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Abstract. Understanding the response of fast flowing ice  Our findings suggest a possible scenario of the onset and

streams or outlet glaciers to changing climate is crucial inmaintenance of fast flow on the Vestfonna ice cap based on

order to make reliable projections of sea level change ovethermal processes and emphasise the role of latent heat re-

the coming decades. Motion of fast outlet glaciers occursleased through refreezing of percolating melt water for fast

largely through basal motion governed by physical processeflow. However, these processes cannot yet be captured in a

at the glacier bed, which are not yet fully understood. Varioustemporally evolving sliding law. In order to simulate cor-

subglacial mechanisms have been suggested for fast flow buiectly fast flowing outlet glaciers, ice flow models not only

common to most of the suggested processes is the requireeed to account fully for all heat sources, but also need to

ment of presence of liquid water, and thus temperate condiincorporate a sliding law that is not solely based on the basal

tions. temperature, but also on hydrology and/or sediment physics.
We use a combination of modelling, field, and remote

observations in order to study links between different heat

sources, the thermal regime and basal sliding in fast flow-

ing areas on Vestfonna ice cap. A special emphasis lies od Introduction

Franklinbreen, a fast flowing outlet glacier which has been

observed to accelerate recently. We use the ice flow moddRecent studies suggest that an important contribution to sea

Elmer/Ice including a Weertman type sliding law and a Robin l€vel rise over the coming decades will be cryospheric mass

inverse method to infer basal friction parameters from ob-10s in the form of discharge from fast flowing ice streams

served surface velocities. Firn heating, i.e. latent heat releas@r outlet glaciersNieier et al, 2007 Moon et al, 2012 Ja-

through percolation of melt water, is included in our model; cob et al, 2012 Tidewater Glacier Workshop Repp2013.

its parameterisation is calibrated with the temperature record herefore, understanding the response of fast flowing fea-

of a deep borehole. We found that strain heating is negligiblefures to changing climate is crucial in order to make reli-

whereas friction heating is identified as one possible trigge@Ple projections Nloore et al, 2011 Rignot et al, 2011,

for the onset of fast flow. Firn heating is a significant heat Shepherd et 812012 Dunse et al.2012. Observations dat-

source in the central thick and slow flowing area of the iceind back several decades show multiple modes of fast ice

cap and the essential driver behind the ongoing fast flow inflow behaviour including permanently fast flowing outlet
all outlets. glaciers or ice streams, networks of ice streams that switch

between fast and slow flovBoulton and Jone4.979, puls-
ing glaciers WMayo, 1978, short-term velocity variations of
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fast tidewater glacierdeier and Post1987, and surging  Svalbard. Compared to the neighbouring Austfonna ice cap,
glaciers Kamb, 1987 Dowdeswell and Collin199Q Dunse  Vestfonna has a relatively small area of thick slow moving
et al, 2012 Gladstone et 412014 Sund et al.2009 2011, interior ice. It is instead dominated by fast flowing outlet
2014 that show occasional massive accelerations of a factoglaciers that extend from the coast to regions close to the ice
10 or higher compared to their quiescent state. The underdivide. All of the fast outlet glaciers on Vestfonna are thought
lying processes behind this range of behaviours are not yetio be topographically controlledPphjola et al. 2011) and
fully understood and need to be addressed. several of them are believed to have surge-type behaviour
The flow in fast flowing glaciers exceeds speeds that couldDowdeswell and Collin1990. We will especially focus on
be sustained only by internal deformation — even at ice temthe recent speed-up of Franklinbreétobjola et al.20117),
peratures close to the pressure melting point, when internabne of the major outlet glaciers on Vestfonna, and simulate
deformation is highest. Fast glacier flow is therefore consid-ice flow with the Elmer/Ice finite element Full Stokes ice dy-
ered to be caused by basal motion through a combinatiomamic model Gagliardini et al.2013. In the context of ice
of non-zero ice velocity at the bed, sliding over the bed anddynamic models, the term basal sliding is used rather than
fast deformation of soft basal ice or subglacial sedimentsbasal motion, because basal motion is typically modelled by
Whereas ice deformation is relatively well explained today sliding of the ice over the bed. The in situ complexity is rep-
(Paterson 1994, the physical processes controlling basal resented in the sliding law by a few free parameters (usually
motion remain to be better understood. Many processes angliding or friction coefficients) — as long as specific sediment
feedbacks have been suggested to influence basal motion, i hydrological models are not used.
cluding sub-glacial hydrologyKamhb 1987 Vaughan et a. While many large-scale flow models use spatially uniform
2008 Bougamont et a] 2011, van der Wel et a).2013, de- parameters for the friction law, but only allow sliding when
formation of sub-glacial sediment&rpffer et al, 2000, heat  ice at the bed reaches the pressure melting pdaneve
production from sliding (i.e. friction heating;owler et al, 1997 Ritz et al, 2001, Quiquet et al.2013, we solve an in-
2001 Price et al. 2008, strain heatingClarke et al. 1977, verse problem to constrain spatially varying friction law pa-
Pohjola and Hedfor2003 Schoof 2004 or thermal insta-  rameters by determining the best match between model and
bilities (Murray et al, 2000. Common to most of the sug- observed surface velocities. This approach allows quantifi-
gested processes is the idea that basal motion requires thaation of the basal sliding velocity, which can help to con-
presence of liquid water, and thus temperate conditions, astrain the in situ processell¢rlighem et al, 201Q Pralong
the base of the glacier. Hence, in order to understand thend GudmundssR2011; Jay-Allemand et a]2011 Haber-
mechanisms of fast flowing ice, it is essential to study themann et al. 2012 2013. It also improves the accuracy of
processes maintaining and causing temperate basal condike simulation-reproduced spatial patterns of observed sur-
tions, as well as more generally the mechanisms leading tdace velocities. It does not, however, give a direct relation-
changes in the thermal conditions in the ice. For this purposeship between temperature and in situ friction parameter. No
we examine different heat sources and their impact on basgbredictions for the basal friction parameters at other times
temperatures together with the redistribution of heat throughthan the inversion are possible. From the model we extract
advection over the ice cap. information about basal frictional heating (due to sliding at
Long-timescale oscillatory behaviour of fast flowing ice the bed) and strain heating (due to internal ice deformation)
streams can be solely explained by coupled flow and temas well as their possible evolution during the acceleration of
perature evolution Rayne and Dongelmand997 Hind- Franklinbreen between 1995 and 2008. In addition, we use
marsh 2009 van Pelt and Oerleman2012. However, the Wright Pmax formulation Wright et al, 2007 for re-
shorter timescale oscillations, such as surges, require addfreezing to assess the role of latent heat release due to re-
tional feedbacks or alternative mechanisriswler et al, freezing of percolating surface melt water in the snow pack
2010. The mechanisms behind surges are poorly known(firn heating) that is advected through the ice. This allows us
but have been suggested to be mainly hydrologically con+o identify the heat sources responsible for a temperate bed in
trolled on temperate (Alaskan type) glaciekatb et al, the fast-flowing outlet glaciers. Comparing their time evolu-
1985 or associated with thermal instabilities of polyther- tion provides insights in the driving mechanisms behind the
mal (Svalbard type) glacier€(arke et al. 1984 Payne and  observed recent acceleration of Franklinbreen and the con-
Dongelmans1997 Murray et al, 200Q Fowler et al, 2003, servation of fast flow in all outlets.
2010. The assessment of the heat sources that contribute to The research area and observational data have been pre-
the basal thermal regime is also essential for the understandented in detail bySchéfer et al(2012. Key features and
ing of such temporal and spatial oscillations. additional data are described in Setand Sect3 describes
Here, we use a combination of modelling, field, and re-the ice flow model. In Sect we outline our different sim-
mote observations in order to study links between the therulations. Results with respect to the dominant heat sources,
mal regime, heat sources and basal sliding in fast flowingrelationships and feedbacks between fast flow, acceleration
areas on Vestfonna ice cap. Vestfonna is one of the two maand the thermal regime are discussed in Sediefore we
jor ice caps of Nordaustlandet, the second largest island ofonclude in Secé.
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Figure 1. Surface velocities from remote sensing data in December/January 1995/96, December 2008 and December 2011 (original data, left
side). To the right, the location of the ice cap in Svalbard (middle), surface (top) and bedrock topography (bottom) are illustrated. Sea level
is indicated by a bold line. FB indicates the location of Franklinbreen, SB Sabinenbreen, RB Rijpbreen, BB Bodleybreen, AB Aldousbreen,
FzB Frazerbreen, IB Idunbreen and GB Gimblebreen.

