Annals of Glaciology 31 2000

© International Glaciological Society

The response of a glacier to a surface disturbance:
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ABSTRACT. In the course of a tremendous outburst flood (jokulhlaup) following the
subglacial eruption in Vatnajokull, Iceland, in October 1996, a depression in the surface of
the ice cap was created as a result of ice melting from the walls of a subglacial tunnel. The
surface depression was initially approximately 6 km long, 800 m wide and 100 m deep.
This “canyon” represents a significant perturbation in the geometry of the ice cap in this
area where the total ice thickness is about 200—400 m. We present results of repeated meas-
urements of flow velocities and elevation changes in the vicinity of the canyon made over a
period of about 2 years. The measurements show a reduction in the depth of the canyon
and a concomitant decrease in surface flow towards it over time. By calculating the tran-
sient evolution of idealized surface depressions using both analytical zeroth- and first-
order theories, as well as the shallow-ice approximation (SIA) and a finite-element model
incorporating all the terms of the momentum equations, we demonstrate the importance
of horizontal stress gradients at the spatial scale of this canyon. The transient evolution of
the canyon is calculated with a two-dimensional time-dependent finite-element model
with flow parameters (the parameters A and n of Glen’s flow law) that are tuned towards
an optimal agreement with measured flow velocities. Although differences between meas-
ured and calculated velocities are comparable to measurement errors, the differences are
not randomly distributed. The model is therefore not verified in detail. Nevertheless the
model reproduces observed changes in the geometry over a 15 month time period reason-
ably well. The model also reproduces changes in both velocities and geometry consider-
ably better than an alternative model based on the SIA.
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An unusual event following a subglacial eruption of the the location of the 1996 eruption fissure, Gyalp, and the sub-
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Ing. 2. Map of the study area showing the location of measure-
ment stakes where summer surface velocities in 1997 and 1998
(crosses) and autumn velocities in 1998 (diamonds) were
measured. The thin dashed and dash-dotted lines show vari-
ous transverse profiles which are referred to in the text. The
thicker lines mark the path of surface-elevation surveys.

in geometry. The water created when large volumes of ice
were melted during the eruption did not immediately drain
away from the glacier, but accumulated in a subglacial lake,
Grimsvotn, about 5 km south of the eruption site (Fig. 1).
Only after the water level in Grimsvotn had reached a criti-
cal level, and about 3 km® of water had accumulated in the
lake, did water escape from the lake towards the glacier
margin, resulting in a tremendous outburst flood (jokul-
hlaup) on 5 and 6 November 1996. The water drained out
of Grimsvotn, forming an ice tunnel beneath the ice dam
along the castern flank of the nunatak Grimsfjall (Figs 1
and 2). Following the jokulhlaup, the roof of the ice tunnel
collapsed, leaving behind a canyon about 100 m deep, 6 km
long and 800 m wide.

Jokulhlaups originate from Grimsvotn approximately
every Syears (Bjornsson, 1988, 1992; Gudmundsson and
others, 1995). No visible surface depressions resulted from
previous floods, although they and the November 1996
jokulhlaup all followed a similar subglacial route around
Grimsfjall . This can be understood in light of the fact that
the meltwater released in the November 1996 jokulhlaup
had a temperature of about 6°C, whereas usually the water
1s at the melting point (Gudmundsson and others, 1997).

The purpose of this paper is threefold. First, we present
measurements of changes in surface geometry and surface
velocities along three transverse profiles across the canyon.
Second, we discuss what kind of flow models are needed in
order to estimate the closure rate of a surface depression of
this type. We do so by calculating the transient surface evo-
lution of idealized surface depressions having geometrical
aspect ratios similar to the canyon’s, using two different ana-
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lytical and two different numerical flow models. Essentially
this discussion revolves around the question how strongly
the closure rate is affected by the presence of horizontal
stress gradients. Finally, we compare the results of a numer-
ical simulation with field measurements.

