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Abstract. The flow of glaciers and ice streams is strongly in- 1  Introduction

fluenced by the presence of water at the interface between

ice and bed. In this paper, a hydrological model evaluat- _ . — . :
ing the subglacial water pressure is developed with the ﬁ-The ﬂOW_ of glaciers is a combination of viscous  ice
nal aim of estimating the sliding velocities of glaciers. The dgfgrmatlon and subgla_mal phenomena. such as ba;al
global model fully couples the subglacial hydrology and thef‘:’“dm_g and/or dgformatmn of th? sedl_ment Iayer i
ice dynamics through a water-dependent friction law. The!t eXists. The sliding cqmponent Is _particularly ‘impor-
hydrological part of the model follows a double continuum tant for temperate glaciers, and can account for up

approach which relies on the use of porous layers to com{® 90% of the total surface spee€ufiey and Pater-

pute water heads in inefficient and efficient drainage sys—son 2010. As shown by earlier theoretical considera-

tems. This method has the advantage of a relatively lowf'oNs NVeertmanhlglf L LI|b<_)ug|ry, 19?8. S_choof 200f3,hwa- q
computational cost that would allow its application to large ter pressure is the key variable explaining most of the modu-

ice bodies such as Greenland or Antarctica ice streams. ThE!ion of basal .sliding. For high water pressure, .the' strgngth
hydrological model has been implemented in the finite ele-Of the bed resistance is reduced, either by cavitation in the

ment code Elmer/lce, which simultaneously computes the ic&ase of h"’?rd be_ds or by d|Iatat!on Qf. the sediment layer _for
flow. Herein, we present an application to the Haut Glaciersoft beds, inducing an increase in sliding speed. Observations

d'Arolla for which we have a large number of observations, of surface velocity and basal water pressure at the same loca-

making it well suited to the purpose of validating both the hy- tion on glaciers confirm thg importance of ther pressure in
drology and ice flow model components. The selection of hy_controlllng the flow of glaciers (e.gken and Bindschadler
drological, under-determined parameters from a wide rang%gga Mair et al, 2003 Harper et al. 2007 Fudge et al.

of values is guided by comparison of the model results with Tr?. . ¢ Ki devel balacial hvd
available glacier observations. Once this selection has beep e aim ot our wor |s.to evelop a subglacial hydro-
performed, the coupling between subglacial hydrology andoglcal r_nodel Whlch can simulate basal water pressure a}nd
ice dynamics is undertaken throughout a melt season. ReQ:ulee It to ?n ice frllow mkogel. TT:S gene:al fralmze(\)/;ork IS
sults indicate that this new modelling approach for subglacialt erefore in line with work by e.gPimentel et al(201Q

hydrology is able to reproduce the broad temporal and spa‘:’""'d'_mv"itt (2013 but with a different approach for the hy-

tial patterns of the observed subglacial hydrological system.d“)log'c"le model. Nevertheless, as in these earlier works,

Furthermore, the coupling with the ice dynamics shows gooosupraglacial and englacial water systems are extremely sim-
agreement with the observed spring speed-up plified and our focus is on the subglacial system. The charac-

terization of the subglacial system is rather ill-defined. What-
ever the drainage systems, they can be classified into two
main groups: (i) inefficient drainage systems, exhibiting high
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138 B. de Fleurian et al.: Glacio-hydrological model

water pressure, such as water filidertman 1972 Walder, 2 Hydrological model
1982, linked cavities [ liboutry, 1968 Walder, 1986 or dif-
fusion in a sediment layerShoemaker1986 and (i) ef- The basal drag of glaciers is strongly modulated by the effec-
ficient drainage systems, exhibiting lower water pressurefive pressure (e.gSchoof 2009, i.e. the difference between
such as ice-walled channeRdthlisberger1972, channels  the overburden ice normal stress, and the water pressure
opened in the bedrockNfe, 1976 or at the interface be- Pw:
tween ice and sedimeniMalder and Fowlerl994).

Drainage systems under glaciers are a combination of¥ = —0m— pw. @)
these inefficient and efficient systemShpemaker1986 . . .
Fountain and Walderl998 Boulton et al, 2007 Schoof High water pressure induces IOW. effective pressure, and
20103. These two types of system, as a consequence 0\fvhereN =0 the ice is locally floating. The effective pres-

their efficiency to drain water, have different impacts on wa- sure Is the key variable for the coupling between glacier slid-

ter pressure and consequently on basal sliding. Inefficient?g alnd tthe subglama! hydrfi!og|fcal system. I.n Etb.,h([he
drainage systems are highly pressurized, which results in relt—hasa wa eIGCresiuyﬁi[\, IS positive ot_r cofmpressmn, W ereads
atively fast sliding speeds, whereas efficient drainage sys- e%_no(rjma auchy stresan IS negative for compression an
tems allow water to drain at lower pressures. These two typegIe Ineéd as
of system, where they coexist, are tightly coupled and the ef-
.. . . . Onn=Hn-0n, (2)
ficient drainage system will tend to drain water out of the

inefficient one, which in turn induces a decrease in the basa),jth , the upward pointing vector normal to the bedrock and
velocities Bjornsson 1974 Magnusson et g12010). o the Cauchy stress tensor.

_ Recently qulishe_zd subglacia_l hydrological models take Note that the definition oV in Eq. (1), using the nor-
into account inefficient and efficient components for the 4 cauchy stress instead of the overburden hydrostatic ice
drainage systenP{mentel et a|.201Q Schoof 2012 Hewitt  ressure, is more rigorous and fully accounts for the stress
etal, 2012 Werder et al.2013. Following the work initiated  gistribution at the base of the glacier. Moreover, solving the
by Flowers and Clark¢20023, a sediment layer is used t0  gyokes equations for the ice flow often results in a normal
model the inefficient drainage system (IDS), and, rather thancgchy stress at the base which differs slightly from the hy-
actually modelling a network of channels to represent the efy,gstatic pressure, justifying the use of E&) (o define the
ficient drainage system, we use an equivalent porous layekective pressure.

(EPL). This approach, known as thieal continuum porous  sing the dual continuum porous equivalent approach, the
equivalent approachin hydrogeology has been developed jpefficient and efficient drainage components are both mod-
for karstified aquifersTeutsch and Sautet991). Karstified  gjieq as sediment layers with the use of a specific activa-
and glaciological hydrological systems share some distinCjon, scheme for the efficient drainage system. This approach
tive features that motivate this approach. Specifically, theyyefines in a continuous manner the location where the effi-
both consist of systems with an inefficient drainage compo-;jent drainage system is most likely to develop. This strategy
nent and a more efficient one which is activated only under, 5 the advantage of requiring a lower spatial resolution than
some water head conditionsibbard and Nienowl997 e discrete approaches describing each channel individually
White, 1999 Gulley et al, 2013). _ (Schoof 2010k Hewitt et al, 2012 Werder et al. 2013.

