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Abstract. Variegated Glacier (Alaska) is known to surge pe- 1 Introduction

riodically after a sufficient amount of cumulative mass bal-

ance is reached, but this observation is difficult to link with Variegated Glacier is a temperate glacier located in the
changes in the basal conditions. Here, using a 10-yr datase¢oastal St Elias Mountains in Alaska (USA). It is approx-
consisting of surface topography and surface velocity obserimately 20km long and 1km wide, with ice flowing from
vations along a flow line for 25 dates, we have reconstructedhe altitude of 2000ma.s.l. down to the sea. Due to its
the evolution of the basal conditions prior to and during thesurging behaviour, Variegated Glacier has been intensively
1982-1983 surge. The model solves the full-Stokes problenstudied these last decadéir(dschadler et al.1977 Bind-
along the central flow line using the finite element method.Schadler1982 Kamb et al, 1985 Raymond and Harrison

For the 25 dates of the dataset, the basal friction paramel988 Eisen et al.2001, 2009. Since the first listed surge of

ter distribution is inferred using the inverse method proposedl905-1906, Variegated Glacier has undergone 7 other surges
by Arthern and Gudmundssd2010. This method is here until the last observed in 2003-2004g(rison et al.2008.
slightly modified by incorporating a regularisation term in From the well-studied 1982-1983 surge, it seems that Var-
the cost function to avoid short wavelength changes in thdegated Glacier is characterised by a two-phase surge, each
friction parameter. Our results indicate that dramatic changeghase with a reasonably distinct termination separated by one
in the basal conditions occurred between 1973 to 1983. Prioyear Eisen etal.2009. Velocity and elevation changes were

to the surge, periodic changes can be observed between wifirore marked in the upper glacier during the first phase of
ter and summer, with a regular increase of the sliding fromthe 1982-1983 surge, whereas during the second phase, the
1973 to 1982. During the surge, the basal friction decreasegurge propagated progressively down into the lower glacier.
dramatically and an area of very low friction moved from the The highest velocity of the whole surge were observed dur-
upper part of the glacier to its terminus. Using a more com-ing the second phase on the lower glaci€arfib et al, 1985.

plex friction law, these changes in basal sliding are then interOne other characteristic is the seasonal timing of Variegated
preted in terms of basal water pressure. Our results suppogurges, with an onset in late autumn or winter and termina-
that dramatic changes took place in the subglacial drainagéon in late spring or early summer.

system of Variegated Glacier, moving from a relatively effi- As shown byEisen et al(2003), the duration of the quies-
cient drainage system prior to the surge to an inefficient onecent phase in between two surges is very well correlated with
during the surge. By reconstructing the water pressure evothe total cumulative mass balance at a point located at the al-
lution at the base of the glacier it is possible to propose a scetfitude of 1500 m in the accumulation area. Variegated Glacier

nario for the hydrological history leading to the occurrence is found to surge each time the ice-equivalent cumulative bal-
of a surge. ance at this particular point reaches the threshold value of

435+1.2m. This relation is not fulfilled for the 2003—-2004
surge, for which the cumulative mass balance was only half
of that required for previous surgeddrrison et al. 2008.

Correspondence taD. Gagliardini As anticipated byEisen et al(2005), this loss of correlation
BY (gagliar@lgge.obs.ujf-grenoble.fr) might be explained by the early termination of the one-phase
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1995 surge and its unusual post-surge surface topographlyasal conditions below Variegated Glacier using a full-Stokes

corresponding to a relatively small mass transfer from themodel. The available dataset for Variegated is presented and

upper part to the lower part of the glacier. Because the 2003-discussed in the first Section. The direct full-Stokes flow

2004 was a normal two-phase surgtgrrison et al(2008 line model is presented in the second Section. The associ-

have predicted that the mass balance correlation will hold forated inverse modelAfthern and Gudmundssp£010 and

the next surge. Nevertheless, the causality of this mass baits extension is presented in the third Section. In the fourth

ance surface observatitias not yet been linket the basal ~ Section, the inverse model is used to infer the basal friction

processes controlling the surge. distribution along the flow line at each measurement date.
Surgesof temperate glacierare initiated by a change in In the fifth Section, following the idea proposed Blpwers

the basal hydrological system, which moves from a discreteet al. (2011), changes in the basal friction parameter are in-

efficient system with low water pressure and high water dis-terpreted in terms of changes in basal water pressure through

charge to a distributed inefficient system with high water the use of the water pressure dependent friction law proposed

pressure (e.gRaymond 1987. A discrete efficient sys- by Schoof(2005 andGagliardini et al(2007). Finally, using

tem is usually formed by a few large channels and its in-the basal friction parameter distributions inferred from the in-

fluence on the ice flow is relatively low, whereas an ineffi- verse method, a transient simulation is run over the 10-yr data

cient system consists of small linked cavities strongly influ- period to compare modelled and observed surface geometry

encing the basal velocityk@mb 1987. As explained by evolutions.