2 Research area and observational data 2.1 Digital elevation models of surface and bedrock
topography
Vestfonna (VSF) is characterised by a varied surface topog-
raphy with two main ridges and strongly pronounced fast-For surface elevations we use the digital elevation
outlet glaciers Dowdeswell and Collin199Q Fig. 1). In model (DEM) from the Norwegian Polar Institute (NPI)
common with most glaciers in Svalbard, VSF is polythermal (1 : 100 000, 1990, UTM zone 33N, WGS 1984), which is
(Schytt 1964 Palosug 1987. VSF was the target of a re- based on topographic maps derived from aerial photogra-
cent International Polar Year (IPY) projed®dhjola et al. phy (Fig. 1). This DEM is completed with the International
2011). The observational record extends back to the Inter-Bathymetric Chart of the Arctic Ocean (IBCAQakobs-
national Geophysical Year (IGY) 1957-1958chytt 1964, son et al. 2008 for surrounding sea floor. A comparison
when data on surface elevation (using barometer methodd)etween this NPI DEM (1990) and the SPOT-Spirit DEM
and ice thickness (from seismic surveys) were gathered. Oné€007) shows a difference of less than 10 m on average over
focus of this work is Franklinbreen, the largest outlet glacier, Franklinbreen (M. Braun, personal communication, 2010).
which is located on the northwestern side of the ice cap andrhis misfit is within the uncertainty of the two DEMs and
has recently accelerateBdhjola et al.2011, Braun et al, hence the same DEM can be used for all our simulations
201D). spanning the period 1995-2011.
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The bedrock data are a combination of ground- polation and smoothing, except for the southwestern corner
based impulse radar and airborne radio-echo sounding& region of slow flow), where the 1995 data were used to
(Pettersson et al2011, Fig. 1). The ground-based radar was fill a larger data gap (neglecting possible variations in Gim-
deployed in the central part, while the airborne radar coverdebreen).
outlet glaciers and frontal areas. The interpolated combined The surface velocities are presented in Higbefore in-
DEM has a resolution of 500m and a vertical accuracy ofterpolation and patching). We observe in all three data sets
25 m; 55 % of the total area of the interpolated DEM is within the two very different flow regimes: slow ice flow over the
spatial autocorrelation of more than 0.6 and is deemed to beentral area of the ice cap and high velocities in the outlet
of satisfactory quality (for further details sBetterssonetal. glaciers. Between 1995 and 2008 a net speed-up of at least
2011). Despite a partial inaccuracy due to the relative sparsel00 % (doubling of speed) in the Franklinbreen outlet can be
bedrock data, the first-order variability in the bed topogra-seen Pohjola et al.2011), which stabilised during 2008 until
phy, i.e. major subglacial valleys and peaks, are captured cor2011. The southern branch continued to accelerate slightly,
rectly, which is most relevant for modelling the whole ice while the northern branch decelerated (Rig.Franklinbreen
cap. Exceptions are the southwestern tip (Idunbreen), as wels the outlet glacier showing the biggest changes since 1995.
as the lower parts of Bodleybreen and Rijpbreen, where erit reaches speeds comparable to other fast-flowing outlet
rors in the DEM may be significant, as discussed further inglaciers in 2008—2011, which, nevertheless, are modest com-
Sects4.1.2and5.3.1 pared to other Svalbard surging glacigfafen et a].1993.

2.2 Remote sensing data of surface velocities 2.3 Thermal boundary conditions

The inversion modelling technique used to derive basal fric-Cifferent thermal boundary conditions are required in the

tion parameters, requires input of measured horizontal sur™°de€l. one being surface or air temperature. Svalbard's cli-
face velocities. Tandem Phase ERS-1/2 1day SAR scendd@te has a maritime character with cooler summers and
were acquired between December 1995 and January 199¥/armer winters than is typical at such a high latitublt{ler
Surface ice velocities were calculated using SAR interfer-€t @ 201). Mean monthly air temperatures on VSF do not
ometry (INSAR) over most of VSF, apart from small areas exceed-|-3°C,_and winter monthly means fall betweerl0
over the lower part of the fast outlet glaciers, where dual-2nd —15°C with minimum values of the order o0f25 to
azimuth offset-tracking was employed (henceforth “1995 ve-—40°C (Moller et al, 2011). A lapse rate approach is used

locities”, Pohjola et al. 2011 Schafer et a).2012. Four in the current study to prescribe the unaltered surface tem-

ALOS PALSAR scenes were acquired between January 2008€rature

and March 2008 with a 46-d_ay time interval zind velocitie_s Tourf(x) = TsedX) — y S(x) 1)

calculated using offset-tracking (henceforth “2008 veloci-

ties”, Pohjola et al.2011). For 2011, an ERS-2 SAR data at the surface elevationS(x). We use a lapse rate

stack, which was acquired in March/April with a 3-day time y = 0.004Km! (Wadham and Nuttgll 2002 Wadham

interval and processed with a combined INSAR and track-et al, 2006 Schuler et al.2007. This value is close to

ing approach similar to the 1995 dafohjola et al.2011), the one adopted in other studigs= 0.0044 K nt 1 (Pohjola

is used (referred as “2011 velocities”, unpublished data). Inet al, 20032. Liljequist (1993 found a slightly larger lapse

all cases, the vertical components of the velocities have beerate of y = 0.005Km~! from measurements between the

neglected during the calculation of horizontal velocities. summit of Vestfonna (known as Ahlmann summit) and the
The displacement error in the INSAR data is 2 cm, which1957/58 IGY station at Kinnvika. Data from the atmospheric

corresponds to a velocity error of 7 ntyrfor Tandem ERS-  model WRF Skamarock et 812008 Hines et al.2011) dur-

1/2 SAR data (1-day time interval) and 2 ntyrfor 3-day  ing 1989-2010 give a mean lapse rate @022 K n! with

ERS-2 SAR datallowdeswell et al.2008. By consider-  variations up to 30 % corresponding to up to 1K in the dif-

ing a matching error estimate of 1/10th of a pixel, the preci-ferent directions (B. Claremar Uppsala, personal communi-

sion of offset-tracking is about 10 my# for the 2008 ALOS  cation, 2013) and confirm our chosen value. The mean air

PALSAR data separated by a temporal interval of 46 daysemperature at sea levellzeqx), is estimated according to

(Pohjola et al.2011). In the 2011 ERS-2 data set (Fitr), Eqg. (1) from data collected during 2005 to 2009 at various

dual-azimuth offset-tracking was considered in the northernweather stations on Austfonna and Vestfonahuler et al.

part of Vestfonna for the fast-flowing glaciers and here the2007 Méller et al, 2011). We find a mean annual tempera-

matching error is estimated to be about 35mlyrin the  ture of —7.7°C and a mean winter temperature-e£4.5°C

southern part SAR data of only one orbit is available. Con-at sea level.

sequently INSAR processing could not be used, and the error In addition, the geothermal heat flux is an important

of range-azimuth offset tracking is very large, of the order basal boundary condition. Contrary Szhéafer et al(2012),

of 130 myr 1. The 2008 and 2011 data sets do not cover thewho assumed a geothermal heat flux of 63 mWPntyp-

ice cap completely, and data gaps have been filled by interical for post-Precambrian, non-orogenic tectonic regions

The Cryosphere, 8, 19514973 2014 www.the-cryosphere.net/8/1951/2014/
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Table 1. Numerical parameters used in this study.

g | magnitude of gravitational acceleratidn9.81 ms2
pw | density of sea water 1025kg n3
o | density of ice 910 kg nT3

Arrhenius law as ifPatersor{1994), temperatures relative to pressure melting point

Ag | pre-factor 3.985x 1008 pas3s1 | 7 <—10°C
1.916x 10° Pa 3s1 T > —10°C
Q | activation energy 60 kd mot1 T <-10°C
139kJI mott T > -10°C
(Lee 1970, we take the value of 40 mWms. This value At the lower boundaryB, a linear friction law (Weertman

is motivated by the measured gradients of profiles obtainedaw) in the form of a Robin boundary conditioG(eve and
by deep drilling on the Nordaustlandet ice cagadorod-  Blatter, 2009 is imposed:

nov et al, 1989 Ignatieva and Machere1991;, Motoyama

et al, 2008. In the case of Nordaustlandet, ground sur-¢.(r.n)+ B(x, y)v-¢ =0, on B, leading tov), = L,H, )
face temperature changes in the uppermost 1-2 km of the Bx.)

bedrock are most likely still influenced by the cold of \hereg is the basal friction parametera unit vector in the
the Weichselian period, explaining this lower meas“rEdtangential plane aligned with the basal shear stigsandr,

2 : i i :
value of 40mWm* and leading to good simulations of gre the components of the velocity, and stress parallel to
an observed (via deep drilling) temperature profile on VSFina ped at the base. We assume zero basal méiting= 0).

(Motoyama et a].2008), as explained in Sect.3 The basal friction parameter fieflx, y) will be inferred in
this study from surface velocities using an inverse method
3 Model description (Sect3.3.

