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Abstract. Volume loss of valley glaciers is now consid- 1 Introduction

ered to be a significant contribution to sea level rise. Un-

derstanding and identifying the processes involved in accelMcCall Glacier is situated at 628 N, 14348 W, in the
erated mass loss are necessary to determine their impact diPrtheastern part of the Brooks Range, Alaska. The glacier
the global system. Here we present results from a seriets ~7.6km long, 120m thick and covers an area of &km
of model experiments with a higher-order thermomechani-(Fig. 1). It extends from an altitude of 2500m down to
cally coupled flowline model (Pattyn, 2002). Boundary con- 1365m at the terminus, with an equilibrium line altitude
ditions to the model are parameterizations of surface mas§ELA) between 2000 to 2400 m (Nolan et al., 2005). Mc-
balance, geothermal heating, observed surface and 10 m ideall Glacier is known to be a polythermal glacier, with a
depth temperatures. The time-dependent experiments aif¢mperate basal layer along a section of the lower glacier
at simulating the glacier retreat from its LIA expansion to (Pattyn et al., 2005). The glacier has been studied exten-
present according to different scenarios and model paramesively, from IGY (1957-1958) onwards through to the In-
ters. Model output was validated against measurements dernational Hydrological Decade (1969-1972) and the mid
ice velocity, ice surface elevation and terminus position at1990s to present. These studies have shown that McCall
different stages. Results demonstrate that a key factor in deGlacier has been losing mass for decades, accelerating over
termining the glacier retreat history is the importance of in- the last 10 to 20 years (Rabus et al., 1995; Nolan et al., 2005).
ternal accumulation50%) in the total mass balance. The Moreover, it seems that this well-studied glacier is represen-
persistence of a basal temperate zone characteristic for thigtive of the other large glaciers of its region (Rabus and
polythermal glacier depends largely on its contribution. Ac- Echelmeyer, 1998). Hence, McCall Glacier is considered
celerated glacier retreat since the early nineties seems dis @ good indicator for climate change in the Arctic (Nolan
rectly related to the increase in ELA and the sudden reductiort al., 2005), situated in an area sensitive to climate change
in AAR due to the fact that a large lower elevation cirque — (IPCC, 2007).

previously an important accumulation area — became part of In this paper we will try to disentangle the mechanisms re-
the ablation zone. sponsible for the general and accelerated retreat of McCall

Glacier using both a higher-order and a shallow-ice thermo-
mechanical glacier model. Simulated retreat will be com-

pared with field observations, such as time series of ice ve-
locity, ice thickness and terminus position.
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‘:_ whereo,; is the vertical shear stress amf]. the longitudinal

1400 1600 1800 2000 2200 2400 deviatoric normal stresg, is the ice densityg is the gravi-
tational constantz; is the surface of the ice mass, afida
shape factor to account for valley-wall friction, determined
by considering a parabola-shaped valley cross-section for
each grid point along the flowline according to the method
described in Paterson (1994).

The constitutive equation governing the creep of polycrys-
talline ice and relating the deviatoric stresses to the strain
rates, is taken as a Glen-type flow law with exponea
(Paterson, 1994), with a temperature dependent flow rate fac-
tor A(T*) obeying an Arrhenius relationship (Pattyn, 2002):

* 0
A(T )_aexp< RT*) , 2)
where a=1.14x10°Pa”a !l and Q=60kJmot?l for
T*<263.15K,a=5.47x1010Pa " a1 and 0=139 kJ mot 1

for T*>263.15K. R is the universal gas constant
(8.314Jmot1 K1) andT* is the corrected temperature for
the dependence of the melting point on pressure (Pattyn,
2002).