2. STUDY AREA

Vatnajokull is a temperate ice cap with an area of about
8300 km? (Bjornsson, 1980). Its western part covers an active
volcanic zone. The Grimsvotn caldera (Fig 1), approxi-
mately in the middle of the ice cap, is among the most active
geothermal areas in Iceland, with frequent eruptions and
associated jokulhlaups (Bjornsson, 1988, 1992; Gudmunds-
son and others, 1995). The subglacial lake Grimsvétn is sus-
tained by geothermal activity within the Grimsvétn
caldera. The fissure eruption in October 1996 of the volcano
Gjalp took place about 5 km north of the Grimsvétn caldera
(Gudmundsson and others, 1997).

The canyon created as a result of the 1996 jokulhlaup has
an approximately north—south orientation (Fig. 2). To the
west of it lies the mountain Grimsfjall. Grimsfjall is covered
by ice a few tens of meters thick, except at the top which is
ice-free. East of the canyon lies the glacier Skeidararjokull.
There the ice is much thicker, around 300—400 m.

3. MEASUREMENTS

The surface and bed topography of northwestern Vatnajékull
were surveyed prior to the eruption with radio-echo sound-
ing methods (Bjornsson, 1988; Bjérnsson and others, 1992).
The bed geometry of the area affected by the 1996 jokulhlaup
is therefore known. In June 1997 the surface elevation of the
canyon and the surrounding area was surveyed using kine-
matic global positioning system (GPS) techniques. The meas-
ured profile is shown in Figure 2 as a heavy dash-dotted line.
Three lines of stakes were drilled into the ice and surveyed in
June and August 1997 with GPS equipment. Similar stake
measurements were made in June and September 1998
(profiles 1, 2a and 3a in Fig. 2). In addition, velocity over a
period of 29 days was measured on another set of three lines
in August and September 1998 (profiles 1, 2b and 3bin Fig. 2).
The surface elevation along the centre of the canyon and to
the east of it was measured again in September 1998 (heavy
dotted line in Fig. 2). In total there are thus two sets of eleva-
tion measurements within a time interval of 15 months, and
several sets of velocity measurements along a total of six
transverse profiles.

The results of the surface-elevation measurements were
used together with existing topographic maps to create sur-
face maps of the canyon and the surrounding area (database
of the Science Institute, University of Iceland; personal
communication from M. T. Gudmundsson, F. Palsson and
b. Hognadottir, 1998). Unfortunately, no continuous trans-
verse profiles of surface elevation could be measured in any
of the field campaigns. Except for the measured position of
the velocity stakes, the surface elevation along the trans-
verse profiles is thus not known in detail. Transverse profiles
of ice thickness along the measured velocity profiles were
therefore generated by interpolating the surface and bed-
rock maps.

The measurements in 1997 and June 1998 were made with
GPS equipment that has an accuracy of about 0.5 m in the
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Fig. 3. Measured horizontal velocities along profiles 1, 2a, 2b, 3a
and 5b (Fig. 2). Only the components of the horizontal velocity
vector in the direction of the corresponding profiles are shown.
Average velocities for June—August (summer)1997 are shown
as plus symbols, average velocities for June—August (summer)
1998 as crosses and average velocities for August—September
(autumn) 1997 as diamonds.

horizontal direction and -2 m in the vertical direction. The
August and September measurements in 1998 were made
with instruments that have an accuracy of about 2 cm in the
horizontal and about 5 cm in the vertical direction.

Figure 3 shows the results of the velocity measurements
along transverse profiles 1-3. One of the objectives of the
measurements was to determine if the presence of the canyon
leaves a clear and unambiguous signature in the flow field
along these transverse profiles. From inspection of Figure 3
it becomes clear that this is the case only for the 1997 meas-
urements of profile 1, not for any of the other profiles. Evi-
dently, the velocity field, especially along profiles 2 and 3, is
determined primarily by factors other than the presence of
the canyon. Data for profiles 2 and 3 are thus not suitable
for modelling purposes. The general flow direction along
profiles 2 and 3 is towards the south, or the same as the over-
all slope direction. Since the surface slope increases some-
what in the downflow direction, going from profile 1 towards
profile 3, and because the canyon is shallower along profiles 2
and 3 than along profile 1, it is not surprising that the effects
of the canyon are observed most strongly along profile 1.