The model is tuned and validated by performing a set ofgythermore, the use of a diffusion equation to compute the
three experiments of increasing complexity using data 0byater head distribution in both systems allows for the imple-
tained on the Haut Glacier d’Arolla. Data sets containing mentation of an implicit ime-stepping scheme which yields

both hydrological and ice flow observations are rare. Theq 4 rather stable system, which in turn reduces the computa-
Haut Glacier d’Arolla data set is one of the most complete, 1ional cost.

although it suffers from some non-synchronous measure-

ments. To our knowledge, this is the first time that results2,1  Wwater distribution in a porous medium

from a three-dimensional coupled hydrology—ice flow model

are compared to a data set including both hydrology and icdHereafter, the indexj (subscript or superscript) may ei-

flow data for a winter to summer transition. ther refer to the IDS {=1) or to the EPL ( =€), and the
The present paper describes the double continuum apterm porous mediunis used to describe both systems. The

proach and the numerical methods that are used for its treatwo main assumptions of the model are that (i) the porous

ment in Sect2. The ice flow model equations and boundary medium is always saturated with water and (ii) the aquifer is

conditions are introduced in Se&. Section4 presents the confined, assuming that the overlying glacier and underlying

simulation settings and the results leading to the selection obedrock are impermeable.

hydrological parameters. Finally, the coupling between the Considering these assumptions, mass conservation for

hydrological and ice dynamic model is presented in Sect. both the porous medium and the water has to be consid-

ered at each point of the porous mediuBeér, 1989. Mass
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Table 1. Definition of the different variables, constants and param- solid were computed as a flux divided by the surface of the
eters in the model. As stated in Se2tl, the subscriptj is used sample. Densities of water and porous medium&yeand
to refer to the porous media in general, ahg i for the sediment Pj, respectively, and)j represents the porosity of the porous

layer IDS and;j = e for the EPL.

mass balance [M¥]

medium. Finallyg; is an inflow (outflow if negative) by unit
of volume which is due to the transfer of water from the inef-

4 i 1 ficient to the efficient drainage system and/or the recharge of

A fluidity parameter [Pa"s™*] the inefficient t Sept2 and followi D ,

As  sliding parameter without cavity [mPas~1] e Ine icien ;ys em (See e andfo meg)' arcy’s

C friction law maximum value law in its classical formDarcy, 1856 reads

ej thickness of the layer [m]

g gravitational acceleration [nT€] kj

h;  water head of the porous media [m] Ug= _M_ (V Pjtpowg VZJ') ) ©)

K; intrinsic permeability of the porous media fin w

K gifml:ab;“tgoogé:te porous media [m3] wherek ; is the tensor of intrinsic permeability of the porous

n W law eX . ! . . . .

N effective pressure [Pa] media,juw is the viscosity of waterg is the norm of the ac-

pj  water pressure in the media [Pa] celeration of gravity, ang; is water pressure in the porous

q;  volumetric sink/source term{¢] medium; at the altitudez;. In Eq. ), Ug is computed as

Q;  water flux bfy Ug't of Surfice [mfslll ” the velocity of the water with respect to the porous medium in

Q/t water transfer between the two layers [nt} the fixed referential frame, which is obtained from the com-

Ss specific storage coefficient [n1] " f d

§;  storage coefficient of porous media pOSIFIOI’] ofUy andlU ;. . .

T,  transmissivity of porous media fis~1] It is a common assumption in hydrology to consider that

u  ice velocity vector [ms?] water density shows very limited spatial variations and that
i =1 . S .. .

up;  basal velocity [ms-] _ . the velocity of the solid is negligible with respect to that of

Ug fittration velocity of water with respect to the porous media [ris the liquid Bear, 1988. Introducing these assumptions, the

U; filtration velocity of porous media [m 3] bi . f . d ith X

Uw filtration velocity of water [ms1] combination of conservation Equ)_(an @) wit  Darcy's

z vertical coordinate [m] law Eqg. 6) gives the diffusion equation for a confined aquifer

[ compressibility of the solid [Pal] as follows:

Bs  compressibility of the sediment [P&]

Bw  compressibility of the water [P2] Jj 3hj

é strain-rate tensor fs!] Ss 3 (Kj Vhf) =4;- (6)

ée strain-rate invariant [51]

" effective viscosity of ice [Pas] In Eq. ), the water pressure; is expressed in terms of wa-

#w - viscosity of water [Pas] ter head: ;, the altitude of the water free surface for an equiv-

pw  density of water [kgm~] lent fined if 0 laciér Id be th It

poe  density of ice [kgm3] alent unconfined aquifer. On a glacigy, would be the alti-

pj  density of the porous media [kgT] tude of the ther su_rface measured ina b_orehole connected

o Cauchy stress tensor [Pa] to the subglacial drainage system. Withdefined as the ele-

v deviatoric stress tensor [Pa] vation of the observed point from a reference level (here the

Tpi mean basal drag [Pa] | D). th lati b head d

o leakage length scale [m] mean sea evel), the relation between water head and water

w; porosity of the media pressure Is

conservation for the water is given as

pj=pwg(hj—2z;). (7

Equation 6) introduces the two main physical parameters

9 for the porous media, namely the tensor of hydraulic conduc-
V- (pwUw) + E(ij) —pwq; =0. (3)  tivity K, and the specific storage coefficies. These two
parameters are defined as
For the porous medium, mass conservation reads
K Pwgk; 8
9 J L ( )
V~(ijj)+8—[0,/(1—0)‘/)]20, (4)
4 and
where Uy, refers to the filtration velocity of the fluid with ; a
respect to the fixed referential, whilé; takes into account 55 = Aw®;8 [ﬂw —PBs+ w—J : ©)

the filtration velocity of the solid with respect to the same

referential. The filtration velocity corresponds to the velocity wherefs anda are the compressibility of the solid phase and
that the material would have should it use all of the avail- the porous media, respectively, whilg is the compressibil-
able section. This definition relies on the first experimentsity of water. The compressibilitgs defines the compressibil-

made by Darcy i858 where the velocities of the fluid and

www.the-cryosphere.net/8/137/2014/

ity of the solid phase of the media (i.e., it can be assessed by a
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140 B. de Fleurian et al.: Glacio-hydrological model

compression experiment on pure material), whereas the conthat the effective pressure at the bedrock stays larger than
pressibility of the sedimenty, takes into account the com- or equal to zeroN > 0). Using the definition of the effective
pressibility due to the rearrangement of the grains. As it ispressure, Eqlj), and the definition of the water head, Eg), (
usually done, thegs term is dropped from the expression of the upper limit reads
the specific storage coefficient since it is negligible relative to
the water compressibilitygs ~ 1/258,; Freeze and Cherry  j0 = —%nn +2z;. (12)
1979. Pws

Furthermore, Eq.§) is vertically integrated so thatthe hy- 14 conserve water volume, the water flux generating water
drological model is one dimension lower than the ice flow oo 4s larger thahmay is transferred to the efficient layer as
model and can be solved only over the bottom boundary of; iy .. The hmay limitation on the IDS water head is
the ice flow model. Doing so, the problem simplifies to de- jhqsed as a Dirichlet boundary condition on the system for
pend only upon the horizontal coordinates, which is consis{ha nodes wherg; > hmayand the corresponding residual is
tent with the goal of simplicity of our approach. With the ,qeq to computedys (see Sect2.5 for numerical details).
assumption of-independent terms in Eg) the integrated  1hjg |eads to an iterative method similar to the one used by

values reduce to Zwinger et al.(2007) for the treatment of temperature fields
2 in glaciers where the temperature is limited by the pressure
T, = / K jde = eK . VT:tl(t;:g point and the excess of energy used to melt ice into
Zbj
aj 2.3 Water drainage through the efficient drainage
Sj = / Sidz=e;S¢, (10) system
“bj As stated before, théual continuum porous equivalent ap-
y proachadopted here relies on the use of equivalent porous
Q= /qjdz =¢jq;, medium to model the efficient drainage system. The mod-

elling of an efficient drainage system by means of a system
usually considered as inefficient in glaciology (eBgulton
wherezt; andzp; are, respectively, the altitudes of the top and Hindmarsh1987 Hubbard and Nienowl1997) is not
and base of the considered layer, @nds its thickness. Us-  straightforward, but we believe that this approach could lead
ing these expressions, E®) s rewritten in its vertically in-  to convincing results. In this approach, the efficient drainage