On the lateral boundaries the normal stress is set to the

The model equations are solved numerically with theWater pressure exerted by the ocean, for elevations below
Elmer/ice model. It is based on the open-source multi-Sea level, else we assume stress-free condition.

physics package Elmer developed at the CSC — IT Cen-

ter for Science in Espoo, Finland, and uses the finite ele3-2 Temperature model
ment methodZwinger et al, 2007, Gagliardini and Zwinger
2008 Gagliardini et al,2013. More details on the model im-
plementation for VSF can be found 8chéafer et al(2012.
Numerical parameters used in our study are summarised i
Tablel. C]geo

T(x)=Tsurf(x)+TD(x), 3

Schafer et al(2012 use a temporally fixed depth-dependent
temperature profile (here referred to as depth-dependent tem-
Rerature profile)

3.1 Forward model

where ggeo=40mWwW nm?2 is the geothermal heatflux,
The ice is modelled as a non-linear viscous incompressiblqc =2072WK1m1 the for the temperature range repre-
fluid flowing under gravity over a rigid bedrock. The force sentative heat Conductivity of ice and(x) the ice depth
balance (quasi-static equilibrium) is expressed by the Stokegvertical distance to the surface at a given locatioim the
equations. The rheology of the ice is described by Glen'sice body). Unlike Eq. 3), in this work the temporal evolu-

law assuming isotropic behaviour. The temperature depention of the temperature field is governed by the heat transfer
dency of the deformation rate facte¥(7', 7Tpm), is described  equation, which reads

by the Arrhenius lawRaterson1994 with parameters as in
Table 1, whereT is the temperature anflm the pressure
melting point. The evolution of free surfackis governed
by a kinematic boundary condition using the climatic mass
balance Cogley et al. 201]) as input.S is assumed to be Wherep is the ice density an@) a volumetric heat source.

a stress-free surface, iz:n = 0, wheren is the normal unit ~ The weak formulation of Eq4j constitutes a so-called vari-
vector andr the stress tensor. ational inequality. A numerically consistent method to solve

this inequality, which is implemented in our model, is ex-
plained in gwinger et al, 2007 Gagliardini et al. 2013.
The depth dependent temperature profile from Bj.h@s

aT ,
e <¥ +v. VT) =V-kVT)+QWithT < Tpm,  (4)

www.the-cryosphere.net/8/1951/2014/ The Cryosphere, 8, 199973 2014
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proved to show the best convergence properties as initial con- The resulting non-uniform volume heat source is deduced

dition. The heat capacity;, and heat conductivityy, are by the difference of internal energy defined by the difference

functions of temperatureR{tz, 1987, turning Eq. &) into AT (d) between the seasonal profiles E@.dnd Q). It de-

a non-linear problem: creases steadily from the surface to the penetration depth. In

) 1.1 all layers belowdice it is zero:

¢(T)=1463+7.253T (unit Jkg ~K™), (5)

«(T) = 9.828- exp(0.0057- T) (unit Wm K1), (6) Qi(d) = cpAT(d), 1 d < dice, (10)

0i1(d) =0, otherwise

At the upper boundary a Dirichlet condition is imposed on )

the temperaturel’, using the parameterisation described by Pmaxcan then be determined by Eq).(

Eq. (1). At the bed a jump in the normal component of the

imposed geothermal heat fluygeo = « gradr’ - n, is given by

the surface production due to friction hegt= vy 7, Which o \ariational inverse methodA¢thern and Gudmundsspn

in the case of a temperate base is completed by the latenthegh | 4 is ysed in this study to infer the spatially varying basal

sink caused by the basal melt rate. _ , friction parametep(x, y). It is based on the minimisation of
The vo*lumetnc *h_eat sourceQ, comprises strain heat, , cost function when solving the Stokes equations iteratively

Qs = 2ue”, wheree 1S thg secpnd mvarlant of the strain rate with two different sets of boundary conditions. The definition

tensor anl the e-ffect|ve Ice-VISCOSIty, as well as latent he{,it’ of the cost function and the minimisation algorithm follow

Q_l, releaged during .refree2|_ng of percolatlng meIt_water iN- Gillet-Chaulet et al(2012) andJay-Allemand et al(2019).

side the firn Iayer (firn heating); is calculateq using the This approach is similar t&chafer et al(2012, but with

Pmax model of Wright et al.(2007) as used bywinger and 4 aqdition of a regularisation termiorlighem et al, 201Q

Moore (2009. Pmax is defined as the maximum proportion Habermann et 312012

of the annual snowfall that can pe retained by refreezir_lg be- The method iteratively applies a Neumann and a Dirichlet

fore runoff occurs and was originally chosen to be ®@it ., ition at the upper free surface as introduce¥aywell

jmer et al, 2012). The depth-integrated amount of €nergy o 4 (2008. In the Dirichlet problem the Neumann free

01, Pmaxand the annual snowfall, are related through the e grface condition is replaced by a Dirichlet condi-

latent heat of fusionL., by tion, where the observed surface horizontal velocities are im-
PraxB = QI/L- (7) posed:
Vhor(X) = vops(x),Vx € S, (11)

3.3 Inverse model

The model ofWright et al. (2007 does not use such a con-
stantPmax value, but provides a simple, yet realistic method where vpor(x) and vops(x) Stand respectively for the mod-
of calculating Pmax as a function of the mean annual and elled and observed horizontal surface velocities. zin
mean winter temperature and provides simultaneously an estirection, (z - n) - e, = 0 is imposed onS, wheree, is the
timate for the firn heating?;. The energy to warm the up- unit vector along the vertical. To avoid unphysical negative
permost part of a glacier from the end of the winter to post-values, the friction parameter field(x, y), is expressed as
refreezing temperatures is estimated and identified with thes = 10 and the minimisation of the cost function is per-
heat sink available to be filled with latent hega,. Follow- formed with respect to its logarithna,. The cost function,
ing this approach, different characteristic shapes of the timewhich expresses the mismatch between the two solutions for
averaged temperature—depth profil€s4), in summer and  the velocity field with different boundary conditions on the
winter are usedWright et al, 2007) to calculate the latent upper surfaces, is given by
heat at each point and each depth of the glacier:

J Jo(B) = / N —°)- N —1P) - nda, (12)
T(d) = (d-_ — 1) (Ta—Tw) + T4, inthe winter (8) S

Ice
where the superscripts “N” and “D” refer to the solutions of

1
o o d—de)2\? . . .
T(d)=Tal1- (d — dice)” _in the summer ©) the Negmann and Dirichlet probl'ems, rgspectlvely. To avoid
2 unphysical small wavelength variationsdrand to ensure to

. find a stable unique solution, a Tikhonov regularisation term,
whered is the depth below the surface. There are three freeJreg, penalising the first spatial derivatives @fis added to

parameters in this firn heating parameterisatibpand7w  the total cost function/ir:
are the annual and winter mean air temperatures respectively

ice

set according to Se@.3; dice is the typical penetration depth  Jtot = Jo + A Jreg; (13)
of the annual temperature cycle, which is kept as a free pa- 1 aa\%  /aa\?

rameter and tuned to reproduce the measurements in the dedpg = 5/ (a) <5> dA, (14)
ice core Motoyama et a].2008, see Sect4.3. B
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where A is a positive parameter (see Sedtl.l for its — Short prognostic simulations (Sedt4) aiming to re-
choice). The minimisation of the cost function is thus a com- produce the observed acceleration of Franklinbreen and
promise between best fit to observations and smoothness identify the underlying driving mechanisms.
of «, determined by the tuning df. The minimisation al-
gorithm is described byGillet-Chaulet et al.(2012 and 4.1 System initialisation
Gagliardini et al(2013.
Starting from a DEM purely based on observed data raises

3.4 Meshing an inherent problem since a consistent initial condition for

) ) ) ) ) ) ) the thermo-mechanically coupled system is required. Ther-
Anisotropic mesh refinement is now increasingly used in nU-y 5| initial conditions are critical in modelling of polythermal
merical modelling, especially with the finite element method y|5cjers or ice sheets because of the energy storage capacity
since the mesh resolution is a critical factBchafer et al. ¢ joe  the low advection/diffusion rates on the glacier and
(2012 have investigated effects of varying the resolution in ¢ gtrong thermo-mechanical coupling via the ice viscosity.
the context of this inverse method. Here we use again they, jgea| spin-up would demand a transient run starting from
mesh establlshgd with the fully automatic, adaptive, 'SOtrOp'CdegIaciated conditions with a long enough spin-up time re-
surface-remeshing procedure Yarfissly, 200]). A2-Dfoot-  4,iring realistic forcing (temperature, mass balance), as well

print mesh was established according to the glacier outline on,q knowledge of the strongly time-varying velocity field. Air

the 1990 NPI map and adapted using the metric based on th@ mperature and precipitation records might exist over a long

Hessian matrix of the observed 1995 surface velocities. Hor'enough time, however the temperature distribution at a given

izontal resolution varies between 250 and 2500 m. Finallyjnsiant is driven by the past evolution of advection, diffusion

the mesh was extruded vertically in 10 equidistant terrain-g¢ oot and heat sources, and hence by the past velocity field.
following layers according to the bedrock and surface data. | the absence of such ideal spin-up, we decouple inver-

The obtained mesh consists of linear wedge type and hexagign, for basal friction parameter from the thermo-mechanical
hedral prism elements. In the simulations involving firn heat'problem as detailed in the following sections.