Heat transfer is included in the model and is a result of ver-
tical diffusion, horizontal and vertical advection, and internal
friction due to deformational heating. When ice reaches pres-
sure melting temperature, the ice temperature is kept con-
stant at this value. Some of the experiments described below
are based on an isothermal glacier, in whi€fT'*) is kept
constant over the whole domain. All experiments with the
higher-order model (HOM) were furthermore compared to
a similar model according to the shallow-ice approximation
(SIA), in which ice velocities are determined from local ge-
ometric glacier characteristics (e.g. Huybrechts, 1992):

ZA(T*) aZS " +1 +1
Fig. 1. Surface (contours) and subglacial (gray-shaded) topographid (2) — b = nr1 \P85¢ [(ZS - - H" ] @)
map of McCall Glacier. The modeled flowline is shown in white.
LC, MC and UC indicate Lower Cirque, Middle Cirque and Upper whereH is the ice thickness and, is the velocity at the base

Cirque, respectively. The upper transverse profile (or upper tranof the glacier. Time-dependent evolution of the ice thickness
sect) is shown in black. Map compiled from existing and new ice js given by the following relation:
thickness measurements (Pattyn et al., 3008

oH 10mHW)

_— M- —— 4
dt w 0x “)

whereu is the vertical mean horizontal velocityf is the sur-
The higher-order glacier model (HOM) is based on conser-/2C€ mass balance (mawater equivalent), an (m) is the
vation laws of energy, mass and momentum and solves thWidth of the gla_C|er perpendicular to the rowI|ne: The latter
velocity and stress field along a fixed flowline in space and@/loWs 10 take into account convergence and divergence of
time, taking into account longitudinal stress gradients (Pat-the ice flow along t_he flowline, hence the three-dimensional
tyn, 2002). Approximations to the Stokes system involve Nature of the domain.
hydrostatic pressure in the vertical (neglecting the so-called
bridging effect) as well as neglecting horizontal gradients of
the vertical velocity in the effective strain rate. Hence, the
force balance reads:

2 Glacier model

3 Boundary conditionsand input data
Basic input to the flow model is the longitudinal profile along

dol . B0y, 975 the central flowline of McCall Glacier. Surface elevation
e T e S P8 (1) was measured with digital GPS (Nolan et al., 2005), while
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bedrock elevation was derived from ice thickness measure- 2600
ments, both carried out during several field seasons between
2003 and 2006 (Fig. 1; Pattyn et al., 268 The central 2400 1
flowline runs from the head of the Upper Cirque (UC) to the
front of the glacier (and the valley downstream) with a spatial =
interval of 50 m. Preliminary experiments were carried outin
which the Lower (LC) and the smaller Middle Cirque (MC)
were taken into account as well in the width paramater
Although the qualitative behaviour of the model remained the 2 1600
same for both types of parameterization, the divergence of

the ice flow was overestimated, hence leading to unrealistic 49 1
values with such a simple approach. Therefore, the experi- — Linear trend 03-04
ments presented in this paper account for the width variations 1200 ‘ ‘ ‘ ‘ ‘ ‘ ‘
along the glacier for the main trunc, starting at the Upper T
Cirque. Future model attempts with a full three-dimensional Surface Mass Balance (i w.. a7)

glacier model should shed more light on this. Fig. 2. Surface mass balance as a function of elevation for the peri-

Surface mass balance was measured over seyeral periogdgs 1969-1972, 1993-1996 (digitized from Rabus and Echelmeyer,
(1969-1972, 1993-1996 and 2003-2004). A linear rela-1998) and 2003-2004 (field measurements from Nolan, unpub-

tion between the altitude and the surface mass balance waghed data).

found over the glacier for the first two periods by Rabus and

Echelmeyer (1998) and the trend of the 2003—2004 measure-

ments obey a linear relationship as well (Fig. 2). The mass The computed temperature field is bounded by the
balance gradient was therefore determined as a mean of trgeothermal heat at the base and the 10 m-depth temperature
three gradients in Fig. 2, so that the mass balance parameteat the surface. The basal temperature gradient is defined by
ization becomes

2200 4

2000 -

1800 -

«
g
=
2
=]
g —1969-1972
----1993-1996

e 2003-2004

T G

- K ©)
M = 0.0017x (z; — ELA) , (5)

where G is the geothermal heat flux, estimated as
where ELA is the equilibrium-line altitude. 0.06 Wnt?2 from Shapiro and Ritzwoller (2004K is the