Eisen et al(2009, there is a seasonal pattern of surge initi-

ations and terminationd/ariegated surgaitiationsare cer- o

tainly governed by a change in the glacier's geometaying 2 Description of the datasets

the quiescent phasehich affects the internal drainage sys-

tem. When a threshold amount sdirface elevation and/or

surface slope changes aeached, the discrete system closes

at the end of the melting season when the amount of water i

insufficient to keep it open. Then, subsequent rain or melt- _ .
water from the surface, even in small volume, will progres- part of thequiescent phase which follows the 1964-1365

sively contribute to increase the basal water pressure, finall;?u[jge ar;d mcllude.:,_ the 13?]2_.198? lsurg(fe. Durllng_tthls pe-
leading to the glacier surge. The following spring, when riod, surtace efevation and horizontal surtace velocity were

the amount of water is again sufficient, the discrete efficientmeasured at 25 different dates, twice a year prior to the surge

system opens again and the surge stbfsrjson and Post gnf 8 ttlr_nes during t:eth)r/]r Orf] th_e Sir?e' '?t eachlda_tte, thz
2003 Lingle and Fatlan@2003. Note that this interpretation tha asef IS cc)lmp<:§e 0 ;5 Oorlzoln a ;shur Ezigi ve ?fr:y an
is consistent with the observed timing of Variegated surges € surlace elevation every m along the m ot the cen-

which started during the winter and end during the summer. g]al flow I|ne.d|\/llost of thet dat;tatselts areh|ncotrrr]1ple|te,.ma|nly Itn
During the 1982-1983 surge, short-term variations (hours € upper and lower parts, but also where the giacier was too
revassed to be accessible. Few attempts have been made

to days) of ice velocity, water pressure and outflow stream af . ) ;
the glacier terminus have been observed. These observatio reconstruct the basal condition history below Variegated
lacier from these datasetRaymond and Harriso(1988,

indicate the predominant contribution of basal sliding durin ) . . .
P 9 9 sing a very simple flow line model, determined that basal

the surge phase. Measurements of the internal deformation iH>Ng &
: liding increased from 1973 to 1981 and concluded that by

a borehole during the surge show that 95 % of the surface veZ . .
uring urg W > u v 1981, basal sliding might be 50 % or more of the total surface

locity is due to sliding Kamb et al, 1985. Velocities as high o . L
as 50 m day' were measured during the second phase of the\{eloc'ty in the upper part of the glacier. Again with a rela-

1982-1983 surge. Simultaneous records of water pressu#%’ely simple hydrological modekEisen et al(2005 showed

from borehole measurements indicate the strong correlatiof ! the flux required to keep the efficient drainage system

between water pressure and velocity. Pulses in surge movePen Is very sensitive to the basal shear stress. Combining
:ge model and the observations, they determined a critical

ment do indeed correspond to peaks in pressure. Converse . T
the increase of the outflow stream at the terminus is closel asal shear stress along the flow line which initiates a surge.

correlated with a rapid slowdown of the glaci&anb et al,

1989. This last observation indicates that a large amount of3  pirect diagnostic model

water is stored in subglacial cavities, inducing an increase in

water pressure and a consequentincrease inice sliding velog.1  Field equation

ities. But when a threshold pressure is reached, the subglacial

water storage purges, leading to flooding at the terminus outAvailable data for Variegated Glacier are limited to the cen-

flow and to a slowdown of the ice sliding. tral flow line of the glacier. Therefore, the modelling is lim-
In this paper, we propose to use the very well documentedted to a two-dimensional flow line geometry, delimited by

period from 1973 to 1983 to reconstruct the history of thethe bedrockb(x) and the upper surface(x). We further

Extensive measurements of the surface topography and sur-
face velocities were carried out during the 1973-1983 decade
Bindschadler et gl1977 Kamb et al, 1985 Raymond and
arrison 1988. This measurement period covers thst
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assume a Cartesian coordinate system suchtisathe hor- 1.0 [
izontal direction and; the up-oriented vertical one. For a [
given geometry, the ice flow is governed by the Stokes equa 0.9 |
tions, i.e. the mass and momentum conservation equation., [
in which the acceleration terms are neglected. The Stoke = 0.8
equationsare written :

1

divu=0, b<z<zs, (1) F
dive +pg+ f1=0, b<z<zs, 2 0.6

shape fac
e |

Hereu = (ux,0,u;) is the velocity vectorg =t — pI is the
Cauchy stress tensor apdthe isotropic pressure, the ice
density andgz = (0,0, —g) the gravity vector. The body force
f1is added in the flow line model to account for the friction
arising on the lateral side of a real glacier. To this end, the

concept of shape fa_lCtONQe, 1_96_53 is here extended to the Fig. 1. Evolution of the shape factof along the central flow line
full-Stokes formulation by defining the body forgg as for the 1973 surface topography.

fi=—pg-t(1-ft, 3

where the shape factgf = f(x) is a scalar function of the depends on the ice temperature via an Arrhenius law. Since
transversal shape of the glacier ani$ the unit vector tan-  Variegated Glacier is temperate, the constant value
gent to the upper surface. As shown by this equation, thel00MPa3a! is adopted (close to the ones proposed in
concept of shape factor adds a resistive body force tangent teuffey and Patersqi2010.

the upper surface. Whefi=1, the limit case of an infinitely

large glacier is obtained, whereas smalstands for narrow 3.2 Boundary conditions

and/or deep transverse sections.