It must be stressed that Figure 3 shows the components
of the measured horizontal velocity vectors in the direction
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of the corresponding profiles. Directions of measured
velocities are never exactly the same as the direction of the
profiles. The difference between measured orientation of the
velocity vector and the orientation of the profiles varies
from stake to stake and with time. For profile 1 this differ-
ence 1s, for 13 of the 15 available velocity measurements,
< 20°. The two stakes where the difference was >20° were
situated > 5 km from the canyon.

There is no indication of a seasonal variation in meas-
ured surface velocities. It is conceivable that such changes
are masked by ongoing changes in velocities due to the evol-
ving geometry of the canyon. That would, however, be a
rather unlikely and fortuitous cancellation of two effects.

4. MODEL SELECTION

We consider the closure of the canyon to be an example of a
viscous relaxation process in an incompressible creeping
medium. In principle, such a relaxation process can be
modelled by solving the incompressibility equation

(X :0, (1)

the linear and angular momentum equations
oij; +fi=0, and o —0; =0, (2)

together with a constitutive law such as Glen’s flow law and
a suitable set of boundary conditions. In the above equa-
tions, v; (for 7 = 1,2, 3) are the components of the velocity
vector, 0;; are the components of the stress tensor and f; are
the components of the volume force.

In most (two-dimensional) modelling work on glaciers
the starting-point is not the system of equations listed above,
but the continuity equation

ath + 81:(] = b7

where h is the surface elevation, ¢ is the ice flux and b is the
mass-balance function. The flux ¢ is then assumed to be a
function of local slope and ice thickness, such that
q < —h"*2|8,h|" "' d,h, where n is a parameter in Glen’s
flow law. In this approach all terms of the linear momentum
equations involving horizontal stress gradients are ignored.
Examples of such models are the shallow-ice approximation
(SIA) (e.g. Hutter, 1983) and the kinematic-wave equation
(e.g. Nye, 1960). These models are sometimes referred to as
zeroth-order models.
The kinematic-wave equation can be written as

8, AN + D, (coAh) — 8, [Do(0,AR)] = Ab,
where ¢y = azq(h(x)a CV(ZL')), and DO = 8aq(h(x),a(m)), «

is the surface slope, Ah is the surface perturbation with re-
spect to some datum geometry and Ab is the accumulation
function. If the datum geometry does not depend on z, this
equation can be solved analytically. This leads to analytical
expressions for the time-scales ¢, and t4. We refer to the
resulting zeroth-order theory of transient evolution of sur-
face disturbances as the traditional kinematic-wave theory
(TKWT).

The canyon was originally about 800 m wide, which 1is
about twice the mean ice thickness of the surrounding
region. This rather small width-to-thickness ratio suggests
that only models which rigorously account for horizontal
stress gradients will give accurate approximations to solu-
tions of the full system of the field equations (Nye, 1969;
Landon and Raymond, 1978; Kamb and Echelmeyer, 1986;
Johannesson, 1992). The question thus arises how accurately
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the transient evolution of the canyon can be calculated with
flow models such as the commonly used SIA. In order to
answer this question, the transient evolution of a Gaussian-
shaped surface depression, with geometrical aspect ratio
similar to the canyon’s, was calculated using a number of
different models for both a linear medium (n =1) and a
non-linear medium with n = 3.

Figure 4 shows the geometry of a Gaussian-shaped surface
depression for ¢ = 0.5 year as calculated using four different
models for a linear medium. The predictions of the zeroth-
order theories STA and TKWT are almost identical, which is
not surprising as the same set of assumptions underlies both
theories. The only essential difference is that TKWT is a per-
turbation theory where the surface perturbations are assumed
to be small compared to the mean ice thickness. For an initial
depth at the centre of the depression of 100 m and a mean ice
thickness of 400 m, the depth-to-thickness ratio is clearly not
small. Reducing the depth of the depression by a factor of 10
results in an almost perfect agreement between the predic-
tions of the STA and of the TKW'T.

The dash-dotted lines in Figure 4 are calculated using a
transient three-dimensional first-order perturbation theory
developed by G. H. Gudmundsson (unpublished informa-
tion). The relevant analytical solutions can be seen in
Gudmundsson and others (1998) where the solution proce-
dure is outlined. Johannesson (1992) worked out the transient
solutions in two dimensions using different methods. The per-
turbation theory takes horizontal stress gradients into
account.

