139305 2014


http://dx.doi.org/10.5194/tcd-7-5097-2013
http://dx.doi.org/10.5194/tcd-7-5097-2013
http://dx.doi.org/10.5194/tc-6-771-2012
http://dx.doi.org/10.1038/nature09618
http://dx.doi.org/10.1029/1999JB900329
http://hirlam.org
http://dx.doi.org/10.1029/2012JF002570
http://dx.doi.org/10.3189/2012JoG11J217
http://dx.doi.org/10.5194/tc-4-359-2010
http://dx.doi.org/10.3189/002214307784409388