Here, we evaluatef(x) by assuming that the transverse The upper surfac€s, i.e.z = zs, is a stress-free surface and
shape of the bedrock is a parabola of the fdrtw,y) = the following Neumann-type boundary condition applies:
b(x)+a(x)-y2, where the parabola coefficiemtx) is con-
stant in time and estimated from the thickness and widt
measurements performed in 19afymond and Harrisgn
1988. This approach accounts for variations with time of
the shape factor induced by changes in ice thickness.

Following the approach oRye (1969, the relation be-
tween the shape factor and the ice thickness in the centr
flow lineis infgrr_eo_l from three-di_mensiqnal full-Stokes sim- Ty =t-(0-n)|p=—Pu-t =—Pu, forz=b, @)
ulations of an infinitely long glacier flowing over a parabola-
type bedrock using different values of the friction parameter.wheren andt are the normal and tangent unit vectors to the
All these three-dimensional simulations (not shown here),bedrock surface, anfl> 0 is the basal friction parameter.
are well reprOduced with a two-dimensional flow line model All these equations are solved using the finite element
using the following empirical estimate of the shape factor: method with the code Elmer/Ice. More details on the numer-
ics can be found itGagliardini et al(2007 andGagliardini

0 2 4 6 8 10 12 14 16 18 20
x [km]

ha-n:Oforzzzs. (6)

At the bedrock interfac€y, i.e.z = b, zero basal melting is
assumedu-n =0) as well as a linear friction law (Robin
type boundary condition). This linear friction law relates the
al:fasal drag,; to the sliding velocity, such that:

2 0.8146 .
f=—arcta ) ; (4) and Zwinger(2008.
T Ja-h

where h(x) = zs(x) — b(x) is the ice thickness. Figurg
shows the evolution of the shape factbx) along the flow

line for the 1973 geometry. Determining the optimal basal conditions from the glacier

The ice rheology IS described through a power-type flowqn4qraphy and the surface velocities is an inverse problem.
law, known as Glen's law in glaciology, linking the strain- pacently, three methods have been proposed to solve this par-
rate tensoe to the deviatoric stress tensoisuch that: ticular inverse problem using a full-Stokes direct model. The
(5 first one, is a Bayesian method developed Gydmunds-

son and Raymon@2008 and further applied to the Rut-

wheret? = 7;;7;;/2 is the square of the second invariant of ford ice stream (West AntarcticaRaymond Pralong and
the deviatoric stress and a rheological parameter, which Gudmundsson2011). Note that for this application to real

4 The inverse problem

é:Ar:_lr,
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data, both basal friction and bedrock topography were in- The cost function that expresses the mismatch between the
ferred by inverting surface data. The two others, which be-solution of the two models is given by
long in the class of the the variational methods, are a control

method using the adjoint model of the linear Stokes equa-/, = | @"—uP)-(@N—oP)-ndr, (9)
tions (Morlighem et al, 2010 and a Robin inverse method Is
(Arthern and Gudmundsspf010. where superscripts “N” and “D” refer to the Neumann and

These two variational methods rely on the minimisation Dirichlet problem solutions, respectiveBndI's denotes the
of a cost function that measures the mismatch between thapper surface of the glacier
model and the observations. In each case, the gradient of the The Gateaux derivative of the cost functidp with respect
cost function with respect to the basal drag coefficient is ob-to the friction parameteg for a perturbatiorg’ is given by
tained analytically assuming a linear flow law and a linear (Arthern and Gudmundssp2010:
sliding law. Theoretically, these results could be extended to
non-linear laws but this would require further analytical and ds J, =/ ﬂ'(luDlz— IuNIZ) dr, (10)
numerical developments. In their applicatiohdorlighem Ib
et al. (2010 and Arthern and Gudmundssof2010 show  where the symbdl| defines the norm of the velocity vector.
that even by using the gradient derived in the linear case, In this paper, to avoid unphysical negative values of the
it is possible to minimise the cost function with non-linear friction parameterg is expressed as
laws, but this could fail for some applicationSd¢ldberg and B =10
Sergienkg 2011). These two methods should lead to very '
similar solutions for the basal drag coefficient and both haveThe optimisation is now done with respect éoand the
advantages and drawbacks. The control method needs th8ateaux derivative of, with respect tax is obtained as fol-
derivation of the adjoint model but it is easy to modify the lows:
cost function to take into account the error on the observed ds
velocities. The Robin inverse method can be easily imple-d,J, =dgJ,— =[ a’<|uD|2— |uN|2) 1¢FIn(10)dr. (12)
mented using the direct model only, but does not integrate G I
the observation errors in the cost function. In the presence of noise in the observed velocities, the
In this paper we present results obtained with the Robin in-method can lead to spurious small wavelength oscillations of
verse methodArthern and GudmundsspR010, extended  the inferred friction parameterArthern and Gudmundsson
with a regularisation term. The inverse method has beer2010 suggesterminatingthe minimisation when the cost
implemented in the finite element code Elmer/ICBo our  function starts to stagnate at a certain level. Furthermore, the
knowledge this is the first application of this method to real authors show that this is in agreement with a heuristic stop-