The transient evolution of the surface depression is also
calculated with a commercial finite-element model which
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Fig. 4. Transient evolution of a Gaussian-shaped surface de-
pression. The initial shape of the depression at t = 01s shown
as a solid line. All other lines depict the shape at t = 0.5 year,
as predicted by four different flow models. The two dash-
dotted lines are based on an analytical first-order perturbation
theory, for an infinity long depression (two-dimensional ),
and a depression having a length in y direction comparable to
that of the canyon ( three-dimensional ). The long-dashed line
Jollows from a numerical calculation with a transient_finite-
element model which solves all terms of the field equations.
The dotted line is the prediction of the SIA, and the short-
dashed line is based on TEWT. The flow parameters used in
the calculations weren = 1and A = 1.0 x 107 Pa~'a™".
The mean ice thickness was 400 m, the half-width (o, ) was
set equal to 200 m, the half-length (o, ) was set equal to 3 km
(relevant only for the dash-dotted curve ( three-dimensional) )
and the initial depth of the surface depression was 100 m.
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solves the full system of the field equations in one horizontal
dimension. The finite-element program was customized for
ice flow by Gudmundsson (1994), and further developed by
Leysinger (1998) for calculations of transient flow.

The shapes at t = 0.5 year predicted by the first-order
perturbation theory (dash-dotted line) and the full-system
finite-element calculation (long dashes) are almost identi-
cal, but differ strongly from the predictions of the SIA and
the TKWT (Fig. 4). This demonstrates the importance of
horizontal stress gradients for the transient evolution of sur-
face depressions having geometrical aspect ratios similar to
those of the canyon. Calculations using other Gaussian-
shaped surface depressions having width-to-ice-thickness
ratios of >20 and depth-to-ice-thickness ratios of <0.05
resulted, on the other hand, in identical results for all four
models. The exercise was repeated for n = 3 using the SIA
and the full-system numerical model, with essentially iden-
tical results with regard to the importance of stress gradi-
ents at different spatial scales. It can thus be concluded that
a model including stress gradients must be used for a realis-
tic simulation of the transient evolution of the canyon.

5. MODEL CALCULATIONS
5.1. Numerical aspects

The numerical model used for simulating the transient evo-
lution of the canyon is a two-dimensional finite-element
model which solves Equations (1) and (2), and uses Glen’s
flow law as a constitutive relation. The preceding discussion
shows that commonly used approximations such as the SIA
cannot be used. Basal sliding is ignored.
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Quadrilateral strictly incompressible plain-strain elements
are used in the model calculations. The size of the elements
varies within the mesh, with widths in the range 80-90 m and
heights in the range 3-60 m. The surface evolution is cal-
culated by explicit forward integration in time of the kine-
matic boundary condition

Oh = —v,0,h + v,

(ignoring accumulation), using a two-step Lax—Wendroff
scheme. The numerical model has been extensively tested
by comparing it with analytical solutions based on pertur-
bation analysis (Leysinger, 1998). The size of the time-steps
must fulfil the Courant stability condition (v At/Az)?* < 1,
where v is ice speed, Ax is a typical elements size and At is
the size of the time-step. For most of the calculations time-
steps of 3 months were used.

5.2. Model tuning and verification

The use of Glen’s flow law introduces two parameters A and
n. We treat the rate factor A as a freely tunable parameter
which can be set to any value that will minimize differences
between measurements and model calculations. The sensitiv-
ity of the model with respect to variations in n was also tested.

The model was run forward in time for a time period of
15 months, with the measured surface geometry along
profile 1 in June 1997 as an initial upper boundary. Figure
5a shows the velocity along four selected vertical sections
for the initial model geometry. Note the extrusion flow (in-
crease in horizontal velocity with depth) in the east flank
(to the left in the figure) of the canyon, which would not be
predicted by the SIA.