Zbj

tegrated form system is used as an incidental system whose goal is to drain
the excess of water from the sediment layer. Keeping that in

S; ohj _ V.(T;Vhj)=0;. (11) mind, places where the_ EPL is a_ctivate_d are more representa-
ot tive of zones where efficient drainage is likely to occur than

This last equation gives the water head at each point of th@f actual channel positions.
domain within a porous sediment layer under a given flux | "€ use of a diffusion equation, EQ1), to model the ef-

per unit of surface @ ;), as a function of the layer transmis- ficient drainage system requires the development of a spe-
sivity tensorT; and storage coefficier;. The behaviour cial treatment to reproduce the characteristics of this sys-
of both the inefficient and the efficient drainage systems ard€M: nNamely, a low storing capacity and high conductivity.
given by Eq. 11). In the following sections, the differences | "€ Physical parameters of the EPL (ife, Se) are adjusted

between the two systems are presented along with their col© account for the high hydraulic transmissivity and the low
storage coefficient which characterize such efficient drainage

pling scheme. .
systems lubbard and Nienow1997. Moreover, the solv-
2.2 Water routing through the inefficient drainage ing of the equation itself is subject to certain conditions. In-
system deed, activation of the EPL is not needed if the sediment layer

alone can drain all the water produced. Therefore, the EPL is

Darcy’s law is commonly used in glaciology to express the activated only where the water head in the sediment layer first
drainage of water through a sediment layer (8gultonand  reaches the maximum water hefadax defined by Eq.12),
Dobbie 1993 Fischer et al.200)). It describes inefficient leading to two distinctive states for the EPL: (i) the EPL is
drainage in connection with high water pressialder and  not active wheré:; has stayed belowma for all the preced-
Fowler, 1994). Consistent with this last assumption, the sub- ing times (see Figla) or (ii) the EPL is active wherk; has
glacial flow in a sediment layer has an important impact onreachimax at least one time in is history (see Fidp and c).
glacier sliding. The first of these two states could represent a winter con-

In our approach, the distinctive feature of the IDS is that figuration, when the amount of water driven to the base of the
the water head; is bounded by an upper limitmax such  glacier is small enough to be solely drained by the sediment

The Cryosphere, 8, 137453 2014 www.the-cryosphere.net/8/137/2014/
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ice ice ice F 1

EPL EPL EPL, Fig. 2. Description of the evolution of the boundaries of the EPL.
Panel(a) shows the transitional phase wheeds the IDS domain
with '1 and ', the Neumann and Dirichlet boundary conditions,
respectivelyw is the domain in which the EPL equation is solved

@m Cm Cm with a zero flux boundary conditiop. In panel(b), the EPL is

. . . effective; in this case the boundary is such that y; + y» where
Fig. 1. Description of the coupling between the two layers of the hy- . L o :
9 P ping y y > =y (T2 is a Dirichlet boundary condition andl is a zero flux

drological model. The top panels represent the water load in the ID% .
(solid line), in the EPL (dotted line) and the flotation limit (dashed Poundary condition.
line). The lower panels show the routing of watey),when the EPL
is not active (b) when the EPL is active in a transitional state (grey

and white chess) ar(d) when the EPL is effective. hmax the neighbouring closed EPL element with the lowest

IDS water head is activated. The solver is then iterated on
the new domain to control that the new EPL water head is
layer. Onceh; reachesimax at some places, the efficient below the upper limit, if this is not the case, a new element is
drainage system is activated and starts to fill up from its ini-activated further down the hydropotential gradient until the
tial head, which is given by the water head at the snout of theupper limit condition is verified on all nodes of the domain
glacier. However, the EPL passes through a transitional stateshere the EPL is in a transitional state.
before being able to drain water from the sediment layer lead- Once the EPL becomes effective, its functioning is the
ing to two sub-states for the activated EPL. The transitionalsame as that of the inefficient system. At this point, the only
state represents the time required for the efficient drainagélifferences between the two systems are the source flux and
system to extend enough to reach an infinite sink. In glaciol-the value of the physical parametdrg andS;. The method
ogy, an infinite sink can be a large subglacial lake, the snoutised for the estimation of the source fl@x for the EPL is
of the glacier or the ocean. At these places, the water heagresented in the next section.
is known, allowing a Dirichlet boundary condition to be im-  So far, the EPL parameters are fixed throughout the simu-
posed to the hydrological model. The transition between thdation, which does not allow taking into account the modifi-
two sub-states of the active EPL is illustrated in FAg. cation in the draining capacity of the efficient drainage sys-
Considering a glacier of horizontal domain (the ice—  tem observed on the field. The evolution of the draining ca-
bedrock interface on which the hydrological system is de-pacity of the EPL, ultimately leading to its closure would
fined), the hydrological boundary condition is of Neumann be required to perform pluri-annual simulation. This feature
type on the sidesl(;) and of Dirichlet type for any infinite  is not yet included in the current version of the model, and
sink (I'2), such as the snout. In its active transitional state, thetherefore the applications are restricted to the opening phase
EPL diffusion equation is solved on a domairwith azero  of the efficient drainage system. Nevertheless, future work
flux boundary condition on all its boundarieg)( The EPL  will focus on making the capacity of the EPL non-constant.
becomes efficient when the boundary of its active domain . o o _
 reaches the Dirichlet boundary condition. Considering  2-4 Coupling of the inefficient and efficient drainage
this, the transition between the two sub-states of the active ~ SYSt€mS

EPL is defined on the d i . ) . .
IS defined on the domain as Once the EPL is activated, a transfer flux is established be-

i. the EPL is in a transitional state iff(\T2=0 tween the two different systems. This flgk is illustrated
(Fig. 2a), in Fig. 1b and c. The expression of the transfer term is a
. . . . . function of the water head in the two systems, of the charac-
ii. the EPL is in an effective state#(")I'2 # 0 (Fig. 2b). teristics of the inefficient drainage system (thickngsand
The transitional state of the EPL represents a growingtransmissivityT;) and of the leakage length scalesuch that
phase during which the water head in the EPL is maintained
at a high level. These high water heads are due to the incom- TiS;
ing water flux from the IDS which is not evacuated due to the Ot = — (hi — he). (13)
zero flux boundary condition on the EPL. e
The spreading of the EPL is controlled by the maximum The leakage length scale is a characteristic distance
water headinax. Once the water head in the ERLreaches that the water has to cross to pass from one to the other

www.the-cryosphere.net/8/137/2014/ The Cryosphere, 8, 1353 2014
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drainage system. The introduction of the storage coefficientf this equation is the same for the two systems as lorig as
S; (j =i,e)is needed to convert the water head into volumeremains lower thahmax. The way the upper limit is imposed
due to the characteristic of the confined aquifer in which thefor each system requires two different treatments.