(11)

data in glaciology. ping criterion based on the observation errors. One drawback
) of this approach is that on a glacier, the magnitude of the ve-
4.1 Robin method locities and the observation errors could vary strongly from

one place to another, but also from one dataset to another, so
that the stopping criterion should be different for each area
. . nd each dataset. Here, an additional Tikhonov regularisa-
that gives the smallest mismatch between observed and mo ion term that penalises the small wavelength oscillations of

elled surface velocities. -
: . ) the friction parameteg, taken as
We use the inverse Robin method adapted to glaciology P e

by Arthern and Gudmundssd@010. The method consists / (3a>2
— ] dr,
I'p

and velocities), to determine the basal friction paramgter

of solving alternately the Neumann-type problem defined byJreg= (13)
Egs. @, 2) and the surface boundary conditions (By.and

the associated Dirichlet-type problem defined by the samés added to the cost functiof,,. The total cost functioris
equations excepted that the Neumann upper-surface condiow

tion (EQ.6) is replaced by a Dirichlet condition, such that:

0x

Jrot=Jo+ 1,00 (14)

M(ZS) — uobs’ (8) o 2 reg,

whereu(zs) andu®PSare the model and observed surface hor-wherei:°PS is the mean value of the observed surface veloc-

izontal velocities, respectively. This condition is enforced for ities andA is a weighting parameter used to adjust the in-

each location where a surface velocity was measured. Th#uence of the added regularisation with respect to the ini-

natural Neumann condition is imposed in the vertical direc-tial cost function. The term°PStakes into account the large

tion and where no observation is available. changes in velocity observed along the 10-yr dataset and al-
lows usto use a unigue value of the regularisation parame-
ter A for all the datasets. Regularisation is classical in data

The Cryosphere, 5, 65842, 2011 www.the-cryosphere.net/5/659/2011/
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assimilation: the minimisation of, alone is an ill-posed locities are imposed only where measurements are available
problem, and the addition of a regularisation term ensuresand no interpolation is used to complete missing data. We
existence of a global minimum. K is large enough, the verified that a finer mesh does not change significantly the
problem becomes well-posed, with a unique minimum, andresults of the inversion of the friction parameter.
therefore the minimisation algorithm shows improved con-
vergence properties. The form of the additional term ensures
that the optimapB is smooth. The effect of this regularisation 5 Inversion of the basal friction parameter
term and the sensitivity of the distribution tox is discussed
in Sect.5. 5.1 Influence of the regularisation term

The minimisation of the cost functiotke; with respect
to B is done using the limited memory quasi-Newton rou- We used the most complete summer 1978 dataset to assess
tine M1QN3 @Gilbert and Lemazchal 1989 implemented  the influence of the regularisation term on the results. The
in Elmer/ice in reverse communicatiofn Newton's algo-  inferred friction parameteg and the associated surface and
rithm, the descent direction is a function of both the gradientsliding velocities obtained for different values of the regu-
and the Hessian of the cost function. Quasi-Newton’s methodarisation parametex are shown in Fig2. The influence
is a widely-used variant of Newton's method which does not©f 4 is directly observable in this figure. Whenincreases,
require to Compute the Hessian but uses approximations inthe inferred friction parameter distribution getS SmOOther, but
stead, which are computed and improved throughout the itmean values over the glacier lengthgofire very similar for
erations. This method has a convergence speed that is bettall the values ok. The relative mean error between observed
than afixed_step gradient method as presentéajthrern and and modelled velocities increases from 4.9 to 9.1 % when
GUdeﬂdSSOIﬁZOlQ. The cost function decreases qu|ck|y is increased from 0 to £0 The difference between modelled
during the first 10 to 20 iterations then start to stagnate hag@nd observed surface velocities remains small, but the short
shown byArthern and Gudmundss¢#010). As the gradient ~ Wavelength oscillations of the observed velocities are less
used here is only an approximation of the true gradient for aWE" resolved when the regularisation term increases. The
non linear rheology, the iterative algorithm is usually stoppedcorresponding sliding velocities, depicted in F2g, are also
when the cost function cannot be decreased anymore in theémoothed when is increased, but the gap between the dif-

descent direction, typically after 50 to 100 iterations. ferent sliding velocity distributions is much larger than for
the surface velocities. The comparison between surface and
4.2 Technical aspects basal velocities shows that all these small wavelength oscil-