Figure 5b shows calculated and measured velocity
components along profile 1. There are three sets of velocity
measurements available along this profile: summer 1997, sum-
mer 1998 and autumn 1998. The smallest root-mean-square
(rms) error between calculated and measured surface
velocities from these three measurement periods resulted in
n=3and A=23x 1095 kPa~? (Fig 6). This optimal
value of A is about three times smaller than the value recom-
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mended for temperate ice (Paterson 1994, p.96). It is, how-
ever, identical to the value of A = 23.7 x 107105 'kPa 3
obtained by Gudmundsson (1999), and similar to the estimate
of A =20 x 10"'9s 'kPa~3 by Hubbard and others (1998)
and the estimate of A = 22.2 x 1071957 'kPa™® by Albrecht
and others (2000). Hubbard and others (1998), Gudmundsson
(1999) and Albrecht and others (2000) all arrived at their es-
timates for the rate factor using the same type of calibration
process as is used here, i.e. by comparing measurements of
surface velocities with calculations based on numerical flow
models which incorporate horizontal stress gradients.

The rms error between measured and modelled surface
velocities is shown in Figure 6 as a function of A for a num-
ber of different values of n. The rms error is comparable to
the measurement error in summer 1997 and summer 1998,
but much larger than the errors of the measurements made
in autumn 1998. Figure 7 shows modelled velocities plotted
against measured stake velocities. Not all of the data points
fall on a straight line with slope equal to one (shown as long

1860 T T T
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1440 . . . y 1 " P —
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Fig. 8 Modelled and measured transient evolution of the surface
along profile I forn = 3and A = 2.34 x 10710 kPa 3571,
Crosses and plus symbols are measured elevations at the start
of and 15 months after the start of the numerical simulation,
respectively.
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dashes), indicating that there is not perfect agreement
between measured and modelled velocities. The figure
shows clearly that the deviations from this line are not ran-
domly distributed. For example, modelled velocities after 12
and 15months of forward integration are considerably
smaller than measured velocities. Thus, the model is not free
from systematic errors. It is difficult to pinpoint the cause for
these. Some deviations are to be expected because the
modelled cross-section is not exactly along a flowline.

Figure 8 shows the initial surface geometry (solid line),
surface geometry after 15 months of forward integration
(dotted line) and the resulting surface geometry after
15 years (dashed line). The measurements of the inital sur-
face geometry (crosses) were not used in the tuning pro-
cedure. Therefore, the performance of the model with
respect to transient changes in geometry can be judged by
comparing the dotted curve with the crosses. Although not
all the data points fall on the calculated curve, the depth at
the centre of the canyon and the width of the canyon are
reproduced with reasonable accuracy. The model perfor-
mance 1s thus acceptable with respect to changes in
geometry, but poor with respect to changes in surface
velocities. This 1s understandable given the high sensitivity
of modelled surface velocities to small variations in slope
and ice thicknesses.

The initial surface geometry used in the model is not
well constrained by measurements. The sensitivity of the
modelled velocities and surface elevation to errors in initial
surface elevation was estimated through a number of model
runs. The deviation between observed and modelled quan-
tities can be reduced significantly by adjusting the initial
geometry of the model within the constraints given by meas-
urements. It is possible that systematic errors can be largely,
or even fully, eliminated in this way. Although it might im-
prove the model performance, repeated trial-and-error ad-
justment of the initial surface geometry is not worthwhile
and was not carried out. Further elevation measurements
are needed in order to determine whether differences
between measured and modelled surface velocities are
caused solely by errors in surface geometry, and not by fail-
ures of some of the modelling assumptions.

5.3. Discussion of model results

The optimal value of the rate factor A is three times smaller
than the value recommended by Paterson (1994), but never-
theless in good agreement with results from two recently
published studies (Hubbard and others, 1998; Gudmundsson,
1999). The estimated value of A would be even smaller if basal
sliding, contrary to the model assumptions, significantly con-
tributed to measured surface velocities. Changing the surface
geometry of the model gives different estimates for the rate
factor. Based on oblique photographs, we believe that the sur-
face slopes of the model were underestimated. Increasing the
surface slopes of the model would also lead to a smaller esti-
mate for A.