The mean ELA was determined for different periods, i.e. thermal conductivity, dependent on temperatufg (Pater-
2055 m for the 1970s and 2250 m for the mid 1990s (Rabusson, 1994):
and Echelmeyer, 1998). For the season 2003-2004, the ELA
is estimated to lie between 2000 and 2400 m (Nolan et al. K = 9:828x exp(0.0057x T) . )
2005). However, the LC, culminating at 2250 m, is believed
to form part of the ablation area since the late 1990s. Thereéture are limited to a layer 0£10m, which is used as the

fore, we assume the ELA above 2300 m in 2005. _upper boundary condition for the temperature field. Based
Internal accumulation is a key process on McCall Glacier, o, the measurements of Rabus and Echelmeyer (2002), 10 m

and consists of percolation and refreezing of surface melticq emperatures in the ablation area were parameterized as

water into the ice mass. For McCall Glacier this represents, jinear function of altitude. However, in the accumulation

more than halg of the annual net accumulatioon,_i.e. 50% iNgrea, surface temperatures are perturbed by latent heat re-
the 1970s, 65% in the 1980s and almost 100% in the 1990g,55¢ due to melting and refreezing processes. This leads to

(Trabant and Mayo, 1985; Rabus and Echelmeyer, 1998). Ifyqre or less isothermal conditions, and mean annual tem-

plays an essential role in the redistribution of mass from theperatures are arounds.3C (Rabus and Echelmeyer, 2002).
surface to the interior of the glacier and increases the masgnerefore. surface temperatures are defined as:

balance of the accumulation area (Trabant and Mayo, 1985).
Internal accumulation has also important consequences f0§w _ { —2.08—0.00335z; in the ablation zone

For the ablation area, seasonal variations in surface temper-

®)

the temperature of the ice mass. The 10 m-depth ice temper-* -6.3 in the accumulation zone
atures in the accumulation zone of the glacier are higher than o
these of the ablation area, despite a higher altitude. They argUch treatment inevitably leads to a sudden breakZfC

attributed to latent-heat release due to the refreezing procedd the surface temperature at the ELA, but this discontinuity
of meltwater in the accumulation zone. dissipates with depth as can be seen in Fig. 3. This operation

softens the ice in the accumulation area to obtain more realis-

1pattyn, F., Delcourt, C., Samyn, D., De Smedt, B., and No|an,_tic simulated surface velocities and ige thicknesses. Acco_rd-
M.: Bed properties and hydrological conditions underneath McCalling to temperature measurements, ice in the accumulation
Glacier, Alaska, USA, Ann. Glaciol., in preparation, 2008. area may be considered isothermal over its whole thickness
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Fig. 4. Evolution of McCall Glacier with time, starting from
present-day observed geometry, according to different ELA pertur-
bations. Present ELA equals 2350 m a.s.l.
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4 Model results

Normalized ice thickness

4.1 Glacier sensitivity experiments

The first goal of this study is to have a general view of the
dynamic behavior of the glacier through a set of sensitiv-
ity experiments of the response of McCall Glacier to a sud-

Fig. 3. Vertical temperature field corrected for the dependence onden change_ in climate. St.artmg from the presept-day ob-
pressure melting along the flowline for the simulated LIA glacier S€Tved glacier geometry, different ELA perturbations were
(top) and for the time-dependent model run (Exp. E) in 1980 (bot-aPplied and the model was run forward until a steady state
tom). The ELA is marked by the discontinuity in surface tempera- Was reached (Fig. 4). For this series of experimeatd;*)
ture. was kept constant at 18°Pa a1,
From Fig. 4 it is obvious that under present-day ELA con-
ditions McCall Glacier would largely disappear in less than
(Rabus and Echelmeyer, 2002). Although not parameterize@00 years. Considering a future rise in ELA leads to a faster
as such, our model experiments demonstrate the existence vfastage of the glacier at terminus retreat rates up to 5 km per
a quasi isothermal ice layer in the accumulation area oncg&entury. To maintain the current length of the glacier under
the glacier is in a transient state (Fig. 3), so that the crudesteady state conditions, a lowering of the ELA of more than
approximation of latent heat release may hold. 400 m is required. This demonstrates that the glacier is def-
Boundary conditions to the velocity field are a stress-free/Nitely in a transient state, responding to present as well as
surface, while at the base a basal sliding function is intro-Past climate changes. However, during the 1950s the glacier

duced through a friction coefficient?, so thatz,=uy-2 surface was close to the height of the Little Ice Age (LIA)
where lateral moraines (at least for the part away from the termi-

nus), while the glacier terminus was situated approximately

300m from the LIA end moraine (Rabus et al., 1995), as

g% = (ﬁ exp[y (Tpmp — Tb)]) fbl—l’ . (9) corroborated by historic photographs (Fig. 5). This points to
As relatively stable conditions at the end of the LIA.