lations arising at the base have almost no visible influence at
The Stokes equations and the Robin problem are solved usinte glacier surface.
the finite element code Elmer/lce. For each date, a regular The oscillations of thgg parameter in Fig2a are certainly
mesh is constructed using 80 horizontal times 20 vertical lay-artly physically created, as we expect that high and low fric-
ers of quadrangle elements, between the bedrock and upp#ipn areas may alternate at the base of Variegated glacier, but
surface. Foice-freeareas, a minimal thickness of 3mis im- they are also certainly induced by errors on the measured
posed to avoid zero volume elements. Each of the 25 datasetglocities and on the model itself (mainly the flow line as-
is composed of the surface elevation and the horizontal sursumption and errors on the measured surface and bedrock
face velocity at 81 points regularly spaced every 250 m alongopographies).
the 20 km of the glacier length. Topographic measurements Therefore, a difficult task is to choose an optimal regulari-
are representative of a given date whereas velocity measureation parameter, which will conduct to an optimal balance
ments refer to the period in-between two measurement datesetween the fit of the observed velocities and the smooth-
(Raymond and Harrisqi988. For the quiescent period, the ness of the inferred solution. As can be seen in Rly.
same surface topography is used for the summer and for ththe inferred velocities lie all in the error bar of the mea-
following winter. For the surge, because of the fast changingsured velocity Raymond and Harrisqri988, excepted that
topography, for a given velocity measurement, the surfaceones inferred for a penalisation larger tharf.18\ first cri-
topography is taken as tliene-weighted averagef the two  teria is then to choosk < 10°. An other possibility to es-
surface topographies corresponding to the surface velocityimate the optimal regularisation parametes the L-curve
measurement dates. To construct the 25 geometries corr@nalysis Hansen2001). The L-curve method uses the log-
sponding to the 25 datasets, the surface elevation must bleg plot of the norm of the regularised solutiokeg given
defined along the whole glacier. Where surface topographyoy Eq. (L3) versus the norm of the initial cost functiof
measurements are missing, the elevation is estimated fror(Eq. 9) to choose the optimal regularisation parameter. The-
the other datasets using a linear adjustment to fulfil the curoretically, the L-curve should present a corner which allows
rent surface elevation continuity. For the velocity, the meshto objectively estimate the optimal regularisation parameter
is constructed so that point measurements and mesh nodes As shown in Fig.3, for a non-linear model applied to
coincide. When solving the Dirichlet problem, measured ve-real data, the L-curve analysis is not straightforward. The
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Fig. 3. Log-log plot of the norm of the regularised solutiokeg
given by Eq. 13) versus the norm of the initial cost functiofy
given by Eq. 9), the so-called L-curve. The cross correspond to the
regularisation parameters frakn= 0 up tor = 10°.

s) mal]

=

u(

100

200 —A=0 N Because the objective of this paper is to study changes
. — A=10% 1 in basal conditions over a 10-yr period, we will arbitrarily
T‘c’i 150 — A =10% choose the smoothest solution and adopt in what follow a
o — A=10° | regularisation parameter=10°. Spatial variation of the
i A =109 friction parameter along the flow line will therefore only be
-~

discussed if they arise over long distance, and we will con-
1 centrate the results analysis on the mean evolutigh @fer
. the 10-yr dataset.
] Note that the L-curve analysis should be conducted for all
| \\:7 R =ay dataset and might conduct to different values of the regulari-
12 14 16 18 sation parameter despite the weightingd$® of the regular-

z [km] isation term in Eqg.14). Because this analysis would neces-

sitate a large number of simulations, it was not reasonably

Fig. 2. Sensitivity of the results to the regularisation penalisation feasible for the 25 datasets, and in what follow, the value
for the 1978 summer data(@) Distribution of the inferred basal A = 1C° is then adopted for all the datasets.
friction parameters along the central flow line and correspond-
ing (b) modelled and measured (orange cross) surface velocities.2 Inferred basal friction parameter distributions
and(c) modelled basal velocitiesThe yellow band represents the
+10ma* error on the velocity measurements estimate®By-  The distribution of the friction parameter was inferred using
mond and Harriso(198§. the same method for the 25 datasets available during the qui-
escent phase and the surge. Results are shown iA.Figa-
sonal changes between summer and winter can be observed.

obtained L-curve is not even a strictly decreasing function A or a given year, the winter always presents higher friction

expected theoretically (whehincreases from 0 to £0 J, . . .
decreases). This might be explained by the fact that the grat 2" the previous summer. But, during the eight years of the

dient of the cost function in thArthern and Gudmundsson quiescent phase, the friction paramgteegularly decreases,
(2010 method is only an approximation for the non-linear so that the last winter values are smaller than the first sum-

C . mer ones. Another remarkable feature is that the friction de-
rheology, so that the exact minimum of the cost function MaY . cace is more pronounced in the upper part of the alacier
not be reached exactly for any Nevertheless, from this L- P PPer p 9

curve, one can expect the optimato be larger than Fand than in the lower part during the quiescent phase. Contra-

adding the previous analysis on the velocity accuracy, onedICtory to the assumption made Byndschadle(1982), our

might conclude that the optimal lies in between 1dand results indicate that sliding already contributes for a large