The model predicts that the depth at the centre of the
canyon will be reduced to 10% of its initial depth after about
15 years. This result mainly depends on the overall magni-
tude of the velocities, and not on the finer details of the
velocity profile along the surface. The changes in geometry
are caused by diffusion of the initial thickness anomaly. The
small surface slopes of the surrounding area ( <1°), and the
direction of the undisturbed flow along the axis of the can-
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yon rather than perpendicular to it, both make the initiation
of a kinematic wave impossible. This is a very different situ-
ation from that on the steeply sloped Drift Glacier, Alaska,
where the 1966—68 eruptions of Mount Redoubt led to the
triggering of a kinematic wave (Sturm and others, 1986).
The transient evolution of surface depressions on Vatnajokull
having geometrical aspect ratios similar to those of the canyon
have previously been modelled using the SIA (Jonsson and
others, 1998). This modelling approach ignores the effects of
horizontal stress gradients. We find that horizontal stress
gradients have a very significant effect on the time evolution
of the canyon. The calculated width of the canyon using the
SIA after 15 months of forward integration is more than
twice the measured width. Although the finite-element
model did not predict surface velocities accurately, the
agreement between observations and calculations is much
better than for the SIA model. Surface velocities calculated
with the SIA are at least one order of magnitude too large. A
rough agreement with observed surface velocities can
nevertheless be obtained by reducing the value of the rate
parameter accordingly. The order-of-magnitude lower value
for A than typically estimated for temperate ice, which Jonsson
and others (1998) obtained, may result from the shortcomings

of their SIA model.

6. SUMMARY

Surface velocities and surface elevation along three trans-
verse profiles with respect to the canyon were measured re-
peatedly over a period of about 2 years. The effect of the
canyon on the flow velocities could only be clearly and un-
ambiguously detected in one of these three profiles (profile
1). Most likely the canyon affects the flow along the other
two profiles as well, but the effect is to a large extent masked
by large-scale flow not related to the presence of the canyon.

The transient evolution of a Gaussian-shaped surface de-
pression having geometrical ratios similar to those of the
canyon was calculated using a series of different flow models.
The transient evolution predicted by the SIA and that pre-
dicted by the kinematic-wave theory are essentially identi-
cal. Including horizontal gradients leads to
significantly different predictions. Thus, the SIA cannot be
used for modelling the diffusion of a surface disturbance

stress

with a spatial scale similar to that of the canyon. The inclu-
sion of horizontal stress gradients is essential for obtaining a
reasonably good approximation to solution of the full system.

Temporal changes in surface velocities and surface
geometry along profile 1 were modelled using a two-dimen-
sional finite-element model which solves for all the terms of
the momentum equations. The model has two rheological
parameters n and A which are constant in space and time.
Values for these parameters were determined from a com-
parison between measured and modelled surface velocities.
However, available measurements of elevation changes over
time were not used for model calibration. For no pair of n
and A could an agreement between measured and observed
surface velocities be obtained which was free from systema-
tic errors. Differences between measured and modelled sur-
face velocities are, nevertheless, on the whole similar to
estimated errors in the velocity measurements. The pre-
dicted changes in surface geometry over a 15 month period
were also in reasonably good agreement with measure-
ments. This agreement was obtained without any tuning
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Estimating the sensitivity of the model with respect to
changes 1in initial geometry revealed that further measure-
ments of elevation changes over time are desirable for future
model validation.

ACKNOWLEDGEMENTS

We acknowledge the logistical support of the Icelandic Gla-
ciology Society (JORFI) during the fieldwork. We appreci-
ate useful discussion with M. T. Gudmundsson, F. Palsson,
and p. Hognadoéttir. G. Leysinger did the finite-element cal-
culation shown in Figure 4. Comments by T. Jéhannesson,
U. H. Fischer and two anonymous reviewers significantly
improved the clarity of the text. This work was supported
by the National Research Council of Iceland (grant No.
10501) and the National Power Company of Iceland.

REFERENCES

Albrecht, O., P. Jansson and H. Blatter. 2000. Modelling glacier response to
measured mass-balance forcing. Ann. Glaciol., 31 (see paper in this volume).

Bjornsson, H. 1980. The surface area of glaciers in Iceland. Jokull, 28,1978,
31-32.

Bjornsson, H. 1988. Hydrology of'ice caps in volcanic regions. foindafélag Isl.
Rit. 45.

Bjornsson, H. 1992. Jokulhlaups in Iceland: prediction, characteristics and
simulation. Ann. Glaciol., 16, 95—106.

Bjornsson, H., F. Palsson and M.T. Gudmundsson. 1992. Vatnajokull, north-
western parl: ice surface and bedrock maps. Reykjavik. University of Iceland.
National Power Company and Science Institute. (Scale 1:100,000.)