storage is due to a compression of water and porous medium. For the IDS, as stated in Se@.2, a Dirichlet method is
The value is dependent on the source of the water; thus if thapplied to the water head to limit its height to the valiygx.
water comes from the inefficient drainage systénis used,  After the first iteration of the system, if any elemén} of
and if the water drains from the EPL to the II3gis used the solution vectoH; is greater tharkmay, then the system
instead. Once the EPL is in an effective state, the establishis manipulated such that

ment of the transfer flux allows the water head in the IDS

to be lowered due to the highest transmissivity of the EPLX{Hj = Fj, (20)

which yields lowest water head in this system. o )
where theXi/ matrix is the same as thé matrix except for

2.5 Numerical methods the pth line, which is fixed to zero apart from the value on the
diagonal, which is fixed to unity. Similarly, the force vector
The diffusion equation (EdL1) is solved using the finite ele-  F! is equal to theF; vector except for itpth value which is
ment method. The variational formulation is obtained by in- fixed to zmax From this new system, a residual vecRyris
tegrating over the domaift Eq. (L1) and multiplying it by computed such that
the test functiorp, such that
R =XiH; - F;. (22)

oh;
/S—/qbdQ—/V-(Tthj)¢dQ=/Qj¢d§2. (14) o , _

ot This is repeated until the relative changeHf falls below a
@ @ @ given threshold. For the converged solution, the residjal

This equation is further transformed by applying Green’s the-represents the necessary sink per node needed to keep the

orem to the second term, so that local water head below its maximum limit. Due to the as-
sumption that all the water is drained into the effective layer,
/S%¢d§2+/Tthj Vg dQ (15) the re'siduaIRi is then treated as a source term in the EPL
ot equation as follows:
Q Q
:/Tthj.n¢dF+/Qj¢dQ’ XeHe= Fe+ R;. (22)
r Q

For the EPL, the volume of water above the given maxi-
wherel" is the boundary surface of the domanDiscretiza- ~ Mum limitis used to increase the size of the efficient drainage
tion of this system finally leads to a formulation of the prob- System. After the first iteration of the system, if any valgg

lem such that of the solution vectoilH ¢ is greater thatkmax, the EPL do-
main (see Fig. 2) is increased in the direction of the lowest
M& +AH: =B, (16) hydrological potential and the system is iterated until each
ot R element ofH ¢ satisfies the fixed upper limit.

The coupling of the two hydrological systems requires it-
system matrix defined by the second term in Ekp) (@nd e_rf_mon petween _the ‘WO dra‘”f”‘ge systems to a"h"’f"e sta-
bility. This outer iteration loop is completed by two inner

B; is the force vector constituted by the two last terms. A h sub hich hat th head
backward difference formula is then applied to discretize th ones on each su system, which ensures t fpﬂt e water hea
time derivative in each system does not overflow the maximum boundary

' hmax- These inner loops are also needed to compute the wa-
xjH§p+1) =F;, (17)  ter transfer between the two systems. A schematic view of

this iterative process is presented in Kg.

whereH ; is the solution vectoi amassmatrix, A ; is the

with

X;=A; —I—éM (18) 3 Ice flow model

The finite element code Elmer/ice is used to solve both the
hydrological and ice flow equations. The governing equa-
(p+1) » tions for the ice flow model are briefly summarized before
Fj=B; "+ MH; (19)  describing in detail the basal boundary condition which links

the hydrological and ice flow models. Further information

the new force vectoH andB§7 are the solution and force on the numerics and capabilities of EImer/Ice can be found
vector at time step and At is the time step. The treatment in Gagliardini et al(2013.

being the new matrix of the system and

The Cryosphere, 8, 137453 2014 www.the-cryosphere.net/8/137/2014/
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(27)

Hydrological Model
conv.

whereaq is the accumulation/ablation function given as a ver-

IDS Solver | conv. EPL Solver | conv. > . ! )
~ with moF L ~with Ao -L tical flux at the upper surface. Due to the duration of the sim-
N Jeonv. | L IMRMON [ cony, ulation performed here (less than a year), we further assume
N A 4 1 Y
Transfer equation Transfer equation cggf/ a=0.
with fixed EPL head with fixed IDS head '

3.2 Boundary conditions

I
Upper and lateral boundaries are treated as stress-free sur-
Fig. 3. Schematic description of the iteration scheme of the hydro-faces. The bedrock boundary is used to couple the ice dynam-
logical model. The outer box represents the entire model and eacfrs with the subglacial hydrology. This coupling is achieved
of thg inside .boxes is a component of the system which is solvedOy computing the effective pressuie from the water pres-
with information from the other components. The convergence Ofg ;e i the IDS. The pressure in the EPL is not taken into
?;’Vtvsfr:;zz;{f:ﬁ;ns';r'tng'nc(?tee: dv(\;'ftg ﬁ?(;trirlsg\i’fa:c;ﬁf]’é?:pred A" account as it represents a local pressure which is not likely
' to have a strong effect on glacier slidindgwitt and Fowler
2008. In return, the mass redistribution derived by the ice
3.1 Governing equations flow model influences the hydrological model by modifying
the Cauchy normal stress at the bedrock.
The problem to be solved is the one of a gravity-driven flow  The relation between the mean basal drgg basal ve-
of incompressible and non-linear viscous ice sliding over alocity up; and effective pressury was first introduced by
rigid bedrock. Lliboutry (1968. Recent studies fron$choof (2005 and
The ice rheology is given by Glen’s flow law, defined as  Gagliardini et al(2007) provide a friction law based on three
. parameters which depend only on the bedrock geometry. The
T=2n¢, (23) proposed formulation fulfils the upper limit on the basal drag
wherer is the deviatoric stress tensef; = (u; j +u;;)/2 for a finite sliding velocity known as lken’s boundkén,
are the components of the strain-rate tensor,iaigithe ice 1981).
velocity vector. In the simplified case where the post-peak decrease expo-
The effective viscosity in Eq. (23) is expressed as a func- Nnentis equal to one, this Coulomb-type friction law reads
tion of the fluidity parameteA as

1/n
Thi Xi
1 _ — = —_— , 28
n= EA_l/”éél min, (2490 N <1+ Xi) (28)

wherez2 = tr(¢2)/2 is the square of the second invariant of With
the strain-rate tensor. Ice is assumed to be isothermal so that U
the fluidity parameteA is a uniform constant. Moreover, the Xi = C'N"Ag
commonly used value for the exponemt= 3, is adopted.

Ice flow is governed by the Stokes equations that consist In these relationsy,; =¢; - (on)|p is the basal shear stress
of the conservation of mass for incompressible fluids in the tangential direction (i =1,2), andup; = u(zp) - t;
(i =1, 2) is the basal tangential velocity in directionwith

(29)

tré =divu =0 (25) n being the upward-pointing normal to the bedrock surface.

and the conservation of linear momentum The parametersts andn are the sliding parameter with-
out cavities and the friction law exponemt£ 3 taken as in

divo + piceg = 0. (26)  Glen's flow law), respectively. With the assumption of a post-

peak exponent equal to 1,; /N monotonously increases to
its upper bound”.