1P, As can be seen in Fig, the 8 distributions obtained for part of the total motion of the glacier during the quiescent

. L . . phase. As shown in Fig, the contribution of the basal
this range of regularisation parameters are still very distant. : . . . .
velocity continuously increases during the quiescent phase,

A

u(

50
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from a mean value of 10% in winter 1973 up to 60% for 6 Basal water distributions

summer 1981 just before the surge started, confirming the

values inferred byRaymond and Harrisof1989 using a 6.1 A water-dependent friction law

simple model. Such progressive increase of the basal slid- ) )

ing during the quiescent phase might confirm, as suggestelflany authors have attempted to infer from physical and
for slow-type surging glaciers biyrapge and Clarkg2007) mathematical considerations which variables should be in-

for Trapridge glacier and®und et al.(2009 for Svalbard cqrporated in a realistic friction law (e.§veertman 1957
glaciers, that even for a fast-type surging glacier like Var- Lliboutry, 1968 1979 Nye, 1969 197Q Kamh 1970 1987,

iegated, the surge phase is in fact the final phase of a proVorland 1984 Fowler, 1981, 1986 1987 Gudmundssaon

gressive acceleration. 1997ab; Schoof 2005. Schoof (2005 from mathematical
Nevertheless, at the onset of the surge in winter 1981— developments, anGagliardini et al.(2007) from finite ele-
1982, dramatic changes in the basal friction ocqrinci- ment simulations have both proposed a similar friction law

pally in the upper part of the glacieiThe inferred friction ~ for the flow of clean ice over a rigid bedrock in presence of
parameter drops by about one order of magnitude fron$10 Cavitation. In its simplest form, where the basal drag tends
to 10~ MPant 1a, causing a high increase of the basal slid- 2symptotically to its maximum value (post-peak exponent
ing, as shown in Figst and5. Therefore, even if basal slid- ¢ =1 in Gagliardini et al, 2007), this friction law is of the

ing regularly increases during the quiescent phase, initiatioform:
of Variegated surge is clearly marked by a jump in its basal (=n) 1/n
conditions, leading to a clear distinction between the quies-"* _ C( “r ) ,
cent and surge phasesAfter this onset phase, the friction N

continues to decrease regularly until the end of the surge ir; he ab . is the slidi in the ab
July 1983. Both phases of the surge are visible in the re/nthe a ove.eq.uatloms Is the sliding parameter |n.t € ab-
ence of cavitation and Glen’s law exponent, resulting in a

sults. The first phase occurs only in the upper part of the>€MNCe .
glacier from March 1982 to September 1982 and ends Withn(_)n_-lmear re_latlon between t_he bas_al d tagand the basal
a punctual increase of the basal friction. The second phas§IIdIng veIOC|tyu{. .Note that in the limit cage.wheve: L
starts in January 1983 and spreads down the glacier until Juignd > 0. the sliding parametets and the friction parame-
1983 with a dramatic decrease of the basal friction. During er § are inversely proportional. As shown Bghoof(2009,

the second part of the surge, we observe the propagation &ﬁe coe:flcrllentbc ('js IO\I/(ver than thﬁ mamm:m_local positive

a low basal friction area from the middle part of the glaciersope of the be roct topograp y_at a ,eC|metre to meter
down to its terminus. At the end of tlegmulatedsurge, the scale, so tha’? the ratig,, / N = C fulfils Iken’s bound (ken,
basal sliding accounts for more than 90% of the observedlgsj)' The frr:ctlonhla\;]v 0‘5%('3 §trongly relatid to the water
surface velocities everywhere on the glacier, whereas it iPressurepy through the effective pressuré = —o,, — pw.

only the case in the upper part during the first phase of theWhen pw =0, the effective pressure is equal to the normal

surge. Figuré® shows that at some places along the flow line, corgpresswz Cauchy (;:[ress, ?jnd |ncre$i|ng water pressure
basal velocities are even greater than the surface ones. Th‘ga stoa ecrez;se towar zerlo. ; € t_WO pfarame-

is possible because of the stress transmission when solvinf§'S As = As(x) andC = C(x) are only a function of space
the Stokes system with no simplification. hereas the time-dependent changes are due to changes in

The inversion procedure gives a good representation of th<'—§he effective pressury/ = N (x’t).' Note that effective pres-
observed velocities of each date of the 10-yr dataset. The ob2Ur® changes reflegt changes in water pressure and/or basal
served changes in surface velocities during the quiescent an'aOrmal stress, as discussed below.

surge phases can be explained by changes in the basal indinﬁAssﬁm'”gAS andc are knowg, the (Iaffect:;/? presiure, and
velocity and thus are clearly visible in the inferred distribu- thus the water pressure, can be evaluated from the previous

tions of the friction parametes. Here, the simplest linear inversion results for all pointg; and all dateg;, as follows:

n n (15)
C"N A5+ut

friction law (Eq.7) is assumed, in which the friction parame- Bu
ter B encompasses all the complexity of basal friction. Inthe N (x;,z;) = d Tn (16)
next section, following the idea proposed Blpwers et al. C(l—f}” M;(”_l)As)