5

4 6
Distance along central flowline (km)

N is the effective pressure at the base of the ice mass, ap4.2 Reconstructing the LIA glacier

proximated by the ice overburden pressusedpg H; Pat-

tyn, 2002),A; is a sliding coefficientTpmp and 7, are the  The last major advance of the glaciers at Brooks Range ended
pressure melting and basal ice temperature, respectively, and 1890 (Nolan et al., 2005). For McCall Glacier a terminal
p=3 is the sliding law power coefficient. Basal sliding oc- moraine, located 800 m downstream from the present termi-
curs whenever the pressure melting point is reached within aus, is attributed to the last glacier advance corresponding to
range ofy=1K. the LIA. This moraine, dated by lichonometry, suggests that

The Cryosphere, 2, 23-31, 2008 www.the-cryosphere.net/2/23/2008/
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B Glaclor 4252 3 O G Tablel. List of retreat experiments. Crosses refer to applied bound-

©1958 Austin Post ©2003 Mot Nolsn - ary conditions.

Retreat ELA Temperature Internal Basal
Exp. Evolution Evolution Accumulation  Sliding

mooOw>
+ o+ o+ + o+
+ o+ o+ 4
+

Fig. 5. Comparison of McCall Glacier terminus in 1958 (left) and
2003 (right), from Nolan et al. (2005).

lation in the total mass balance and basal sliding, and are

the end of the 19th Century was a colder and more stable clidetailed hereafter.
matic period. We can therefore assume that the glacier wa
P . . 9 . ELA evolution:. The equilibrium line altitude (ELA) is a key pa-
more or less in steady state at that time. In order to obtain i ) )
h diti he ELA | d by 450 h rameter to the evolution of the ice mass. According to our
these F:on itions, the Was. owered by ) mto rgac ar’brevious simulation, the LIA glacier is defined by an ELA of
elevation of 1900 m a.s.l. (equivalent to an increase in AAR1900m asl. The ELA was-2055m a.s.l. for the 1969—1972
from <0.1 to ~0.6). Internal accumulation was not taken period, ~2250m a.s.l. for the 1993-1996 period (Rabus and
into account for this experiment, but accounted for in someEchelmeyer, 1998) and we can assume that the ELA is above

of the retreat experiments, as is discussed below. 2300 m a.s.l. for 2005 (Nolan et al., 2005). The perturbation in

The modeled LIA profile was validated against surface el-ELA evolution is therefore considered to be a two-step change in
. . . . i 1

evation measurements of two cross sections studied since ttfe-A rate, i.e. +0.9ma* before 1970 and +10 md after 1970,
1950s: the lower transect (ice free today) and the upper tran"dicating the recent acceleration.
sect (Fig. 1). At the upper transect, the LIA simulation gives Temperature evolution:. Over the same period, surface tempera-
an ice thickness of about 160 m while the reconstitution oftures have changed as well. They not only have an impact on ac-
this ice thickness based on moraine heights gives:i168n cumulation and ablation rates through the ELA, but influence the
(Nolan et al., 2005). Furthermore, the simulated temperaturdoundary conditions to the temperature field as well. Following
profile shows a quasi temperate zone located around km 4—&mperature measurements in Alaska, warming was introduced as a
of the longitudinal profile (Fig. 3, top). Radio-echo sounding One-step temperature increase oPL2n 1975 Rabus et al., 1995).
(RES) measurements suggest that this is precisely the Zon\é{hether we use a one-step or a Ilnt_ear tgmperatur_e increase has only
where basal sliding occurs (Pattyn et al., 2005). We may as'Mited effects on the temperature field in the glacier.
sume that the temperature field has not Cha_ng?d dramaticallyyternal accumulation:. The phenomenon of refreezing of perco-
since the end of the LIA, as accelerated thinning of McCall lating meltwater in the accumulation area, as mentioned previously,
Glacier did not begin before the 1970s. The period since thenvas parameterized in the following way: Rabus and Echelmeyer
is much shorter than the time needed for the temperature fiel1998) inferred internal accumulation being 50% of the total accu-

to reach steady state by thermal diffusion (on the order &f 10 mulation in 1970. This value was spread out over the whole accu-
years; Pattyn et al., 2005). mulation area and added to the surface accumulation, as defined in