The coupling between the two systems through this fric-
tion law and the input of the normal stress in the hydrologi-
cal model needs further iteration between the two to achieve
stability. Regarding the different timescale of the involved
processes, the hydrological and ice flow component of the
model are solved with the time step required for their spe-
cific needs. A typical simulation would then have time steps
9zs 9zs 9zs of the order of an hour to solve the hydrological equations,
rY (X, Y, ZS)Q Tuy(x,y, ZS)@ —uz(x,y,25) =a, and the ice dynamics will then be solved on a daily time step.

In Eq. (26), pice is the ice densityg the gravitational ac-
celeration vector and the Cauchy stress tersas linked
to the deviatoric stress tensor such that T — pl, where
p = —tro /3 is the isotropic pressure. More details regarding
the numerics of the ice flow model can be found3agliar-
dini and Zwinger(2008.

Solving for changes in the upper surface elevation
zs(x, v, 1) involves a local transport equation which reads
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For each time step when the hydrological and ice flow com- France Germany
ponents are solved, iterations are performed between the tw

to achieve stability of the coupled system.

Switzerland

Arolla

o Italy

4 Field site and methods

Haut Glacier d’Arolla is an alpine glacier located in Switzer- N
land (Fig.4). This glacier is relatively small with a surface of
6.33 kn? (Sharp et al.1993 at altitudes ranging from 2560

to 3500 mas.l. The glacier is believed to be warm based and
resting on unconsolidated sedimen®opland et al.1997%
Hubbard et al.1995. The bed and surface of the glacier were
mapped in 1989 bygharp et al(1993, and several surface
DEMSs have been created since then. In our study, we will use
the 1989 bedrock DEM along with the surface elevation from
1993.

The main interest in this glacier for our study are the hy-
drological investigations that have been undertaken on it (e.g
Arnold et al, 1998 Gordon et al.2001; Kulessa et a).2003.
These studies give a sound knowledge of the hydrological
configuration in the area beneath the main tongue of the
glacier, about 1.5km from its snout and labelledrehole
array in Fig. 4. A study byHubbard et al(1995 in the same
area gives a range of values for the sediment hydraulic config. 4. Map of Haut Glacier d’Arolla with the position of the bore-
ductivity in the vicinity. Some other studies, involving dye- hole and velocity stakes arrays. The star is the position of the refer-
tracing experiments (e.d¢Jair et al, 2002a Nienow et al, ence point used in Se&. The glacier surface elevation is contoured
1998 give a good insight to the evolution of the subglacial every 100 m. Red circles are the position of the moulins used for the

Velocity Stakes Array

Borehole Array

o

500 1000 m

drainage system during the melt season. dye-tracing experiments in 1989 and 1990; the yellow squares are
the position of the moulins recorded in 1993 and used for the mod-
4.1 Strategy to estimate the hydrological parameters elling.

The hydrological model has been designed to rely on a lim-
ited number of parameters. As presented in Tahlenost
of the hydrological parameters are well defined with the ex-

logical system of Haut Glacier d’Arolla. The comparison to
large-scale features allows the local variability of water head
. e A observed in neighbouring boreholes to be discarded. The
ception of the transmitivities of both layeis; (j =1i,e), ) . . )

b yers; (j ) strategy for evaluating the layers thickness is rather different.

their thicknesses; (j =i,e), and the leakage length scale The presented simulations ar rformed for laver thickn
¢. We further assume that the transmissivity of both systems € presented simulations are performed for 1ayer thickness

is isotropic and is therefore a scalar vallie Estimating the Z:(eie?rﬁ(e)nr? f;rnfzgtligﬁsagie =e:f$r:10er(;hvsi tipvilsoerse:f(?un d
parameter values for the hydrological model leads to two dis- h(—?se referénces {0 ASSESS thz sensitivity of the model
tinct problems. First, measurements of subglacial sediment[ . A Vity . '

The sediment transmissivity is estimated using the hy-

transmissivity are rare and encompass a large range of val-

- draulic diffusivity at the bed of Haut Glacier d’Arolla mea-
ues Freeze and Chernl.979. Second, the use of an equiv sured byHubbard et al(1999. The hydraulic diffusivityD

alent layer for the treatment of the efficient drainage system . .
prevents us from directly using parameter values that Wouldepre_zse_nts the velocity of a pressure pulse through the media
characterize a true discrete channel. The EPL transmissivgnd 'S given as

ity, leakage length scale and layer thickness then have to be 7,

estimated by comparing the model results directly to obser? = 5. (30)
vations of the hydrological systems. !

We therefore adopted the following strategy. As a first ap-Hubbard et al(1999 measured hydraulic diffusivities rang-
proximation, a broad range of values for the unknown param-ng from 4x 10t m?s~1 near an efficient drainage zone down
eters are estimated from the available measurements. These 7x 102 m?s~1 70 m away from this zone. From these val-
ranges are large enough to produce very different model reues, Eq. 80) and the physical parameters needed to evaluate
sults. Then, these ranges of values are decreased by con§: (given in Table2), the IDS transmissivityf; is estimated

paring the model results to large-scale features of the hydroto range from 4 x 10~% to 8 x 102 m?s~1. The choice of
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Table 2. Values of the parameters used in the hydrological modellower than the recorded 700 m. The other constraint given by
along with their sources. Well-known parameters are referenced athese observations is the timing of the up-glacier migration

wkp and poorly known parameters are labelled pkp. of the head of the channel system throughout the melt sea-
son. This dynamic aspect is compared to the evolution of the

Parameter  Value Source EPL length during the transient summer simulation.
ei 20m pkp The mean water head of the IDS in the borehole array
ee 1im pkp shown in Fig.4 further referenced as S water heads
g 9.81ms2 wkp also presented to help the comparison between simulation
Bw 5.04x10°10pal  wkp results.
ow 1000 kg3 wkp
Pice 917 kgnt3 wkp? 4.2 End-of-winter configuration
o 10 8pal wkpP

The end-of-winter configuration is achieved by distributing
the observed winter discharge at the snout of the glacier
th)f\:zr:r;ig?griggolz%- Bibmsson2003 (5x 102m3s~1) over the whole glacier surface, giving an

' ' input of ~ 8 x 10-2ms~1 of water. This constant water flux
is maintained until the water head of both the IDS and the

the EPL transmissivity is more complicated. It cannot be EPL reach a steady state.

directly measured as it represents the mean behaviour of a Figure 5 presents the IDS water pressure on the whole
number of discrete channels. However, based on the previdlacier and the extent of the active EPL at the end of win-
ous measurements, the lowest value of the EPL transmissiie" for three different values of the IDS transmissivity. The
ity is set to 4x 10-3m2s~L, which corresponds to the value length of the EPL, measured along the effective EPL from
measured closest to the channel margin. The higher limit fof"€ Snout of the glacier to the farthest source of the EPL,
the EPL transmissivity is then fixed ab810-*m2s~1, ten IS depicted by the white thick line in Fig. Comparison of
times larger than the maximum value of the IDS transmissiv-St€ady-state configurations indicates that an increasing IDS
ity. This scaling is consistent with the resultsNienow etal, ~ ransmissivity leads to a decreasing water pressure and a