ing, the mesh was extruded vertically in 20 layers. The lower
10 layers have the same thickness, while in the upper 10 lay, ; 1
ers thickness is reduced towards the surface layer following
a power law. The robustness of the total vertical layer number

has already been verifieB¢hafer et 2)2012, and doubling  the method ofSchafer et al(2012 is followed with some

the number of boundary layers also leads to robust results iy, 5 oyements: correct marine boundary conditions are ap-
the runs including firn heating. plied, a regularisation term in the cost function is added and
a better minimisation algorithm is used. The best value of
4  Simulations the regularisation paramete, in Eq. (L3) is determined by
L curve analysisflansen2001) from a plot displaying/reg
In this section we present the set-up of our simulations. Foufsmoothness of the friction parameter) as a functionef

types of simulations are conducted and summarised in Tatmatch to observations). This analysis is done for simplic-
ble 2: ity only once using the 1995 velocity data set. For this pur-

pose, we use a fixed temperature distribution given by the
— Simulations dealing with the thermo-mechanical spin- depth-dependent profile (Se8t2), as done byschafer et al.
up. These serve as starting points for all other simu-(2012. This is justified since the result of the inversion de-
lations (Sect4.1). Since an ideal thermo-mechanical pends only very little on the small thermally induced varia-
spin-up is unfeasible, we describe our alternative ini-tions in the ice viscosity, as shown Schafer et al(2012).
tialisation. First, the distribution of the basal friction we find thatJg is minimised by setting. = 10°° (unit sys-
parameter regulating the velocity field is determined.tem MPamyr), which also leads to acceptable smoothness
Then, a purely mechanical spin-up is conducted fol-in g (simulationbeta9j. Modelled and observed velocities
lowed by the calculation of a temperature field making show a close match, as Sthafer et al(2012).
certain assumptions. In a similar way, we conduct inversions for the basal fric-
. . . . . . tion parameter with the 2008 and 2011 surface velocity fields
— Simulations to investigate the importance and mfluence(Fig 2, simulationsbeta08andbetal). These runs are con-
of the mechanical heating (strain and friction heating) duct'ed also with the 1990 surface bEM since no complete
(Sect4.2). o . . '
additional surface DEM is availabléluth et al.(2010 and
— Simulations to calibrate our firn heating formulation Moholdt et al.(2010 have shown from ICESat laser altime-
(Sect4.3) with a measured temperature record in a deeptry data that mean elevation changes over VSF were 0.05 and
borehole. —0.16 myr! over the periods 1990-2005 and 2003-2008
respectively. The changes form a complex spatial pattern on

Inverse simulations to derive spatial patterns of
the basal friction

www.the-cryosphere.net/8/1951/2014/ The Cryosphere, 8, 199973 2014
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Table 2. Summary of simulations.

M. Schéfer et al.: Heat production sources and dynamics of VSF

| Description | Section Figures Name
L curve analysis 1995 411
Inverse depth dep. temp. field 1995 41.15.1 2 beta95
simulations depth dep. temp. field 2008 41.15.1 2 beta08
to derive depth dep. temp. field 2011 41.15.1 2 betall
basal iterated with temp. s. state 1995, no firn heating 411 2,3 betad5T
friction iterated with temp. s. state 2008, no firn heating 41.1 beta08T
iterated with temp. s. state 1995, including firn heating  4.1.1 beta95Tfirn
Surface relaxation | present day mean cmb usibgta95T 4.1.2 4,5 surfrelax95
— mechanical present day mean cmb usibgtaO8T 4.1.2 surfrelax08
spin-up complex spin-up iterating witbeta95T 4.1.2 surfrelax95c
advection only betad5T 4.253.1 6,7 1995ssA
Temperature advect. + SH beta95T 4.2 531 6,7 1995ssSH
steady states advect. + FH beta95T 4.2 53.1 7 1995ssFH
advect. + FH + SH beta95T 42531532 6,7,12,11,14 1995ss
advect. + FH + SH beta08T startsurfrelax08 42531532 6, 11 2008ss
Firn heating steady-state part depth 13.2m 4352531532 78915 firnss
calibration runs evolutive part 35years with depth 17.6 m 4.3 5.2 8 firnevol
no change irg beta95T no firn-heating 4.45.3.2 10 const13
Prognostic sudden change i beta95T beta08T no firn heating 4.4,5.3.2 10 suddenl13
simulations, linear change i8 beta95T beta08T no firn heating 4.4,5.3.2 10, 11,13 lin13
13years linear change ir8 beta95T beta08T as infirnss 4.4,5.3.2 11,13 lin13firnss
linear change irB beta95Tbeta08T as infirnevol ~ 4.4,5.3.2 lin13firnevol
(a) coupled to temperature excluding firn heating
log(drag)
0 .
-2 =, 4 . ‘
—4 i
: % 'l
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Figure 2. Distribution of the basal friction parameter in 1995 when coupling to tempergta)reimulationbeta95T The other three figures

show a close-up over Franklinbreen (using the depth-dependent temperature profile) (0)12068(c) and 2011(d) (simulationsbeta95,

beta08, betal)l Note that only the southwestern corner has been patched with 1995 data in the 2008 and 2011 data sets. All figures are in
logarithmic scale (units are MPa yrm).
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Figure 3. Evolution of the total cost functionfot — Eq. (L3), log
scale, scaled by £0- when iterating inverse method and tempera-
ture steady-state calculation (1995 velocities, simulabieta95T7).

The graph is cut at.6 x 10° for better visibility, higher values in
the first iterations are thus not visible. In orange (void circles), the
evolution of the cost function when not coupling with temperature
is shown.

time (yr)

Figure 4. Evolution of maximum (and minimum) values of cumu-
lated mesh adjustments and vertical velocities during the surface
relaxationsurfrelax95to determine the end of the procedure.

firn heating omitted) is used (Fi@a, iteration No. 120 in

- . Fig. 3).
VSF, with local values up to 1my# in the south. It has

been shown%chéafer et a).2012 that surface variations of 4.1.2 Surface relaxation
this order (or higher) between 1995 and 2008 or 2011 do not
significantly affect the friction parameter fields derived from Remaining uncertainties in the model initial conditions (in-
the inverse method. Some error is, however, expected froneluding uncertainties in the model parameters, as well as
changes in the surface slope resulting from these small suthe domain geometry), lead to ice flux divergence anoma-
face elevation changeddqughin et a].2004. The same value lies Zwinger and Moore2009 Seroussi et al.2011), re-
for thex parameter as well as the same inhomogeneous mes$ulting in a non-smooth vertical velocity field. Because of
have been used, the latter to facilitate comparison. the importance of the vertical velocity field for advection of
An iteration scheme between inversion and tempera-cold ice from the surface, and to smooth out these ice flux
ture calculation has been tested (simulatibesa95Tand  divergence anomalies, the free surface is relaxed before be-
beta087). The depth-dependent temperature profile (8q. ing used for further simulations. The relaxation simulations
was used in the first inversion fg, then steady-state cal- lasted for three years under mean present-day climatic sur-
culations of the temperature field (accounting for friction face mass-balancd/pller et al, 2017), simulationssurfre-
and strain heating) and inversions were run alternately. Théax95 and surfrelax08 They were initialised with output
resulting 8 distribution reveals small changes compared tofrom the inversion-temperature iterationsta95T, betaO8T
keeping the temperature fixed to the depth-dependent proA short time step (0.1 year) was chosen to guarantee tempo-
file, showing a certain robustness gftowards changes in ral resolution of artificially strong surface changes induced
temperature. Nevertheless, the value of the cost function halsy the remaining uncertaintieZ\inger and Moorg2009.
been decreased with the iterative scheme (B)g.in line Visual inspection of the smoothness and magnitude @ig.
with improved match between observed and computed suref the vertical velocity field as well as surface elevation ad-
face velocities. Convergence of this iteration was assesseflistments were used to determine the end of the relaxation
through the cost function and stopped once the cost functioprocedure. The largest changes to the mesh 8figccur in
stabilised. Convergence of the steady-state temperature fielthe southwestern corner and in some outlet glaciers, where
was ascertained through visual inspection. there is a significant paucity of bedrock radar data ee
The effect of firn heating on the resultirgy distribution tersson et @) 2011, for radar coverage). Some other less im-
has been studied separately (simulati@ta95Tfir). This is portant changes are visible in northeastern VSF — again in
motivated both by the need to save computing resource (firrareas with sparsely covered bedrock data.
heating simulations require higher vertical resolution), and A more complex spin-up scheme involving an iteration
because of the greater uncertainties associated with this hebetween surface relaxation, inverse method and temperature
source compared to the others. It causes very little changealculation was also tested for a single combination of sur-
to B8. For all further simulations in the current study, the dis- face velocity data and included heat sources in the temper-
tribution of 8 obtained with the iteration scheme (but with ature calculation (simulatiosurfrelax95¢. This procedure

www.the-cryosphere.net/8/1951/2014/ The Cryosphere, 8, 199973 2014
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Figure 5. Vertical corrections (in metres) of the topographic data (1995 basal friction parameter field) at the end of the surface relaxation
(simulationsurfrelax95: (a) absolute correctiongb) relative to the initial ice thickness.

requires huge computational effort and does not lead to visiry are kept fixed. Simulated temperature—depth profiles are

ible improvements in the resultg field, temperature field, extracted (Fig.7) in chosen locations that are indicated in

and surface corrections) and is hence not used in this work foFig. 6. These are two locations of well-surveyed measure-

several different combinations of surface velocity data (threements sites on Franklinbreen and Frazerbreen, in the ablation

possibilities) and included heat sources (six possibilities). and in accumulation areas respectively; as well as the loca-
tion of the drill hole.