Since both ice thickness and basal temperatures reco Fig. 2. It then results that internal accumulation becomes propor-
P r’{ionally more important in time as the accumulation area decreases.

structions are in accordance with field observations, this geT—lowever, after 2005 internal accumulation has only a limited effect

ometry will form the base for each of the experiments to re-op, the glacier as a whole as the accumulation area becomes equally
construct the retreat history of McCall Glacier, according to smayl.

different parameter settings.

Basal dliding:. Basal sliding is introduced in the model by adjust-
ing the basal friction coefficient in Eq. (9). Fof=00, ice is frozen
to5the i)ed, otherwisg? is obtained by settings to 0.5x 10~8 N—2
mUa -.

Starting from the LIA conditions, the model ran forward

in time (until 2010) according to the imposed environmen- In summary, experiment A only takes into account the ELA
tal conditions. Model runs were carried out for both HOM evolution, experiments B to E are driven by ELA and tem-
and SIA models and different sets of boundary conditions, aperature evolution, experiments C and D include internal ac-
listed in Table 1. Perturbations consist of changes in ELA,cumulation and basal sliding, respectively, and experiment E
background temperature, proportion of the internal accumuincludes all the parameters. Experiment B is taken as the

4.3 Retreat experiments

www.the-cryosphere.net/2/23/2008/ The Cryosphere, 2, 23-31, 2008



28 C. Delcourt et al.: Modelling mass loss of McCall Glacier

standard experiment. Figure 6 shows the time dependent evo-

lution of McCall Glacier as simulated according to the differ-
SIA -Exp. AB  —O— HOM - Exp. A/B . i )
SIA - Exp. © A HOM-Exp. C ent experiments with both HOM and SIA models. Available
SIA - Exp. D O HOM-Esp. D obs_ervatlons are al_so plotted on the graph to facilitate com-
STIA -Fxp. E —¢— HOM -Exp. E parison and validation.
—@— Observations All S|muI§t|o_ns show a distinct retreat of McCall Glacier
for the beginning of the 20th Century and show an acceler-
8600 ated retreat from the second half of the 20th Century, mainly
- driven by the increase change in the ELA rate. Prior to 1890,
g 8400 i ) L . )
= glacier retreat is negligible (Fig. 6a). Overall, experiments
£, 8200 including internal accumulation (Exp. C and E) clearly un-
§ 2000 derestimate the observed retreat while those including only
E a0 basal sliding (Exp. D) evidently overestimate glacier retreat.
g ; The best fit is obtained by the standard experiment (Exp. B).
O 7600 1 Glacier ice thickness variations are validated against field
7400 { : : : : : measurements (Pattyn et al., 28@&nd are characterized by
150 — : : : : : a general tendency of decrease with time. However, experi-
B 140 ment C shows a slight increase in ice thickness prior to recent
b7 deglaciation, and gives the most realistic value in terms of
g 130 present-day mean ice thickness (Fig. 6b). Results of exper-
% 120 | iments including internal accumulation (Exp. C and E) are
'é 110 also more accurate when compared to measurements of the
& upper transverse profile (Fig. 6¢).
g 1007 Finally, model simulations are compared to surface ice ve-
§ 20 - locity measurements carried out at different periods in time
20 (Fig. 6d). Here, results are in concordance with the above
180 | analysis, i.e. that the experiments including internal accumu-
o lation (C and E) agree the best with observed values, but re-
f g 160 1 main underestimated as a whole.
&2 140 | To summarize, the recent retreat history of McCall Glacier
g E 120 | can be simulated taking into account the evolution of the
g = ; ELA (and accelerated ELA increase after the 1970s) as well
= % 1001 as internal accumulation. The effect of higher surface tem-
5 g0 perature on the thermomechanical behavior is of minor im-
60 4 portance, as A and B show similar results. Internal accumu-
lation leads to thicker ice and higher surface velocities com-
18 4 pared to the standard experiment while basal sliding seems to
g o~ 167 give reverse effects. Both HOM and SIA models give similar
g '; 14 1c results, albeit that the HOM velocities are generally lower
2 g 12 and as a result ice thickness being slightly higher (Fig. 6).
§ ; w0l The lower velocity field according to the HOM is due to lon-
£ T ' gitudinal stress coupling that smooths out local variability in
53 °] the flow field (Pattyn et al., 2005).
= 61 : : : : : : . Figure 7 compares the simulated ice thicknesses for
44 ‘ ‘ present situation for the different HOM experiments and field