(1998 which describe the differences between the mean flowSnorter EPL. As expected, the large range of values for the
velocity of the distributed and of the channelized drainage!PS transmissivity Ief‘fs go_al large spread in the model re-
systems. Finally, the leakage length scale cannot be corgU!ts: ForTi = 1.6x107"m"s™* the drainage system is dom-

_ 2 21
strained by measurements, and so a large range of value1ated by the EPL. Conversely, foy = 1.6x10"“ m“s™" the

from 1 m up to 50 m, is adopted. drainage capacity of the IDS is such that it can drain all the

Assuming these broad ranges for the three unknown hyjnput water and the development of the EPL is therefore not
drological parameters (see values in TaBjetwo configu- required. These two extreme cases indicate that the chosen

rations of the hydrological system are then constructed and@nge of IDS transmissivity covers all possible behaviour of
compared to measurements. The first configuration is chart€ IDS. Nevertheless, excessively high values of the IDS
acteristic of an end-of-winter system, whereas the Secon(g.ransm|ssw|ty lead to unreallsu.c behaviour. Using the posi-
reproduces the development of the drainage system durinfjon Of the head of the channelized component at the end of
summer. The comparison is done using a large-scale featurePing Nienow et al, 1998 Mair et al, 20020, the range of

of the hydrological system which will be comparable to the € IDS transmissivity can be constrained.
results given by the double continuum approach. Thus, only transmissivity values that lead to an EPL length

The metric is defined as the maximum length of the ac-lower than 700 m will be considered as admissible. Figure

tive EPL, which represents the development of the efficienSNOWS the evolution of the EPL length (a) and of the IDS wa-

. P . 4
drainage system. The EPL length can be compared to th&" head (b) for IDS transmissivity ranging fromat 10

2201 pcinEi : :
maximum channel length estimated by dye-tracing experi-{0 8% 107“m"s™=. Asin Fig.5, a decrease in IDS transmis-

ments performed at different dates during the summer sea3Vity [€ads to an increase in the EPL length. The adopted
son Nienow et al, 1998. The control observations are ex- 'estriction on the EPL length is represented by the grey zone
tracted from a number of dye-tracing experiments that werd" Fig- 6a. This constraint leads to a new range for4the ad-
undertaken during summers 1990, 1991 and 1986row missible values of the IDS transmissivity fromx3L0~* to

: 221 : e i
et al, 1998 Mair et al, 20028. The earliest dye-tracing 8> 10" “m“s . The thickness of the lines in Fig.repre-
measurements performed on Haut Glacier d’Arolla are date®NtS the scattering of the metrics in response to a modifica-
around 10 June and show channel lengths of slightly less thafon of the EPL transmissivity. The relatively small line thick-
700m. At this time of the year, the discharge at the snout'€SS indicates that, in the case of the steady-state configura-
of the glacier is already ten times higher than the base win{ion characterizing the end of winter, both drainage systems
ter discharge used for the forcing of our simulations, and we'€ Quite insensitive to the EPL transmissivity.
would therefore expect to model an EPL length substantially

w;j 0.4 pkp
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Table 3. Values of the tunable hydrological parameters for the different steps of the selection procedure.

Parameter Starting range  Range after end-of-winter selection  Final value
T, m2s1] 1.4x104-8x1072 3x104-8x102 16x103
Te[m?s1]  4x103-8x10°1 4x103-8x10"1 79x10°2
@ [m] 1-50 1-20 10

4000
3000 |

‘Water Pressure [Pa]

2000 |
1000 |-

Distance from Snout [m)]

0l

T,=16x10"%m?s~! T;=47x10"4m?s! Ti=16x10"%m?s"? B _
010 (0)2750 =
Fig. 5. Maps of Arolla Glacier showing the water pressure of the 42700 =
IDS and the development of the EPL (hatched zone) at the end of 19650 =
the winter season for three different IDS transmissivity valdgs ( . 5
For the highest IDS transmissivity, all the produced water is drained ] 2600 =
by the sediment layer, explaining the very low water pressure and L 12550 &
the non-development of the EPL. The white thick line indicates how 0.0001 0.001 0.01
the length of the EPL is determined. T; [m? s71]

Fig. 6. Length of the EPL(a) and IDS water head in the borehole

. . . array(b) as a function of the IDS transmissivify. The grey zone
The IDS water head for its part increases with decreasyy, (5)ingdicates the admissible values for the EPL maximum length.

ing IDS transmissivity until the EPL extent is such that The dashed line ifb) represents the flotation limit. The spread of

it can drain the borehole array (around 1200 m from thethe curves represents the scattering due to EPL transmissivity rang-

snout, as depicted in Figh). For the configurations where ingfrom 4x10-3to 8x10~1m2s~1, with the higher transmissivity

the EPL reaches the borehole array, the water from the IDSalues leading to the lowest EPL length and IDS water head.

can then be easily drained, explaining the decrease of the

IDS water head. After reaching a minimum aroufiid=

1.5x 1074 m?s1, the IDS water head increases again inre-  In summary, the end-of-winter configuration allows the

sponse to the decrease in IDS transmissivity. The value of theange of both the IDS transmissivity and the leakage length

local minimum is a function of the drainage efficiency of the scale to be decreased, but not the EPL transmissivity (val-

EPL but is not sensitive to the EPL transmissivity. It should ues given in the second column of Tal@e Modifying the

then be driven by the leakage length scale as discussed belothickness of both layers in this experiment while keeping the
Figure7 shows the sensitivity experiments to the leakagetransmitivities at the same values (an increase in thickness

length scalep. As explained in Sect2.4, a large leakage then leads to a decrease in conductivity) does not lead to any

length scale implies low efficiency of the water transfer be- change in the observed results. However, if the same changes

tween the two layers. This weak transfer triggers a larger exin thickness are done with a constant conductivity (an in-

tent of the EPL due to the higher water head in the IDS. Thecrease in thickness then leads to an increase of the transmis-

IDS water head is more sensitive to the leakage length scalgivity), then the response of the model is on the line of the

than is the EPL length metric. As shown in Figthe drop of  one that is observed for varying transmitivities with a negli-

IDS water head is amplified for smaller leakage length scalegible impact of the thickness change. To continue, the sec-

This amplitude variation is explained by the ability of the ond configuration corresponding to the development of the

EPL to drain water from the IDS. The smaller the leakagehydrological system during the summer is then used.

length scales, the easier the transfer of water from the IDS

system to the EPL system. For unrealistically large leakaget.3 Transient summer configuration

length scales (i.ep > 20 m), even if the EPL is activated the

water head in the IDS returns quickly to the value it has be-The previous steady-state configuration corresponding to an

fore the opening of the EPL. The range for the leakage lengtfend of winter is subsequently used as the initial state of

scale is therefore restricted from 1 to 20 m. the transient summer simulations. The transient response of
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Fig. 7. Length of the EPL(a) and IDS water head in the borehole Fig. 8. Evolution with time for different values of the IDS transmis-

array(b) as a function of the IDS transmissivif for four differ- sivity of (a) the maximum length of the modelled EPL (lines) and

ent values of the leakage length scaland an EPL transmissivity  (b) the IDS water head. The position of the head of the channelized

of Te=7.9x 102m2s~1. The dashed line ilb) represents the drainage system derived from observations (black dots) is presented

flotation limit. in (a) for comparison. The dashed line (h) represents the flota-
tion limit. Simulations are performed with a constant EPL transmis-
sivity Te = 7.9 x 1072m?s~1 and a constant leakage length scale