(2011), the inferred friction parameter distributigftx;,?;)

(i =1,81 points andj = 1,25 dates) is interpreted in terms and thenpy = —N —oy,.

of changes of the effective pressure at the base of Variegated Physically, the effective pressure is bounded, i.ex 0

Glacier from 1973 to 1983, using a more complex friction 7,;/C < N < —ao,,, but the evaluation ofV(x;,7;) from

law. Eqg. (16) can be out of these bounds due to the assured
andC distributions. The upper bound < —a,,,, (or pw > 0)
is violated where the sliding paramet&g is too high, so that
even with zero water pressure the sliding velocity is too large.
The boundN > 1,,/C (Or pw < —0un — Tu:/C, reminding
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onn < 0 andz,, > 0) is never violated since it corresponds to the shape of the friction law usdtereand the fact that it

infinitely great sliding velocity.

is bounded for large sliding velocity (see Fig. 8@agliar-

By considering the upper bound, it is possible to estimatedini et al, 2007). For low sliding velocity corresponding to

the sliding parameter in absence of cavitatioyso thatv <
—oyy, is always fulfilled.Assuming zero water pressurg &
—aonn), the sliding parameter reduces to

u?l_") Uy 1 1
— =uy| ————1]. 17)
g C'(=on)" Ty C"(=onn)"

Becauser,; < ou,, As~u, /7], and it implies thatAs is al-
most independent of the choice Therefore, from Eq.1(6),

AS=

great effective pressure, a great increase in water pressure is
needed to increase the velocity. For great sliding velocity, it
is the opposite due to the asymptotical behaviour of the fric-
tion law, anda small increase in water pressure leads to great
increase in velocity.

Again, the seasonality of the sliding, as well as the two
phases of the surge, are visilitethe water pressure, as de-
pictedin Fig. 6. Also, as was already inferred from tife
inversion, the greatest changes are observed in the upper part

one can conclude that the effective pressure is simply inof the glacier during the quiescent phase and the first surge

versely proportional t@. .
The distribution of the minimal sliding parametef"" is
then evaluated from EqsrYand(17), such that:

ul(l—n) "

- , (18
ﬁn Cn(_ailn)n> ( )

whereg, o, andu, are defined at each dateand each point

A;nin(xl.) = n?in(As(xi’tJ')) = rr;in(
j !

phase. For the second phase of the surge, we observe the
propagation of a high water pressure area from the upper part
to the lower part of the glacier, while the pressure in the up-
per part still remains significant. During this last stage, the
increase of water pressure, even though relatively small (2—
6 %), leads to very large increase of the ice flow.

Finally, note, that even if the normal stress, is almost

x; where data are available. It is found that the minimal valueconstant, a slight and progressive increase,fn the upper

of As inferred from Eq. {8) is everywhere obtained for the Part of the glacier is visible in the years before the surge,
winter 1973 dataset, except for the upper and lower points’.”duced by an increase of the observed ice thlckngss. Durmg
for which no measurement was performed in 1973. This in-tN€ SUrge, this increase propagates down the glacier attesting
dicates that basal sliding during winter 1973 represents th&liSPlacement of the ice mass.

lowest values of the following 10-yr period.

In what follow, in absence of bedrock roughness data, w
will hereafter assume a uniforr@ distribution (C = 0.5).
The sliding parameter in absence of cavitatibgis deter-
mined then from Eq.18). As already mentioned, because , higher normal stress,, on its upstream face (Fig).
of this arbitrary choice of the value of th@ parameter, the Surprisingly, it is also the places where the ratipw /o,
inferred water pressures should not be regarded as actual Vaficreases, indicating that these are the areas where the in-
ues and only relative changes will be discussed. crease of the water pressure is the highest. These bedrock
bumps, and more particularly the one located at 10 km,
seem to restrain the water in an upstream catchment. This
Using the inferred sliding parameterdistributiagﬁ"”(x),the interpretation_ is consistent with the surge hypothesis for-
water pressure for the 25 dates is then obtained fromigy,. ( Mulated byLingle and Fatland2003. Indeed, the pro-
Figure 6 shows the evolution with time (vertical axis) and 9ressive evolution of the surface topography of Variegated
space (horizontal axis) of the ratio of the water pressure ovef>|acier leads to an increasingly constricted water catchment
the normal stress- pw/on,. This ratio is plotted instead of UPStream =10 km, which increases slightly the water pres-

the effective pressur® because it is visually easy to inter- SUre Up to a threshold value for which the surge occuks.
pret. When this ratio tends toward 1, the effective pressures"oWn in Fig6, a high water pressure area of approximately
tends toward zero and the sliding is increased. 2km is present since the beginning of the measurement pe-

