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approach

ANDREAS VIELL"** MARTIN FUNK,? HEINZ BLATTER'

Institute for Atmospheric afld Climate Science, Eidgenissische Technische Hochschule,
?Section of Glaciology, Versuchsanstalt fiir Wasserbau, Hydrologie und G
CH-8092 Zurich, Switzerland

ABSTRACT. The dynamics of
time-dependent numerical flow mode
velocity fields and includes a water-
implemented in the model shifts th
the frontal ice thickness exceeds fl
the linear relation between calvin

Winterthurerstrasse 190, CH-8057 Qiirich, Switzerland
laziologie, ETH-Jentrum, Gloriastrasse 37/39,

grounded tidewater glaciers is investigated with a

L. which solves the full equations for the stress and
pressure-dependent sliding law. The calving criterion
¢ calving front at each time-step to the
otation height by a prescribed value. With this model,

ition where

; e g rate and water depth o erasical d
is qualitatively reproduced for the situation of a sluwlpl proposed pirical grounds

but not for situations of rapid changes. Length cha
cially rapid changes, are dominantly controlled byt

Y retreating or advancing terminus,
nges of tidewater glaciers, i.c. espe-

_ A he bed topography and i
degree a direct reaction 10 a mass-balance chang o8 iloeseation e the

. Thus, accurate information on the

near-terminus bed topography is required for reliable prediction of the terminus changes
due to climate changes. The results also confirm the suggested cycles of slow advance and

rapid retreat through a basal depression. Rapid
occur in places where the bed slopes upwards i

1. INTRODUCTION

This study investigates tidewater glaciers, which are defined
as glaciers that end in the sea with a grounded ice cliff from
which icebergs are discharged. The present paper approaches
the dynamics of tidewater glaciers with a time-dependent
numerical flow model. The model solves the full equations
for the stress and velocity fields, including a water-pressure-
dependent sliding law. A calving criterion is implemented
which removes at each time-step the part of the glacier termi-
nus that is thinning below a critical height above buovancy.
Thus, the calving rate, which is defined as the ice velocity at
the terminus minus the rate of change in the terminus posi-
tion, is an output quantity of the model. This represents im-
portant progress in the investigation of the evolution of
tidewater glaciers by means of a numerical glacier flow model.

The model is applied to a geometry characteristic for tide-
water glaciers with a basal depression in the terminus region.
Model calculations performed for two mass-balance scenarios
have led 10 an advancing and a retreating situation mainly
over the basal depression. With these model experiments it is
iniended to demonstrate how the changes of the calving front
are affected by the physical processes considered and their
feedback mechanisms. The qualitatively described concepts
i‘ﬁmwhzmmﬂmmma
vbservations (Meier and Post, 1987; Van der Veen, 1996) will
also be examined,
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n the ice-flow direction.

1.1. Motivation

The dynamical behaviour of tidewater glaciers is important
because of their reaction to climate change, but is still poorly
understood (Meier, 1994; Van der Veen, 1997a). Observations
of several glaciers, such as Columbia Glacier, Alaska, US.A.
(Meier and Post, 1987), Glaciar Upsala, Patagonia (Warren
and others, 1995b, Glaciar San Rafael, Chile (Warren and
others, 1995a), and records of past glacial expansion (Powell,
1991) show that tidewater glaciers have a great potential for
dramatic retreats of the terminus position. For example,
Columbia Glacier retreated at a rate of about 07 kma™' from
1985 to 1991 (Knmmel, 1992). Iceberg calving is a very effi-
cient ablation mechanism and permits a much larger rate of
mass loss than surface melting ( Van der Veen, 19961 A gener-
ally high calving activity can strongly increase the fresh-water
input into the ocean in the form of icebergs and may have a
strong impact on the environment. For example, during the
rapid retreat of Columbia Glacier, drifting icebergs posed a
serious threat to oil tankers (Dickson, 19781 The additional
fresh water may also affect the marine ecosystem in the sur-
rounding sea. During the last glaciation, large quantitics of
icebergs were discharged by the Laurentide ice sheet six
times. They were recorded in a set of ice-rafted debris depos-
ited in sediment lavers in the North Atlantic (Heinrich, 1988
These so-called Heinrich events are connected with rapid
climate variations in the North Atlantic region. It was specu-
lated (Broecker, 1994) that the additional fresh water from‘thr
discharged icebergs disrupted the deep-water formation,
thereby  switching the thermohaline ocean crculation
between glacial and interglacial modes {W"(M_
ger events) Thus, studying the present tidewater glaciers
may provide a better understanding of the past changes.
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The rapid changes in the terminus position of Columbia
Glacier during recent decades (Meier and Post, 1987) and of
several Patagonian grounded calving glaciers (Warren, 1993;
Naruse and others, 1997) are not directly related to climate.
Meier and Post (1987) mentioned that longer periods of warm
climate may have triggered rapid retreats by glacier thinning
in the terminus region. Clarke 1987 suggested that tidewater
glaciers inherently have an unstable response to a long-term
mass-balance deficit. In view of the potential for rapid
changes of tidewater glaciers as a response to climate
changes, improved knowledge of the dynamics is essential.