observations along the longitudinal flowline. Ice thickness is
overestimated by all simulations for the first two kilometers
and underestimated between km 2 and 5. Experiments B and
. , . . . _ E seem to be the most accurate while D underestimates the
Fig. 6. Time series of glacier response according to the different ex-.

periments. Observations are represented by a large black diamond'sc.e thickness (as can be concluded from Fig. 6b and 6c). Ex-

Note that results of experiments A and B are the same results angerlment C, which includes internal accumulation, is slightly

curves are overlapping. (A) glacier length evolution; (B) mean ice Overestimating ice thiCk'nes.S. .
thickness evolution; (C) ice thickness evolution at the upper trans- The simulated velocity field along the modeled flowline
verse profile; (D) maximum surface velocity. is compared to field observations as well. Figure 8 displays

the surface velocity along the central flowline according to

1800 1830 180 1890 1920 1950 1980 2010
Year A.D.

The Cryosphere, 2, 23-31, 2008 www.the-cryosphere.net/2/23/2008/
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—O— Exp. A/B —+— Exp.D
& Observations
—4— Exp. C —v— Exp.E

1870

Ice thickness difference (m)

T T T T
0 1000 2000 3000 4000 5000 6000 7000

Distance along central flowline (m)

Fig. 7. Present-day ice thickness difference between the differ- '-,"-\
ent HOM experiments and field observations along the longitudinal

profile of the glacier.

the different HOM experiments and the measured surface
velocities for three different time steps, i.e. 1970, 1995 and
2005. All results point to simulated surface velocities being
underestimated between km 2 and 5 of the flowline. This
corresponds to the area of where ice thickness has been u
derestimated (Fig. 7). However, experiments C and E give
accurate values at the beginning and the end of the profil¢
while those which are not including internal accumulation
show lower values. Once more, internal accumulation seem
necessary to explain the historical evolution and the curren
state of McCall Glacier.

Surface velocity (m yr

8
6
5 Discussion 41
2
According to the sensitivity experiments, the retreat history 0
of MCCgII _GIaC|er is dominated by the interplay be_tween 0 1000 2000 3000 4000 5000 6000 7000 8000
ELA variations (and accelerated ELA increase) and internal
accumulation rate. Internal accumulation is difficult to esti- Distance along central flowline (m)

mate as there is an obvious lack of direct measurements on

McCall Glacier. However, its parameterization (Table 2) fol- Fig. 8. Surface velocity along the flowline according to the different
lows the estimates made by Trabant and Mayo (1985) andOM experiments and observations for 1970, 1995 and 2005. Field
Rabus and Echelmeyer (1998) and is especially important jfneasurements are from Rabus and Echelmeyer (1998) and Nolan
the simulation of the historical retreat (prior to 2005). For etal. (2005).

the predictive simulations, the accumulation area becomes

so small that the internal accumulation has much less ef-

fect on the overall glacier behaviour. The glacier thinning illary water in firn pores during winter (Schneider and Jans-
rate during this period is therefore comparable to that ofson, 2004). Trabant and Mayo (1985) developed methods to
the other experiments. Internal accumulation has often beemstimate internal accumulation of several Alaskan glaciers
disregarded, as it is not measured using conventional masand found values of 40-50% of the net accumulation for
balance measuring techniques. For insta@mneider and the period 1968-1972. Moreover, processes linked to inter-
Jansson (2004) estimate internal accumulation as being 3ral accumulation, like its influence on the thermal regime
5% of the annual accumulation on Storgkrein, Sweden. (Blatter, 1987), are poorly known although they are quite
30% was found to be due to refreezing and percolating meltimportant in polythermal glaciers. For example, latent-heat
water in spring and 70% due to refreezing of retained cap+elease, linked to the refreezing of meltwater, increases the