=10m.
the model is obtained by imposing a time-dependent wate;p

flux at prescribed moulin positions. To this aim, we use the
moulin positions recorded during the 1993 melt season andDS transmissivity leads to a delay in the spreading of the
the associated influx modelled Bynold et al.(1998 for the EPL during the melt season. This delay is induced by the
1993 summer season. Each moulin is assumed to be perfectjyostponing of the EPL opening induced by lower water head
vertical and is represented by a single node of the mesh.  at the end of winter for large transmissivity, as can be shown
Unfortunately, dye-tracing experiments were not per-in Fig. 8b. From this sensitivity study, an IDS transmissiv-
formed during the 1993 season and the evolution of the chanity of 1.6 x 10° m?s~! seems to best reproduce the observed
nel drainage system is therefore compared against the 199@evelopment of the drainage system during summer.
measurements. Nevertheless, the comparison of the 1990, The sensitivity of the model to a variation in the IDS layer
1991 and 1995 melt seasons indicates that the changing exhickness is similar to the response which is observed when
tent of the hydrological system during the summer seasonsarying the transmissivity. If the transmissivity is kept con-
develops at a similar rate and follows similar structures de-stant while the IDS thickness is increased, the increase of
spite some variations in the spatial and temporal distribu-the IDS storing coefficient leads to a time lag in the open-
tion of the water sources. Moreover, Fifjshows that the ing of the EPL. The value of 20 m taken here is the one that
moulin positions in 1993 are very similar to the 1990 posi- fits best with the chosen IDS transmissivity value. The thick-
tions. Comparing the model results to the 1990 melt seasomess of the EPL is limited by the fact that its storing coef-
drainage system evolution is therefore a reasonable assumfieient should remain below that of the IDS. Modifying the
tion, especially given the uncertainties in modelled moulin thickness of the EPL while taking this limitation into account
influxes. does not lead to significant differences in the model results.
Starting from the poorly developed EPL observed at theThe EPL thickness is then keptat=1m.
end of winter, a fully developed EPL draining the major part The model’s sensitivity to the leakage length scale is pre-
of the glacier bed is obtained by the end of the melt seasonsented in Fig9; panel b indicates that a higher leakage length
As for the end-of-winter configuration, the model results arescale leads to a higher IDS water head because of the less ef-
strongly dependent on the IDS transmissivity value but rathefficient transfer from the IDS system to the EPL system. As
insensitive to variations in EPL transmissivity. Because ofshown in Fig.9a, the EPL length metric shows little sensi-
this lack of sensitivity, only the simulation performed for tivity to varying the leakage length scale except for very low
Te = 7.9 x 1072 m?s~ 1 will be presented in the following.  leakage length scale valueg € 10m). As for the end-of-
Figure8 shows for various IDS transmitivities the evolu- winter configuration, the IDS water head is more sensitive
tion during the summer of the EPL length and IDS water to the leakage length scale than is the EPL len@ibrdon
head. In the range of applied transmissivity, an increase iret al. (1998 have reported a decrease of the water head by
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Fig. 10. Comparison between the modelled active EPL (black
dashed zone) and the observed channel system (blue line) at the
2550 end of the melt season for two different values of the leakage length
scalep. The observed channel system and the corresponding moulin
positions (red circles) for the summer of 1989 and 1990 are repro-
Fig. 9. Same as Fig8 but with varying leakage length scales. The duced fromSharp et al(1993. The mqulins pbserved during the
grey line in (b) is the IDS water head for a simulation without 1993 season which are used for the simulations are marked by yel-
the EPL. Simulations are performed with a constant IDS transmis—!OW squares. The colour scale represents the water head of the IDS
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system has allowed selection of the most reasonable values

70 m at the opening of the efficient drainage system, in goodbf the three hydrological parameters constrained by observa-
agreement with the modelled drop for leakage length scalg@ions and independent interpretation. The adopted values are
@>10m. given in Table3. This set of parameters is now used in the

Figure 10 compares the modelled EPL extent foe=10  following section to model the coupling between the ice flow
andg = 20 m to the reconstructed channel system at the encnd the hydrological system throughout the melt season.
of the 1990 melt seasoslarp et al.1993. This compari-
son shows a good agreement between the extent of the mod-
elled active EPL and the channel system observed at the ensl  Modelling of spring speed-up events
of summer for both values af. Therefore, even if the two
modelled EPL extents show some differences, they are toddopting the newly defined set of parameters, the ice flow
similar to identify an optimum leakage length scale value,and hydrological models are coupled with the aim of mod-
bearing in mind that th@bservedchannel system is itself elling the spring speed-up observed at Haut Glacier d’Arolla.
a reconstruction from dye-tracing measurements. In the fol-Speed-up events were recorded during four melt seasons on
lowing, the valuegp = 10 m is therefore adopted. this glacier, in 1994 Mair et al, 2001, 1995 Mair et al,

Figurell presents the evolution of the EPL length for the 20023, 1998 and 1999Mair et al, 2003. Again, unfortu-
adopted values of the three hydrological parameters for dif-nately no velocity measurements are available from the 1993
ferent grid resolutions. Specific lengths of the element rang-melt season for which we have water inpufsr(old et al,
ing from 25 to 100 m show similar results in the spreading 1998. However, from these various speed-up observations,
velocity of the EPL. As inWerder et al (2013, the results  we can characterize them as being short-lived (three to four
are also impacted by the position of the nodes, which coulddays) periods during which the surface velocities show a two-
change the activation point of the EPL and then its generato four-fold increase with respect to their average values. We
pattern. However, this sensitivity does not affect the globalwill further use these general characteristics for the compar-
variables of the model. The estimated length of the chan4ison with the modelled velocities. The first spring speed-up
nelized drainage system (black dots) is presented as a rebf 1998, as documented yair et al. (2003, will be used
erence. Our results seem to indicate that the EPL extent ias a representative speed-up event.
less smooth than the one proposedNignow et al.(1998 The hydrological and ice flow models are coupled through
(black line) and it evolves by steps driven by the moulin po- the friction law (Eq.28) which depends on 4 parameters. As
sitions and the bedrock topography, which is consistent withstated in Sect3.2, the post-peak decrease exponent and the
the interpretation oMair et al.(20023. friction law exponent: are fixed to 1 and 3, respectively.