The mostnoticeable result is that the large changes in the"10d, but one can observe an increase with time of the water
friction parametes shown in Fig4 areassociated withel- ~ Préssure upstream this area, indicating an upstream growth

atively small changes in terms of water pressure. As showrf! the water catchment. The first phase of the surge is char-
in Fig. 7, the basal normal stress is almost constant during¢terised by a sudden increase of the water pressure in the

the 10-yr period, despite strong variations along the flowWhole upper glacier upstream= 10km. During the sec-
line. Therefore, changes with time of the ratig,/cum ond phase of the surge, the propagation of the high water

are mostly due to changes in water pressure. As shown iR'€ssure area downstream= 10km (Fig.6) is probably a
Fig. 6, the ratio— py /o, only evolves between.® to 1, if consequence of the destruction of the water catchment dur-

we except the winter 1973 for which it is zero due to the def- N9 the first surge stage, leading to the opening of the initially

inition of the As parameter. Thistrong non-linear response Cconstricted water catchment.
between basal drag and water pressiae be explained by

e6.3 Effect of basal topography on basal water pressure

The topography clearly affects the wapeessurdelow Var-
iegated Glacier. First, each bump in the bedrock induces

6.2 Modelled change in basal water pressure
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20

Fig. 6. Evolution with time since 1973 (vertical axis) and position along the central flow line (horizontal axis) of the ratio of basal water
pressure over basal normal stresgy /oy .-

x [km]

Fig. 7. Evolution with time since 1973 (vertical axis) and position along the central flow line (horizontal axis) of the modelled basal normal
stress—oy,; [MPa). The lower panel represents the bedrock skiipé x.

7 Direct prognostic simulations Starting from the summer 1973 surface geometry, the up-

per free surface is evolved using the following kinematic

From the previous analysis, the friction paramegeis re- boundary condition:

constructed for the 25 datasets from summers 1973 to 1983.

To test the sensitivity of the model to the surface geometry,% Tu % w.—a (19)
we run a prognostic time-dependent simulation assuming as: =~ ax -

constant mass balance over these 10 yr and the previously in- ) . . . .
ferred history of the friction parameter. wherea, is the accumulation/ablation function. This func-

tion is estimated from the average mass balance measured
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Fig. 8. Comparison of modelled (line) and measured (cross) surface geometries at four different dates.

on Variegated Glacier between 1972 to 19B&(schadler
1982. The mass balandgn ma 1) is supposed to be lin-
early dependent on the surface altitudéin m) and the equi-
librium line located at 1050 ma.s.l., such that:

ag=min| 6——;3.2].
885

The Stokes Eqgs1j and @) using the basal boundary con-
dition (Eq. 7), and the free surface evolution EQ.9[ are
coupled and solved iteratively using a time step df& At

during the quiescent phas&hereas, in the model, the inte-
grated mass balance is slightly negative leading to a decrease
of the modelled ice volumdn Fig. 9, the oscillations of the
elevation changes from 0 to 5km are certainly explained by
an initial surface being not in equilibrium with the model so-
lution, because the convergence/divergence of the flow is not
accounted for and the upper part of Variegated glacier is very
steep.

As expectedthe modelled surge occurs in phase with the
observations when the friction parameter dramatically de-

each time step, the basal friction parametés interpolated ~ creases in March 1982. The surge is characterised by a thin-
linearly from the two closest datasets in the time-series. ~ hing of the upper part of the glacier and a thickening of the
The mode”ed Surface iS Compared W|th the Observed Surl.OWer part which results in the advance of the ice front. As
face at four different dates just before, during and after thedlready observed for the quiescent phase, the upper part of
surge in Fig.8. The modelled and observed surface eleva-the glacier is too thin when compared with summer 1973,
tions before and during the surge relative to the measured suRut the timing of the mass transfer from the upper part to the
face elevation of summer 1973 are shown in Fjand10.  lower part of the glacier is well captured by the model, and
Before the surge we observe a thickening of the upper parparticularly the advance of the ice front position.
of the glacier and a thinning of the lower part. The timing  The ability of our model to reproduce the main characteris-
and the magnitude of the changes are well reproduced byics of the surggustifiesa posteriori the use of the diagnostic
the model except on the highest part of the glacier where thenodel to infer the basal friction distribution for each dataset
model leads to a thinning of the glacier. Part of the discrep-independently It demonstrates that the results are not very
ancies between the model and observations can be explainesnsitive to the surface geometry and that the Robin inverse
by errors in the mass balance and/or by three-dimensionaiethod Arthern and Gudmundssp2010 with an appropri-

(20)

effects (ice convergence along the central flow linet ac-
counted for in our modeRaymond 1987). As a matter of

ate regularisation allows us to retrieve a good order of magni-
tude of the friction parametgrwhere surface velocity obser-

fact, the Variegated volume has been observed to increaseations are available. The errors on the modelled topography
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Fig. 9. Comparison ofa) modelled andb) measured surface geometries relative to the 1973 surface topography for each date during the
quiescent phase.
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Fig. 10. Comparison ofa) modelled andb) measured surface geometries relative to the 1973 surface topography for each date during the
surge.
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