1.2. Current knowledge on tidewater glaciers

Several processes that influence the dynamics of tidewater
glaciers have been identified, and these may be important to
control the position of the terminus. Empirical studies
showed that the calving rate increases linearly with water
depth at the terminus (Brown and others, 19821, It has also
been recognized that bed topography plays an important role
in the control of changes in the terminus position | Meier and
Post. 1987 . Tidewater glaciers typically end at a submarine
frontal moraine. When the terminus starts to retreat into
deeper water, the calving activity increases and results in a
dramatic retreat, which has been observed for many tide-
water glaciers (Van der \een, 1997a; Venteris, 1999, Meier
and Post 1987 suggested that tidewater glaciers undergo a
cvcle of slow advance on the order of a few hundred 10 a
thousand years) and rapid retreat (decades 1o a century
through a depression in the basal topography.

Basal sliding is known to be an important factor in con-
trolling the dvnamics of tidewater glaciers ( Meier and Post.
1987; Van der Veen, 1996, and is related 10 basal water pressure

Tken, 1981: Bindschadler, 1983. Obscrvations at Columbia
Glacier showed that the sliding velocity at the terminus
increases with increasing calving rate, thus reducing the rate
of position change (Van der Veen, 1996). Data from many tide-
water glaciers show that there is a good correlation between
calving rate and ice speed at the terminus (Van der Veen,
1996; Janma and Kaczmarska, 1997. For glaciers in steady
state this correlation is a direct consequence of the definition
of the calving rate, but for rapidly changing glaciers there is
no such evidence [ Van der Veen, 1996, Furthermore, it is still
not clear whether increased calving leads to increased sliding
Or VICE Versa.

Back pressure from the terminal moraine may also affect
the ice flow (Van der Veen, 1997a; Fischer and Powell, 1998,
When the terminus retreats and loses contact with the fron-
tal moraine, the back stress is expected to decrease and the
velocity at the terminus will increase due 1o enhanced hori-
zontal stretching (Meier and Post, 1987, and the rate of
retreat will be reduced.

On long ume-scales (hundreds of years) sedimentation
processes and the formation of a terminal moraine become
important (Powell, 1991; Hunter and others, 1996; Fischer
and Powell, 1998). The filling of the basal depression in front
of the glacier and the growing terminal push moraine reduce
the water depth and therefore the calving activity. Hence, an
advance of the glacier through a basal depression is facili-
tated, as already observed at Taku Glacier, Alaska (Motyka,
1997), and Hubbard Glacier, Alaska (Mayo, 1989).

Which processes initiate a retreat or advance of a calving
glacier is still an open question. Even the comprehensive data-
set of rapidly retreating Columbia Glacier does not allow the
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identification of the mechanisms that cause and control a ter-
minus retreat. Two different conceptions have been proposed.

Meier (1994, 1997) suggested that calving is the driving
mechanism for a retreat. His conception is based on the
proportionality of the calving rate to the water depth
(Brown and others, 1982). Meier claims that increased
calving rates lead to additional horizomtal stretching at
the terminus as the increased clifl height causes higher
unbalanced lithostatic stresses. Increased horizomal
stretching will then lead to a thinning of the glacier termi-
nus and the effective pressure will decrease, followed by an
increase in basal sliding and additional horizontal stretch-
ing. If the calving rate is related to the extension rate, the
calving activity will increase and enhance the retreat. On
the other hand, the increase of sliding due o glacier thin-
ning will reduce the retreat (Meier and Post, 1987

A different concept is proposed by Van der Veen (1996,
1997b). He maintains that if thinning takes place a
the terminus due to increased flow velocity and hori-
zomal stretching, the calving activity and therefore
the rate of retreat will increase. Observations at
Columbia Glacier | Meier and Post, 1987: Van der Veen.
1996, and rapidly retreating grounded calving glaciers
in Patagonia (\enteris, 19991 showed that the part of
the terminus which is thinning below a critical height
above flotation breaks off due to buoyancy. In thi
interpretation, the retreat is initiated and maintained
by thinning and stretching of the glacier.