Finsterwalder, S.1907. Die Theorie der Gletscherschwankungen. { Gletscherkd.,
2(2), 81-103.

Gudmundsson, G. H.1994. Glacier sliding over sinusoidal bed and the char-
acteristics of creeping flow over bedrock undulations. Eidg. Tech.
Hochschule, Jiirich. Versuchsanst. Wasserbau, Hydrol. Glaziol. Matt. 130.

Gudmundsson, G. H. 1999. A three-dimensional numerical model of the con-
fluence area of Unteraargletscher, Bernese Alps, Switzerland. J Glaciol.,

45(150), 219-230.

110

https://doi.org/10.3189/172756400781819914 Published online by Cambridge University Press

Gudmundsson, G. H., C. F. Raymond and R. Bindschadler. 1998. The ori-
gin and longevity of flow stripes on Antarctic ice streams. Ann. Glaciol.,
27,145-152.

Gudmundsson, M. T., H. Bjérnsson and F. Palsson. 1995. Changes in jokul-
hlaup sizes in Grimsvétn, Vatnajokull, Iceland, 193491, deduced from in-
situ measurements of subglacial lake volume. 7. Glaciol., 41(138), 263—272.

Gudmundsson, M. T., F. Sigmundsson and H. Bjérnsson. 1997. Ice-volcano
interaction of the 1996 Gjalp subglacial eruption, Vatnajokull, Iceland.
Nature, 389 (6654), 954—957.

Hooke, R.LeB. 1998. Principles of glacier mechanics. Upper Saddle River, NJ,
Prentice Hall.

Hubbard, A., H. Blatter, P. Nienow, D. Mair and B. Hubbard. 1998. Com-
parison of a three-dimensional model for glacier flow with field data
from Haut Glacier dArolla, Switzerland. 7. Glaciol., 44(147), 368—378.

Hutter, K. 1983. Theoretical glaciology; material science of ice and the mechanics of
glaciers and ice sheets. Dordrecht, etc., D. Reidel Publishing Co.; Tokyo,
Terra Scientific Publishing Co.

Johannesson, T. 1992. The landscape of temperate ice caps. (Ph.D. thesis,
University of Washington.,)

Johannesson, T., C. Raymond and E. D. Waddington. 1989. Time-scale for
adjustment of glaciers to changes in mass balance. J. Glaciol., 35(121),
355-369.

Jonsson, S., N. Adam and H. Bjérnsson. 1998. Effects of subglacial geother-
mal activity observed by satellite radar interferometry. Geophys. Res. Lelt.,
25(7),1059-1062.

Kamb, B. and K. A. Echelmeyer. 1986. Stress-gradient coupling in glacier
flow: I. Longitudinal averaging of the influence of ice thickness and sur-
face slope. 7. Glaciol., 32(111), 267—284.

Landon, J. and C. Raymond. 1978. Chislenniy raschet reaktsii poverkhnosti
lednika na izmeneniya tolshchiny I'da [Numerical calculation of adjust-
ment of a glacier surface to perturbations of ice thickness|]. Mater. Glyatsiol.
Issled. 32,123-133 (in Russian); 233239 (in English).

Leysinger, G. 1998. Numerisches Blockgletschermodell in zwei Dimensionen.
(Diplomarbeit Thesis, Eidgenossische lechnische Hochschule, Zirich.
Versuchsanstalt fiir Wasserbau, Hydrologie und Glaziologie.)

Nye, J. F.1960. The response of glaciers and ice-sheets to seasonal and climatic
changes. Proc. R. Soc. London, Ser. A, 256(1287), 559-584.

Nye, J. F.1969. The effect of longitudinal stress on the shear stress at the base
of an ice sheet. 7 Glaciol., 8(53), 207-213.

Paterson, W. S. B. 1994. The physics of glaciers. Third edition. Oxford, etc., Elsevier.

Sturm, M., C. Benson and P. MacKeith. 1986. Effects of the 1966—68 eruptions
of Mount Redoubt on the flow of Drift Glacier, Alaska, U.S.A. } Glaciol.,
32(112), 355-362.


https://doi.org/10.3189/172756400781819914