www.the-cryosphere.net/2/23/2008/ The Cryosphere, 2, 23-31, 2008



30 C. Delcourt et al.: Modelling mass loss of McCall Glacier

Table 2. Evolution of accumulation parameters with time. The stresses must develop given that the surface elevation is fixed
accumulation area is inferred from the topographic data (Fig. 1),and large surface slopes lead to unrealist_ic velocities with an
while as (surface accumulation); (internal accumulation) ana _S|A model. However, when th? surface is allowed to relax
(total accumulation) are the values used in the HOM experimentsin a time-dependency, these differences become less appar-
Note the increasing part of internal accumulation with time and theent. This is especially true for a smooth bedrock topography

reduction of the Accumulation Area Ratio (AAR). (as is the case for McCall Glacier) or when basal sliding is
not the dominant contributor to the ice flow. Similar find-
Year ELA qgarea aq a; aj/a AAR ings were obtained by Pattyn (2002) and Leysinger Vieli and
AD. m k. mal mal % Gudmundsson (2004).

1810 1905 4.01 043  0.18 2958 0.57
1890 1966 354 038 025 3980 050 .
1950 2013 321 034 031 4805 0.46 onclusons

1970 2038 3.08 0.32 0.34 51.24 045 L. . . .
1980 2138 2.03 0.23 043 6470 033 McCall Glacier is a sensitive glacier to recent climate warm-

1990 2234 1.01 0.15 060 7968 0.20 ing, and has therefore long been considered as a good indi-

2000 2329 0.28 0.07 198 96.52 0.06 cator of climate change in the Arctic. By using a numeri-

cal model, we tried to simulate the historic front variations

of this polythermal valley glacier since the Little Ice Age.

The model experiments are capable of simulating the recent

temperatures in the accumulation area. Blatter and Huttefetreat history of the glacier in a realistic way. The exper-

(1991) concluded that the polythermal structure of glaciersiments confirm that McCall Glacier is essentially sensitive

can be explained by the advection of this warmer ice in theto mass balance perturbations, and indicates an accelerated

upper ablation zone. The associated increase of basal ic&treat since the 1990s due to an an accelerated increasing

temperatures can then be sufficient to reach pressure meltingf the ELA (associated with an important reduction in ac-

point and allow for basal sliding. cumulation area). Apart from ELA variations, internal ac-
Another factor that hampers the quality of the simulationscumulation is an essential factor to explain the current state

is the three-dimensional nature of McCall Glacier. Although Of the glacier and to counterbalance accelerated glacier thin-

the 3-D effect is taken into account by the introduction of a Ning. This process seems also to be necessary to maintain

width factor in the continuity Eq. (4), the accumulation area the temperate basal layer of the lower part glacier of McCall

consists of three cirques (UC, MC and LC, see Fig. 1), ofGlacier. In view of the rather smooth bedrock topography in

which two of them are important contributors to the massthe glacier basin as well as limited basal sliding, the shallow-

balance (UC and LC), albeit that the accumulation area igce glacier model results are in accord with the higher-order

largest for the UC. During the LIA, they were all part of the model calculations.

accumulation area. At present, the LC, which represents a

surface of 1.24 krhfor a total glacier surface of about 6 gm  Acknowledgements. This research forms part of the US National

became part of the ablation area as a consequence of the a%(_:lencg Foundation’s Freshwater Initiative (QPPARCSS) and is

celerated ELA increase since the 1970s. The AAR, whichP2'tly financed by a FWO-Vlaanderen “Krediet aan navorsers”

was about 0.45 in the 1970s, is below 0.1 at present. This igrqect. The autho_rs are |n_debted to all members of the 2003, 2005

’ . nd 2006 MccCall field parties.

probably the reason why McCall Glacier endured an accel-

erated retreat after the 1990s, linked to a decreasing surfagggited by: J. 0. Hagen

mass balance. The process of accelerated AAR reduction

is implicitly taken into account through accelerated ELA in-
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