In summary, comparison between model results and obThe latter is fixed at the usually accepted value of Glen’s
servations for two distinct configurations of the hydrological exponent, whereas the former is chosen to achieve a better

The Cryosphere, 8, 137453 2014 www.the-cryosphere.net/8/137/2014/



B. de Fleurian et al.: Glacio-hydrological model 149

4000 shown in Fig.4. The effective pressure computed by the hy-
drological model controls the variability in the surface ve-
7% | locity throughout the melt season. A spring speed-up occurs
between days 185 and 190 before the activation of the effi-
O cient system which is highlighted by the sudden increase of
1/ e® 1 the EPL head. The speed-up continues until the efficient sys-
Ve tem is activated and the water pressure drops. In the 12 days
i prior to this major event, two minor speed-ups are modelled.
. 1 After day 205, the effective pressure decreases again in re-
'3 — S =100 sponse to a heavy water input which triggers a new increase

{ ]
B FF#" —SL=T75 1 in the glacier speed with a peak around day 235. In com-
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S, =25 parison to the first one, this second speed-up period is char-
acterized by higher daily variability. By this stage of the sea-
son, the subglacial hydrological system has reached its maxi-
mum capacity and any melt occurring during the day induces
a quasi-instantaneous increase in water pressure, explaining
Fig. 11. Comparison of the evolution of the maximum length of this higher daily variability. After this second speed-up pe-
the modelled EPL for different grld specific Iength (CO'OUI’Ed Iines). riod, the g|acier enters a quieter regime due to the re|ative|y
The position of the.head of the channelized Qrainage system derow water input during fall.
rived from obse.rvatlor?s (black dots) and the m_terpretatlon of the Winter observations cannot be used to constrain the value
channel sp_readlng biienow et a_I.(1993 (black I|r_1e) are shown of the paramete€, which has a very negligible impact on
for comparison. The modelling is performed using the modelled . .
water input of the 1993 melt seasoAr(old et al, 1998 with _the Ve"?c'ty when the water pressurg 1S IO_W' HOW?Yer' dur-
Ty = 16x103m2s !, 7o = 7.9x102m2s Landp = 10m. The NG SPring and summer, the model is quite sensitiveCto
position of the head of the channelized system is computed follow-due to higher water pressure. Figur@ presents the evolu-
ing Nienow et al.(1998 using dye-tracing data from the 1990 melt tion of the surface velocities obtained for different values of
season; the specific lengthi () for each simulation is given in me-  C during the spring speed-up event. The larger the value of
tres. C, the less marked the acceleration during the spring speed-
up event. WithC = 0.9, the speed-up is hardly distinguish-
able from the background velocity, where@s= 0.5 gives
numerical stability. The sliding parameter in the absence ofthe highest speed-up event with velocities that tend to stay
cavities is assumed to be uniform at the base of the glaciehigher in between the speed-up events.
The valueds = 1.6 x 10023mPa3s1 is adopted to repro- The surface longitudinal velocity pattern fér= 0.5 dur-
duce the observed winter velocity when the water pressure ifng the first speed-up is presented in Higfor the lower part
low. In addition, the sliding for bed elevation above 3000 m of the glacier. The evolution of the pattern during the spring
is computed with an effective pressureddt= 1.2 MParather  speed-up matches the one that is observed on the glacier
than the computed one. This limitation was necessary to stawith a two-fold increase in the velocities during the speed-
bilize the ice flow model on these parts of the glacier whereup. For comparison purposes, the velocities measured during
the ice flow takes the form of steep ice falldubbard et al.  the first 1998 spring speed-up eveMgjr et al, 2003 are
2000. Contrary to what was done in previous studidsilf- superimposed on the modelled velocities. The comparison
bard et al. 1998, this steep area was kept in the modelled do-with this specific event shows that the modelled speed-up is
main to avoid the use of fictitious boundary conditions, but, less pronounced than the observed one and that the maxi-
on the other hand, this requires constraining the friction lawmum speed is shifted downstream by approximately 400 m.
with a fixed effective pressure. Comparison between limitedConsidering the various assumptions in the model and the
and not limited simulations shows that this upstream limita-non-synchronous data sets used for velocity and water input,
tion does not impact the velocities on the lower part of thea complete agreement with the observations is not to be ex-
glacier on which we now focus. pected.
The fourth parameter in the friction law represents the
maximum value reached by, /N and should be smaller
than the maximum value of the slope of the local obstacless Discussion
mmax- IN Pimentel et al.(2010, the valueC = 0.84mmax
for a sinusoidal roughness distribution was adopted, withThe approach presented here gives a new alternative for the
mmax= 0.5. Here we will test the model sensitivity to val- modelling of subglacial hydrology. The aim of this work is
ues ofC from 0.5 to 0.9. to propose a hydrological model which evaluates the water
The results of the simulation performed with this set of pressure at the base of large ice sheet outlet glaciers and al-
parameters are presented in FIg. for the reference point low the computation of sliding at their bases. The application
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depicted in Fig.4 of (a) the effective pressure (left axis, black P P

curve) and the water input (right axis, blue curvé) the sur- longitudinal velocity(b) at the reference point, depicted in Fij.

face longitudinal velocity. The simulation is performed with =
1.6 x 10 28mPa3slandCc =05.

e
of this model to a small valley glacier such as the Haut 0.06
Glacier d’Arolla might not be the best suited to present the
advantages of our approach, but the data set available on thi
glacier allows the building of convincing validation exper-
iments for this new approach. Compared to existing large-
scale models (e.d.e Brocq et al.2009 Goeller et al.2013,

our model effectively computes the effective pressure. This
feature makes it comparable to more physically based mod-
els (e.g.Schoof 2010h Hewitt et al, 2012 Werder et al.
2013 in which the efficient drainage system is modelled by
channel, or the approach &fowers and Clark¢20023 in
which a single porous layer with varying capacity accounts (
for both efficient and inefficient drainage systems.

In comparison to the model incorporating a discrete de-Fig. 14.Spatial pattern of modelled surface velocities on the tongue
scription of the channels (e.§choof 2010h Hewitt et al, of Haut Glacier d'Arolla for the year 1993. Before the spring event
2012 Werder et al.2013, in the proposed approach the pre- (a) (days 182 to 185), during the speed{bp(days 186 to 188) and
cise location of the efficient subglacial drainage system isafter the even(c) (days 188 to 190). The surface velocities are given
not achieved. This prevents validation of the model againsbY the colour scale inmd and contoured every.@05md *. The
punctual water pressure measurements in borehole or preci§jé’ts on the three panels present the m_e_asured velocmgs of the first
modelling of dye tracer return. This first limitation is intrin- 1398 speed-up event as documentetMair et al. (2003 with the

. - . . same colour scale as that of the model results.
sic to the model formulation but is not an issue as far as the
model results can be compared to global variables as is done
in this study. pled simulation). Introducing this mechanism will be part of

A second limitation of the model, not intrinsic to its for- fytyre development of the model.
mulation, is the current lack of a closing mechanism for the
EPL. This type of mechanism would require the implementa-
tion of an evolving transmissivity for the EPL. In the present 7 Conclusions
study, the lack of this closing mechanism is of small concern
as we focus on the opening of the EPL. However, the end ofWe have presented a new hydrological model especially de-
the summer simulation would probably take advantage of thesigned to be coupled to an ice flow model. This hydrolog-
implementation of an evolving draining capacity of the EPL, ical model is based on a double continuum approach and
which would probably allow accommodation of the inputs solves the same set of equations using different parameters
that occur later in the season (days 220 to 240 of the coufor both the inefficient and efficient drainage systems. The

a) (b) (©)
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two systems are coupled so that the total amount of water is
conserved, and an ad hoc scheme is proposed to activate the
efficient drainage system where the water pressure exceeds
the overburden ice pressure. In our approach, the channels
are not represented individually but in a continuous manner,
presenting the advantage of not requiring a very fine descrip-
tion of the basal topography. In this paper, the hydrological
model and .its coupli.ng to an ice flow quel are validatgd References
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