4.1.3 Thermal initialisation

In the absence of an ideal thermo-mechanical spin-up, 43 Calibration of the fim heating formulation

steady-state temperature field was computed after the me-

chanical relaxation, even though non-steady-state condition§ order to calibrate the parameters (penetration depth, mean
have occurred on VSF between 1995 and 2008, and probaannual and winter temperatures) in the applied firn heating
bly on longer timescales. We found characteristic timescaleparameterisation (see Sedt2), we study the temperature

to reach such a steady state to be of the order of several hufofile at the location of the drill hole (see Figjfor the exact
dreds of years (not shown in this paper). This will lead to location). Using only strain and friction heating (simulation
over- or underestimations of the temperature depending od995s$, the measured temperature profiléotoyama et a|.

the past state of each outlet glacier. SimilaBgroussi etal. 2008 recorded in 1995) cannot be reproduced, even close
(2013 addressed the question of thermal initial conditions {0 the bedrock, where these heat sources are most effective
on the Greenland ice sheet and came to the conclusion th4Fi9- 8, green line compared to the data in red).

steady-state temperatures based on present-day conditions!n our firn heating formulation we assume that the penetra-
are, nevertheless, a reasonably good approximation, both fdfon depth increases linearly from 0 m at the elevation of an
calculations of basal conditions and century-scale transien@verage fim line to the maximum penetration defbat the

simulations. summit, leading to the effect that firn heating increases with
altitude above the firn line. This is also in line with the usual

4.2 Temperature steady states including approach of calculating refreezing as a fraction of winter ac-

mechanical heating cumulation, which is best described on VSF by an elevation

gradient Moller et al, 2017). In reality the melting should be
Strain and friction heating (SecB.2) are effective locally largest at low (warmer) elevation, but this is at least partially
in the outlets and given by the mechanical model. To dis-counterbalanced by the formation of ice lenses inhibiting
cuss their influence on the thermal regime of the ice cappenetration of melt water. Ice lenses are defined as discrete
temperature steady states for various combinations of th@anomalies in density of the firn column observed by density
heat sources are calculated (F&y. simulations1995ssA, measurements and by geophysical scanning (DEP) and by
1995ssSH, 1995ssFH, 1995ss, 2008kable 2). In these  ocular inspection of the ice facies. The latter separate the
simulations only the internal ice temperature is allowed toice facies due to difference in void space/air bubble content.
evolve; the surface temperature, velocity field and geomeThese observations are standard when analysing ice cores.
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Figure 6. Basal temperature fieldC, relative to pressure meltingla) advection only {995ssA, (b) adding of strain heatingl@95ssSH
(c) adding of friction heating for 19951095s$, (d) advection, strain and friction heating for 2008(08s$. The position of the ice core is

indicated in red, the position of the two locations used in Fig. white.

a) Franklinbreen

b) Frazerbreen
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Figure 7. Temperature profiles in chosen locations (temperatures relative to pressure m@irig)the ablation zone of Franklinbreen
and(b) in the accumulation zone of Frazerbreen: (1) depth-dependent profile 832&ssumed irSchéafer et al(2012) (red), (2) profile
including advection, but no additional heat sources (gree®9%ssA, (3) profile including advection and strain heating (bIUE)95ssSH
(4) profile including advection and friction heating (pink)PE5ssFH, (5) profile including advection and both strain and friction heating
(light blue) (1995s3, (6) profile including also firn heating (orange), which is identical for the equilibrium $itaies and the following

time-evolving simulatiorfirnevol The locations of these profiles are indicated in Big.
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Figure 8. Temperature profile as measured (red) in a drill hibe{
toyama et al.2008 (temperatures relative to pressure melting), the
position is indicated in Fig6 (red dot). The dotted black line cor-
responds to the depth-dependent profile, the green line correspon A o o ) .
to the modelled temperature field including only strain and friction ©f the fim heating is added or not. The position of the ice core is
heating. The dark blue line is the result of the equilibrium fir heat- indicated in red, the position of the two locations used in Fign
ing simulation with the first set of parameters (percolation depthWNite- The firn line is drawn in purple, the 20m ice thickness iso-
of 13.2m, simulatiorfirnsg, which acted as initial profile for the line in light grey. The latter is a good indicator for underestimated

succeeding transient runs. The orange, cyan and pink profiles illusiCe thickness in areas where fast sliding seems to be in strong con-
trate the evolution of temperature in the succeeding time-evolvingtradiction with too cold basal temperatures.
simulation with the second set of parameters (percolation depth of

17.6 m) evolving towards a new equilibrium (grey line). The best fit . . . . .
to the data among these profiles after 35yr is highlighted in blackneating formulation were conducted. Different initial condi-

(simulationfirnevo)). tions, steady-state and time-evolving simulations have been
tested and lead to the following conclusions:

Figure 9. Basal temperature fiel@C, relative to pressure melting,
1995): adding of firn heating (simulatidinnsg. This figure remains
dinchanged whether the non-equilibrium part (simulafiomevol)

1. The measured inflection in the upper part of the temper-

Ice lenses are more effective with more melt, thus in loweral- ~ ature profile is a transient effect occurring on decadal
titude. Assuming increasing firn heating with increasing fim ~ timescales. Fig8 illustrates the smoothing of the in-
thickness (altitude) is hence a simplification of these compet-  flexion and its propagation towards the bedrock when
ing effects. The mean elevation of the firn line was digitised ~ @pproaching equilibrium.
from several satellite pictures: Landsat July 1976, Septem- 2
ber 1988 and August 2006; Spot July 1991 and August 2008;
Aster August 2000 and July 2005. Two of these lines (Au-
gust 2008 and September 1988) have been excluded since the
firn lines are located at exceptionally low elevations probably
due to abnormally early fresh snow. We observe little change
over recent decades, as foundMiller et al. (2013. Since
the firn line elevation is approximately uniform over most Consequently we hypothesise that the measured borehole
of the ice cap, a single mean elevation for the firn line is profile can be modelled by a succession of a steady-state
assumed ignoring any other spatial variations. We estimatdollowed by a time evolving simulation with different sur-
this mean elevation to be 410 ma.s.l. (Fy.This is consis-  face boundary conditions: low firn heating for the steady-
tent with estimates of the average equilibrium line elevationstate simulation and an increase in firn heating prescribed for
(8326 ma.s.I.Mdller et al, 2013, since on Svalbard glaciers the more recent time-evolving simulation, which has not yet
the equilibrium line is typically located significantly lower reached equilibrium at present day.
due to extensive superimposed ice formatidoller et al, In order to tune the model to match drill hole observa-
2012 van Pelt et al.2012. For future prognostics with cli- tions (Motoyama et aJ.2008, we make the hypothesis that
matically varying mass balance the firn line elevation coulda boundary condition change can be represented in our firn
be parameterised by the elevation of the equilibrium line.  heating parameterisation by the penetration depth parameter.
Using the mechanical set-up as described in S&@t.a We keep the surface temperatures fixed to the observations of
variety of simulations with different parameters of the firn the weather stations as stated earlier. A first run of the model

. Significant changes of temperature at the bedrock
induced by firn heating occur in simulations over
timescales long enough to transport heat to the bottom
(centuries). Such simulations lead to temperature pro-
files similar to steady-state profiles (F8), but with a
spatially uniform warm or cold shift.
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Figure 10. Change in surface elevation,S(m), during the prognostic 1995-2008 simulations for the three scen#aipsonstant basal
friction parameter, simulatiooonst13(b) sudden jump after 5 years, simulatisadden1Znd(c) linear change in basal friction parameter,
simulationlin13.

(simulationfirnsg to equilibrium temperature using a maxi- firnevo) to study different scenarios. In the simulation ex-
mum penetration depth of 13.2 m leads to a good match withcluding firn heating, temperature is initialised to the 1995
the measurements in the lower part of the drill hole, seed-ig. steady-state temperature profil895ss In the simulations
(blue line). A prognostic run (simulatidirnevol) over 35yr  including firn heating, temperature is initialisedfimssand
with an increased penetration depth of 17.6 m starting fromfirnevol respectively. Changes in surface elevation and basal
this equilibrium state allows for a reasonably good matchtemperatures are shown in Figland11.

with the observed peak in the upper layers (black line). Be-
cause of advection, on a long enough timescale, firn heatin
affects the thermal regime of the whole ice cap including be-
low the firn line. The horizontal distribution of the modelled
temperature at the bedrock including firn heating is shown in
Fig. 9 and the vertical in Fig7 as well as Fig8.

Discussion

5.1 Implications of inferred basal friction parameter
distributions

The basal friction parametes, is a crucial parameter in sim-
ulating the thermodynamical regime of VSF. It is a key con-

In addition to the steady-state experiments with the differenttroI on sliding velocities, which govern both friction heat-

heat sources, we conduct prognostic simulations with thre Ing and heat advection. As already shown3phafer et al.

different prescribed temporal evolutions®to simulate the ?2013’ the results of an inverse method used to derive the

recent acceleration of Franklinbreen. We analyse the con-Spaltlally varying basal fI’ICtIO'I’l parqmeter are "'?“g.e'y unaf

. : fected by the temperature distribution (FRB). This is be-

nected evolution of all system variables to get a better un- L .

. . ; . ' cause temperature, which impacts on deformation, does not

derstanding of the underlying mechanisms. The three simu; . - . . .

. . ; . . _“feature in the sliding relation, and in VSF outlet glaciers
lations are run with full thermo-mechanical coupling starting

from the relaxed 1990 DEMs(rfrelax93, forced by mean sliding dominates over deformational velocities. Conversely,
present-day climatic mass balanMﬁjﬂler,et al 201)1/) and the temperature distribution shows a high sensitivity to the

with constant surface temperature and glacier extent. Théj erived basal friction parameter, since even small changes

o . . ) can introduce important changes in the velocity field. Such
three basal friction parameter evolution scenarios are: . ; .
changes are especially important for the vertical compo-

1. The basal friction parameter kept constant at the 1995'€nt, which then affects the heat redistribution through ad-
pattern (simulatiorronst13. vection. Surface relaxation (Seét.1.2 simulationssurfre-
lax95,08 reduces this sensitivity by producing smoother ve-

2. A sudden switch after five years to the 2008 patternlocity fields.
(which differs from the 1995 pattern mainly by the ac-  Variations in the basal friction parameter distribution
celeration of Franklinbreen, simulatisadden1} across the three periods (Fig). are due to large variations
in observed surface velocities and indicate the importance of
3. Alinear change from the 1995 to 2008 values (simula- & time-evolving basal friction parameter based on the under-
tionslin13, lin13firnssandlin13firnevo). lying physical processes. When comparing the obtained basal
patterns from 1995, 2008 and 2011 (simulatidreta95,
All simulations span 1995-2008. Each simulation was runbeta08, betal)l the fine structure of the basal friction param-
three times — excluding and including firn heatirfignssor eter in some of the outlet glaciers differs slightly. The most

4.4 Prognostic simulations over the period 1995-2008
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Figure 11.In a close-up of the Franklinbreen area the change in the extent of the “sliding area” (basal temperatures above 271 K) is shown.
In (a) the texture is thd995ssemperature distribution (temperatures relative to pressure melting). The light blue corresponds to the extent
of the “sliding area” for1995ssdark blue for2008ssand pink for the end din13. In (b) the temperature at the end of the 13 yr simulation

when neglecting firn heatingjii13) (temperatures relative to pressure melting) is used as texture — same colour ¢gpl€leslight colours

present the “sliding area” when neglecting firn heatilgl@), dark colours when including iti613firnsg; blue lines represent the start of

the 13 yr simulation and pink the end.

striking change remains the acceleration of Franklinbreen van de Wal et ali2002 came to a similar conclusion when
from 1995 to 2008 featured by a strong increase in basateconstructing the temperature record in the Lomonosov-
sliding. The 20118-distribution mainly reflects the different fonna Plateau (northeast of Billefjorden/Isfjorden, Spitzber-
changes in velocity pattern in the two branches of Franklin-gen). However, they kept the surface temperature as tuning
breen: the northern one is decelerating, while the southerparameter. Their obtained surface temperature is too high
one continues to accelerate. In all outlet glaciers a distinctand induces a shift of a few Kelvin. Hence model and data
spatial variation of8 can be seen, indicating that a sliding fit well in the lower part, but the surface values are unre-
law also needs to reproduce these variations; especially sincalistically warm. They conclude a change in surface condi-
Schéfer et al(2012 have shown that spatially constant fric- tions in the 1920s from their model and find confirmation
tion parameters specific to each outlet glacier do not allowfor this by comparing to the mean air temperature record at
reproduction of the observed velocity structure within the Svalbard airport starting in 1910. Discrepancy between our
outlet glaciers. A sliding law solely based on the presencemodel-implied change in the 1950s or 1960s and the actual
of temperate ice at the base could not reproduce such a finelimatic record can be explained by various facts: first, as

structure. stated earlier, the uncertainty in the basal friction parameter
strongly impacts the evolution of the temperature distribution

5.2 Interpretation of a temperature profile from through advection. Second, only one data set of deep bore-
deep drilling hole temperatures is available for model calibration. Lastly,

. . . . L our approach might be too simplistic, especially with respect
As shown in our simulations concerning the calibration of ¢, {he assumptions of spatial or elevation dependencies, and
the fim heating formulation (Secd.3, simulationsfinss, e yse of penetration depth as the only calibration parameter.
fwnevqb, the opserved shape of the temperature pr_oﬂle Meagrface temperature variations also lead to temperature vari-
sured in 1995 in the boreholdlbtoyama et al.2008 Fig.8) ~  aiions at depth but with different timescales than the penetra-
cannot be explained by an equilibrium temperature profile., gepth and temperatures certainly have not been constant

Our model-supported interpretation requires a recent pery, he past. It is known for example that there were periods
turbation away from an earlier (close to) equilibrium state, yarmer than the first decade of the 21st centdAqdrea
caused by a change in the surface conditions. This can b@t al, 2012,

motivated by the fact that ice cores elsewhere in Svalbard in- tha calibrated penetration depths (13.2 and 17.6m

dicate that periods of firn heating and percolation have beergect.4.3) exceed the expected values, since measured den-
frequent in the last 500-1000 yrgn de Wal et a)2002 Di-  gjsies (viotoyama et al.2008 reach values over 850 kgTh

vine et al, 2011). The proportion of ice lenses which indicate 4; 10 m depth and below, i.e. values of ice or ice lenses
periods qf near-zero ice surface temperatures increased froy;i, very slow percolation. These unrealistically high val-
33% during the Little Ice Age to 55% in the 20th century ;65 for the penetration depth can be explained by the omis-

(Pohjola et al.2002. sion of firn layer compressibility in the mechanical model
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Figure 12. (a) Difference between surface and bedrock velocities, i.e. the velocity due to deformation in 1995. Vertically integrated strain
heat(b) and friction heat at the bedro¢g) in the simulationl995ss

(Zwinger et al, 2007). This implies that our approach should showed that the temperature distribution has little impact on

be considered as qualitative rather than quantitative. both surface velocities and basal friction parameter obtained
With respect to this more recent change in the conditionswith the inverse method. Therefore we focus on the impact

on the surface (simulatiofirnevol), our model predicts that of temperature and the respective heat sources on the onset

combined advective and diffusive processes will take overand maintenance of fast flow.

100 yr to propagate this signal to the base in the centre of the

ice cap (see Fig) and over the outlets (not shown). Thus for 5-3.1  Interpretation of calculated temperature

studying basal processes, even for prognostic simulations up steady states

to a century, we can neglect the effects of this change in firn

heating. Conversion of the latent energy released at the loca=V€N though the ice cap had probably neither in 1995 nor
tion of the ice core and comparing to snow fall corresponds af" 2008 reached a temperature steady state, examination of

the location of the drill hole to @y value of 0.9, which is the steady-state distributions gives insights in the possible

in the expected ranga\(right, 2005, increasing confidence IMPacts of the heat sources.
in our model.

A discrepancy between our equilibrium profile and the
data is also apparent in the middle of the depth profile. Westrain heat integrated over the whole ice column is of the
give several possible explications for this: either the ice capsgme order of magnitude as friction heat at the bed (Fg).
had not yet reached the first thermal equilibrium correspondy; js mainly confined to the shear margins and corresponds
ing to the first penetration depth of 13.2m before the changgyg|| 1o the few areas of non-negligible deformational veloc-
in surface boundary conditions occurred (see the 50/100/15@ies (Fig. 12a). Friction heat is greatest at the transition of
years etc. graphs in Fig.for the shape of such profiles in the  tast and slow flow, i.e. at the margins of the southern fast-
lower and middle part). Or other reasons could be our sim+gying outlets as well as in the areas of changing basal
plified assumption of a constant surface temperature, the iMfriction parameter of Franklinbreen (Fid2c). Simulation
pacts of uncertainties in advection (Sext) or the geother-  2gpgssshows that it is also important in areas of very high
mal heat flux. With the model formulation representing latent,,g|ocities at Franklinbreen (Fid.3c). Larour et al.(2012

heat release due to refreezing we are qualitatively able 1o regpserved a similar spatial distribution of strain and friction
produce the observed profile, indicating that we identified thep g4t

Strain and friction heating

driving mechanisms behind the measured distribution. In contrast toPohjola and Hedfor§2003, who investi-
gated fast flow in Antarctica using a one-dimensional nu-
5.3 The role of heat sources for VSF fast-flowing merical thermodynamic model, the impact of strain heating
outlet glaciers on the temperature field is found to be very small on VSF,

see Figs6b and7, simulation1995ssSHBrinkerhoff et al.
A comparison between surface and sliding velocities at thg2011) found for some Greenland outlets even less impact of
bedrock (see Figl2a) clearly shows that sliding dominates strain heating. Friction heating allows temperatures close to
the ice dynamics at the fast-flow areas of VSF, which evenpressure melting to be reached in a small area of the base
holds for increased deformation due to temperature-loweredaf Franklinbreen (simulation995ssFHl Fig. 6¢). In 2008ss
viscosity Schéafer et a).2012. Schéfer et al(2012 further (Fig. 6d) the temperature distribution shows colder areas,
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Figure 13.Close-up over Franklinbreen. Distribution of the mechanical heat sources at the end of the prognostic simulation. The upper line
shows strain heat, the lower friction heat. Results of the simulation without firn hebtihg)(@are shown in(a) and(c), the distributions are
identical to those 02008ss Results with firn heatindiq13firnsg are shown ir(b) and(d). In pink the contour of 271K and in yellow the
iso-velocity line of 150 myr1 is drawn.

probably resulting from transport of colder ice from cen- eration between 2008 and 2011 is driven by a mechanism
tral regions towards the outlet. None of the southern outletdnvolving thinning.
reaches a temperate base.

While friction heqt might havz_e played a role for the ON- Firn heating due to melt water refreezing
set of the acceleration of Franklinbreen through a combined
thickness—friction heat feedback, it cannot sustain fast ﬂOWF
in any of the outlets: in 1990 Franklinbreen was the thick-
est of the outlet glaciers and the only outlet glacier featuring
some areas with sub-melt slidingchelmeyer et al.1987,

irn heating is important for the general thermal regime of

the ice cap and has larger impacts than friction or strain heat-

ing in most of the regions (Fig3.and9, simulationfirnsg. It

X ) is not only efficient above the firn line, but with a certain de-

g.'?dmf‘fh and Le Me;QQO:D’ (cejven ('jn.the alt)sgnce _Of a_d—h lay by advection also in all other parts of the ice cap. Advec-
itional heat sources. By its reduced Ice velocities it mighty;o, fimescales from the centre of the ice cap (region above

have thlclfened enough to al'low bas"?" ice to gpprqach P"€She firn line) to the lower parts of the outlets are estimated
sure melting through insulation and in turn triggering slid- to be of the order of centuries in our model (Fig}). Our

ing. Thickening of Franklinbreen.especially in the lower part model shows — assuming steady state — an increase in basal
between 1990 and 2005 is confirmed Wyth et al.(2010. temperature in the onset areas as well as over the whole area

Bf all fast flowing outlets (Fig9). There we observe a good
distributions for friction heat being responsible for maintain- g (Fig9) g

) . : correlation between temperate base and fast flow.

ng fast flow in any of the outlets. We alsq rulfa outa S|mple In the lower parts of some of the southern-facing out-
thickness feedback for the recent _reductlon N acceleratpniet glaciers our calculated temperatures remain cold and
no complete sur_face DEMs from different periods are avall-We observe areas which are cold-based yet fast flowing
able, though neitheNuth et al.(2010 nor Moholdt et al.

o 4 (Fig. 9). This apparent contradiction of observed sliding
(2010 observed a thinning on Franklinbreen between 1990y er very cold bed is a consequence of our approach: basal
2005 or betwe_en 2003__2.00&“th et al.(2010Q observe a " friction parameters are inferred from observed surface ve-
balanced or slightly positive volume change over Franklin-

. locities without direct coupling to temperaturinkerhoff
-1
breen (average of. 06 9'12 knﬁyr ) fc_)r the period 1990~ _et al.(2011) discussed the possibility of sliding over a cold
2005. Even though their result is subject to a large error, it

likelv that the ob d ¢ reduction i Ibase or underestimation of ice deformation due to neglect-
seems uniikely that the observed recent reduction in acce ing ice anisotropy. Here, the apparent cold-based sliding oc-
curs mainly in areas where the bedrock elevation is poorly
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basal temp. ° C terminus of Franklinbreen can be interpreted at least partly

{ =0 ..
advection fime (/1 ﬁ - ] as a model feature c_:aused by fixing the lateral extent of t.he
750-E ice cap and neglecting enhanced mass loss due to calving.

Other outlet glaciers, especially Rijpbreen and Bodlebreen,
are highly influenced by errors in the bedrock DEM and thus
not discussed.

As expected, velocities, friction and strain heat remain
constant during simulatiooonst13 In simulationsudden13
a sudden jump after the change in the basal friction parameter
is observed, while in simulatiolin13 the variables change
synchronously with changes in the basal friction parameter.
The 2008 variables are very similar in simulaticuglden13
andlin13. The velocities are not only faster than in 1995, but
show the two pronounced branches of Franklinbreen. Fric-
tion heat values are fairly high up to the centre of the ice cap,
also emphasising the developing two branches (E2g.om-
pared to Figl3). Strain heat increases at the lateral margins
of Franklinbreen over the whole ice depth (F1§).
) ) o ) Temperature also remains unchanged in simulation
Figure 14. Typical advection timescales from the region above the .;nst13 The final temperatures of simulatiossdden1&nd

firn line in the centre of the ice cap to the lower parts of the out- | . .
lets estimated from backward streamlines obtained with the back-IInl3 are again very close, although different fr@a08ss

ward Runge—Kutta method implemented in ParaViéWwéns et al, Ice Femperature changes are not re;tricted to the bed. In.sim—
2009 assuming the basal friction paramebeta95T The trajecto-  ulationsuddenl3the temperature adjusts smoothly to a sim-
ries are coloured accordingly to the advection time to its lower endilar pattern as in simulatiohn13; no sudden jump in basal
(blue colour). The firn line is depicted in orange, as texture the tem-temperature is visible in spite of the step change in basal fric-
perature fieldl995sss drawn. tion parameter. Taking into account a few years for adjust-
ment, we see good agreement for all variables after this 13-
year period with simulationsudden13andlin13. This sug-
known, as confirmed by the 20 m ice thickness iso-line in thegests that the simulations are robust towards details of how
two problematic outlets (Fig). Irregularities in the bedrock changes in the basal friction parameter occur.
data and analysis of the 1995-2008 prognostic simulations We compare different temperature fields: (i) the steady-
(Sect.5.3.9 confirm this likely local underestimation of the state temperature field obtained with the 1995 basal fric-
ice thickness. Improvement of the bedrock data by some contion parameter (simulatioh995s$, (i) the steady-state tem-
trol method should be considered, as for example done byerature field obtained with the 2008 basal friction param-

Morlighem et al. (2013 or van Pelt et al(2013. eter (simulation2008s% and (iii) the final temperature dis-
tribution of the 1995-2008 prognostic simulation with linear
5.3.2 Simulating the acceleration period 1995-2008 changing basal friction parameter (simulatiori3). Firstly,

we observe that the results lai13 and2008ssshow differ-

By examining the temperature steady-state distributions, inences in the central, slow-flowing areas. This implies that the
formation about temporal evolution is disregarded. While theice cap is not in steady state and decadal periods are not suf-
lower part of the temperature measured at the location of thdicient to reach a steady state. Secondly, the large-scale struc-
deep drilling was in 1995 very close to the steady-diatss ture of temperatures is rather similar around Franklinbreen.
steady state has not necessarily been reached over the whdburing the 13-year prognostic simulatioin(3) a warming
ice cap. We conduct simulations of the acceleration period towith respect to the initial conditions taken from r895ss
get further insights into the temporal evolution. of about 2-3 K at Franklinbreen’s lateral margins as well as a

We first highlight some general observations of such prog-slight warming in its fastest area (texture Flda and b) can
nostic simulations with different friction parameter evolution be observed. Those 13 years of evolution are not sufficient
scenarios (Sec#.4, Fig. 2) from the simulations without to reproduce the cold area between the two branches visi-
firn heating €onst13, sudden13, lin)l®cusing on Franklin-  ble in the steady-state simulati@®08ss(Figs. 6 and11a).
breen. Simulationsudden13andlin13 exhibit a clear thin- A continuation of thdin13 simulation beyond 13 years with
ning of the onset area of Franklinbreen relativectmst13  constant friction parameter shows that a steady-state result
(Fig. 10). This is more pronounced (up to 25m compared similar to the run2008ssis reached after about 100 years
to 20m) in simulationsudden13resulting from the time-  (result not shown). This is a quicker equilibration than the
integrated ice flux, which is higher the sooner the veloci- central area. We explain the colder areas of the steady-state
ties increase. The pronounced increase in thickness at th2008ssin comparison to the end of the 13-year prognostic
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runlin13 by the fact that the friction heating—thickness feed-
back is compensated by cold ice advected into the fast-flow
region from the catchment area. Under the assumption that
a temperate base is needed to allow for sliding, it becomes
clear that another mechanism is needed to sustain the tem-
perate base underneath the fast flow as already observed in
Sect5.3.1
In what follows, we limit the discussion to one of the sim-

ulations 1995-2008 including firn heating( 3firnssrather - }
than lin13firnevo) since the transient effects are insignifi-
cant, not reaching the base within relevant timescales. The
additional heat source due to firn heating does not signifi-
cantly alter velocities and surface elevation or how the dif- |
ferent variables adjust to changes in the basal friction pa-
rameter (sudden jump versus smooth adjustment). The ﬁnéﬁ_igurg_ls. Tem_poral_ evolu_tion of the temperature field during a
strain heat distribution is very similar, though friction heat SimPlified transient simulation frot995sgowards the steady-state
is slightly greater further up in the catchment areas of thefl.rnsswnh thg friction parameteeta95T The firn line is shqwn in

. e N . violet, the drill hole corresponds to the red dot. The evolution of the
outlets (Flg.13.). The “sliding area”, defined by temperatures “sliding area” (271 K) from1995ssto firnssis shown in rainbow
above 271K, i.e. temperatures close enough to pressure mel('i'olours (black area; blue, green, yellow, red contour lines) 100 years

ing to allow for sliding fHindmarsh and Le Meur2001), apart (dark green for example corresponds to 500 years). As texture
remains almost constant in shape and size (Ely). It is, the surface elevation is depicted.

however, challenging to interpret the changes occurring to

this “sliding area”, which is essential for temperature-based

parameterisations of sliding laws as implemente®bydik  the last centuries as well as the heat redistribution through
et al.(2012 or Dunse et al(2017). In such laws sliding co- meltwater. The evolution of the area of warm base is depicted

efficients are mainly defined by the existence of a temperatén Fig. 15. We observe that changes in englacial tempera-

base, but they are not based on physical mechanisms. Theure caused by excess firn heating take a few centuries be-
would require a precise knowledge of the temperature distrifore a significant area of the base of Franklinbreen becomes
bution as initial condition which is highly uncertain for ice temperate. We equally observe that different areas of the ice
caps like VSF. cap approach the steady sthitasswith different timescales.

As in the steady-state simulations including firn heating This implies that it is possible that temperature at the drilling
firnss a good correlation between fast flow and temperatehole location could have been quite closefitmssin the
base is produced throughout the full 13 years. This leads u§990s, while it was not the case over the whole area or the
to the conclusion that firn heating is the main driver for main- catchment area of Franklinbreen. Typical timescales (several
taining fast flow by supplying the fast-flowing outlets with centuries) for this advection process to reach the lower part
enough warm ice from the interior of the ice cap. We spec-of the outlets can be deduced from Figl. By choosing a
ulate that this convected front of increased ice temperaturdixed set of friction parameters, these values certainly are not
from firn heating had already reached the southern outletexact, especially since the feedback between warming and in-
well before 1995, explaining the observed fast velocities, butcrease of sliding velocity and hence shorter advection times
only reached Franklinbreen at around 1995. is neglected. Consequently the advection times for the south-

There are several challenges to our hypothesis. First of allern outlets are certainly underestimated since they are cal-
we are not able to judge to what extent the initial quiescentculated with already high sliding velocities in these outlets.
state, given by the steady-state soluti@®5sghat excludes  However, it provides us with a crude estimate of the advec-
firn heating, reflects the de facto existing englacial temperation timescales involved. These timescales (several centuries)
ture field at this time. Secondly, a steady state including firnexclude the possibility that changes in firn heating during the
heating firnss Fig. 9) certainly overpredicts the contribution 20th century (as for example fitnevo) could be responsible
of warm ice advected to the outlets, since Franklinbreen wador the trigger of fast flow at Franklinbreen. Earlier evidence
not yet fast flowing in 1995. of refreezing is known from the temperature profile measured

We conducted an additional simplified transient simulationat the deep borehole (steady-state firn heatindirnss. Fig-
starting from the initial state df995sswith fixed friction pa-  ures14 and 15 show that the associated heat release could
rameters ljeta95T= those obtained for 1995), but with firn have started to contribute to maintain a temperature base in
heating that on infinite timescales would lead to the same disthe late 1990s. Consequently, we would expect that at some
tribution as obtained with the steady-state finmssinstantly ~ point the acceleration at Franklinbreen will stop and veloci-
applied to the system. This simplistic simulation neglects allties level out, just as occurred decades earlier on the southern
climatic changes leading to variations in firn heating during outlet glaciers of VSF. One explanation for the vast delay
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of Franklinbreen can be seen from Fig<l and 15, which in the ice in the central thick slow-flowing areas of the ice
document a significantly longer (in comparison to other out-cap. Simulated timescales for temperature changes caused by
let glaciers) convection timescale for ice from the interior to increased firn heating due to changing surface conditions to
reach Franklinbreen. This is in line with greater distance ofreach the ice base are upwards of a century.
the firn line relative to Franklinbreen (Fig). In addition, we A temperate base is a prerequisite to allow for sliding in
cannot conclude about the role of a possible initial triggerthe fast-flow areas. Friction heating and strain heating sig-
for the fast flow through a thickness—friction heat feedbacknificantly contribute to heat production in the fast-flowing
and resulting changes in advection times compared to the aeutlets, the former superseding the latter. Nevertheless, in
rival of the convected front of warm ice. Furthermore, severalsteady-state simulations that account for only these two heat
distinguishing features of Franklinbreen have to be taken intassources, Franklinbreen was the only outlet to develop a tem-
account: Franklinbreen might have been surgingin 186 (  perate base (Sech.3.]). Taking observed surface eleva-
gen et al. 1993, even though this was questionedBgeed tion changes into account, we conclude that a combined
(2007 because of the lack of geomorphical evidence. It has ahickness—friction heating feedback could be the trigger for
much bigger catchment area and probably a larger hydraulithe onset of Franklinbreen’s recent acceleration. In order to
head. It is longer and probably flatter. The flow is split into reach pressure melting point at the base of all outlet glaciers,
two branches and additionally complicated by a Nunatak. Itwe need to include the effects of firn heating in the accumu-
terminates in a long cold fjord with more fresh water and is lation zone and the subsequent transport of the heat into the
less prone to calving. fast flowing outlets by advection (and possibly meltwater).
The question about the delayed speed-up of Franklinbreeifhus, we identify firn heating as the heat source responsi-
could only be fully answered by including hydrology in the ble for the persistence of the observed fast flow over all out-
model to get a full picture of the water and heat redistribu-lets (Sect5.3.1). Prognostic simulations (Sed.3.2 con-
tion throughout the ice cap, in particular since the englacialfirm that the inflow of such warm ice is necessary to maintain
temperature distribution affects the englacial hydrology anda temperate base. From these simulations we also conclude
vice versa. that the englacial and basal temperature distribution is not in
equilibrium; timescales are estimated at decades to centuries
to reach steady state. However, because of the low contri-
6 Conclusions bution to velocity of ice deformation compared to sliding,
the impact of the temperature dependence of the viscosity is
We present the basal friction parameter distribution obtainedsmall. This justifies the thermal steady-state assumption dur-
on the VSF ice cap for 1995, 2008 and 2011 from the inver-ing the inversion for the sliding parameter or more generally
sion of observed velocity fields using Elmer/ice. An accel- for the initialisation of temperature fields in prognostic sim-
eration between 1995 and 2008 on the outlet Franklinbreemlations, where the focus is not on an accurate and detailed
is reflected in a pronounced temporal variation of the distri-temperature regime. Various speculations on the delayed on-
bution of the basal friction parameter. The drastic change ofet of the fast flow of Franklinbreen compared to the southern
inversely determined basal friction parameters between theseutlets can be made. This question could only be fully an-
snapshots (Seck.1) renders prognostic simulations using a swered when including hydrology in the model to get a full
temporally constant parameter distribution highly inaccurate picture of the water and heat redistribution throughout the ice
Instead, models incorporating the full complexity of physics cap.
involved in basal sliding (hydrology, thermodynamics, till-
deformation) have to be developed for simulations of future
scenarios of the ice cap. Coup”ng the inversion to temperaAUthOr contributions.M. Schafer designed and conducted the
ture simulations affects the obtained basal friction parametegimulations, F. Gillet-Chaulet implemented the inverse method,
distributions only marginally because of the small influence R+ Gladstone contributed to experimental set-up, R. Pettersson and
. . V. A. Pohjola provided data, T. Strozzi provided the remote sensing
of the viscosity—temperature dependence.

Thet ¢ fil dinad borehole i thdata of the surface velocities, T. Zwinger helped with the numeri-
€ empera ure profile measured in a aeep borehole In g, set-up. All authors have contributed to, seen and approved the

accumulation zone has been successfully modelled and qua{,—aper_

itatively explained by a recent change in climatic forcing at

the surface influencing the firn heating (Setg). Qualita-

tive interpretations of our firn heating experiments are limited .
by the uncertainty in the basal friction parameter distributionACknOV\”edgememswe would like to thank all partners for access

. . o . to data and constructive comments, and to mention especially the
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Recent deviations from an equilibrium profile triggered by yan Finkelnburg, Marco Maller, Dieter Scherer, Christoph Schnei-
increased firn heating can explain the current shape of the Upter, Thomas Vikhamar Schuler and others) as well as Bjérn Clare-
per part of the profile, whereas the much earlier existence ofnar and Jon Jérpeland for discussion about their results from WRF
firn heating explains the warm temperatures observed deepaimulations. We acknowledge CSC — IT Center for Science Ltd
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