Mecier’s and Van der Veen's opposing concepts show thar
the involved physical processes lead o complex feedback
mechanisms. We therefore propose to approach the problem
by means of a numerical glacier model. which allows coup-
ling of the relevant processes concerning the dyvnamics of
tdewater glaciers.

1.3. Previous modelling work

At the beginning of the rapid retreat of Columbia Glacier in
the carly 1980s several numerical models were developed i
order to predict the future retreat of this tidewater glacier
Rasmussen and Meier (1982) used a one-dimensional model
based on mass conservation. In this model the calving ran
was specified by a linear function of the water depth ar the
terminus. A drastic retreat that strongly depends on th
parameters of the calving function was predicted.

Sikomia (1982, modelled the flow in a vertical section
along the flowline. Basal sliding was simulated by using 4
thin soft layer at the glacier bed. The calving rate wa
related to ice thickness above buoyancy and to seasonal varr
ations of fresh-water runofl. The modelled length chang
was extremely sensitive to the parameters used in the calv
ing function. For small variations of these parameters th
reaction of the glacier ranged between no retreat at all and
a rapid retreat.

Bindschadler and Rasmussen (1983) developed a fimte
difference model that calculated the ice flux for a finite nune
ber of cross-sections and updated the glacier geometry vas
the continuity equation. The ratio of the sliding velocity 1
the total surface velocity was determined from obser ol
velocities and was assumed to be a constant for each point 1t
space. Different parameterizations for the calving rate wer
used which related the calving rate linearly to water depth
front height. If flotation was reached at the terminus.



floating ice was removed. According to the model results, a
rapid retreat was expected. Calculations could only be per-
formed for a few hundred meters of retreat due to limitations
in computing time. According to the results of all three
models, a rapid retreat of Columbia Glacier was expected.
Surprisingly, the observed glacier retreat was much slower
than predicted, mainly because the flow velocities increased
more than expected (Meier, 1994,

In a similar setting, the retreat of Unteraargletscher,
Switzerland, ending in a planned new reservoir was esti-
mated. Funk and Rothlisherger (1989 proposed and used
an approach in which they estimated the mass flux and the
empirical calving rate as a function of water depth. For a
similar problem on Austdalsbreen, Norway, Hooke and
others (1989) followed this approach, but also discussed the
effect of a changing water level on basal sliding.

2. GOVERNING PROCESSES

A model of the dynamics of a tidewater glacier must incor-
porate realistic descriptions of calving and basal sliding, and
must consider interactions between the calving process and
the dynamics of the entire glacier [ Van der Veen, 1997a .

2.1. Calving

The calving rate u, is defined as the volume of ice that
breaks off per unit time and per unit vertical area from the
glacier terminus ( Paterson, 1994, p. 376.. It is equal to the ice
velocity at the terminus, u;, minus the rate of change in the
terminus position L:

_ dL I

U = U — '('i';' . (1)
With this formulation, the ice lost by melting at the calving
front is included in the calving rate. Most theoretical studies
of calving were applied to floating glaciers and ice shelves
Reeh, 1968; Holdsworth, 1978. Hughes 1992) developed a
theoretical model for calving of grounded glaciers based on
the idea that bending shear is the controlling mechanism for
calving. This theory cannot explain unambiguously the
observations on tidewater glaciers and cannot be applied 10
tidewater glaciers close to flotation at the terminus (Van der
\een, 1996,
Several quantities, such as water depth. front height and
e velocity, show a close relationship 1o the calving rate.
Based on data of 12 Alaskan tidewater glaciers, Brown and
others (1982) proposed a proportionality between calving
rate and water depth d at the terminus:

u. = 3d, (2)
with a coeflicient of 27.0a . Pelto and Warren (1991 pro-
posed a similar, linear relationship with additional data
from glaciers in Greenland and Svalbard. For glaciers calv-
g into fresh water, a 15 times smaller slope coeflicient J of
the linear relationship between calving rate and water
depth has been found (Funk and Rothlisberger, 1989). How-
ever, recent studies of the large Patagonian glaciers calving
o lakes, such as Glaciar San Rafael (Warren and others,
1995a) and Glaciar Moreno (Rott and others, 1998}, do not
confirm a smaller slope coefficient 3 for fresh-water calving
glaciers. The proposed relations are empirical and do not
describe the mechanisms of calving. Van der Veen (1996)
Pointed out that the empirical linear relation in Equation

o i : ]
< 1s based on data from glaciers which are in or close to
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steady state. The observed calving rates during the rapid
retreat of Columbia Glacier and several other grounded
calving glaciers (e.g. Hansbreen (Jania and Kaczmarska,
1997); Glaciar San Rafael (Warren and others, 1995a});
Maud Glacier (Kirkbride and Warren, 1997)) are not con-
sistent with the linear calving relation. A linear calving
relation may not be valid during rapid changes of glacier
termini (Meier and Post, 1987), as observed at Columbia
Glacier. However, these empirical relations can be adopted
as a working hypothesis, and a calving model should meet
these relations.

Flotation model
Based on the observations at Columbia Glacier, an alterna-
tive treatment of calving is suggested in the flotation model

Van der Veen, 1996, During the rapid retreat of Columbia
Glacier, the terminus appeared to retreat to a position where
it approached flotation thickness (Meier and Post, 1987). In
the flotation model, the terminus of the glacier retreats to
the position where the ice thickness h exceeds the flotation
height by an amount h, (Van der Veen, 1996 The height at
the terminus he is then given by

he=2"d+h,. (3)
P

where p, is the density of sea or fresh water (1030 or
1000kgm * and p, is the density of glacier ice. This implies
that the part of the terminus where the ice thickness is below
the critical thickness h, calves ofl because the ice can no longer
resist the buoyancy force. The final detachment is probably due
to additional weakening of the ice by the formation of bottom
crevasses when flotation is approached (Van der Veen, 1998.
Applying this model to the rapid retreat of Columbia Glacier,
Van der Veen 1996, found h, = 30 m. The flotation model is
consistent with the observed rapidly retreating calving
glaciers in Patagonia. where a similar critical height above
buovancy was derived (\enteris, 1999). In the flotation model
the calving mechanism does not need to be entirely under-
stood, which favours its use in a numerical model in order 1o
calculate the evolution of tidewater glaciers.

To date. the flotation model has only been tested with
datasets of large fasi-flowing tidewater glaciers (water
depths of 150300 m, flow velocities of 1000-6000ma ).
For smaller glaciers (water depths <1530 m, flow velocities
<200ma " the observed frontal clifl heights generally do
not exceed 50 m, and the height above flotation is expected
to be well below the 50 m suggested for Columbia Glacier.
Therefore, we propose a modified flotation criterion where the
fixed minimum height above flotation h, in Equation (3! is
replaced by a small fraction g of the flotation thickness at
the terminus. The height at the terminus is then

K=20+qd=2d+nr. (4)
o I3

For this modified flotation criterion, the terminus moves to
the position where the ice thickness corresponds 1o h.
Choosing g = 0.15, the resulting A/, is equal to the observed
value of h, = 50 m for Columbia Glacier.

Melt-induced calving model

For small and slowly flowing tidewater glaciers, parts, or all,
of the terminus are generally far above the critical height b,
and the calving rates are small (<1350 ma ). In this case, the
observed calving rates cannot be described by means of the
flotation model, and other processes are controlling the calv-
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Fig. I. Calring front of Hansbreen, a idewater glacier located
in Spitsbergen. Scalbard. The notch melted out at the water-
line shoun n the photograph extended all along the calving
Jface and persisted throughout the melting season. The height
of the calving face on the section shoun is 18 25 m. The photo-
graph was taken at loic tide in July 1998.

ing rate. For these slowly flowing tidewater glaciers, melting
at the front mayv become important, although the average
amount of ice lost by melting is small compared o the mass
loss by calving Powell, 1988, According to observations,
melting is concentrated at the water-line (Fig. 1, due to wave
erosion. Observations from Glaciar San Rafael [ Warren and
others, 1995a and Le Conte Glacier, Alaska (personal
communication from K. A. Echelmeyer, 2001, indicate that
excessive melting may also take place below the water-line.
As for the deterioration of icebergs, melting at the water-line
was found to be one order of magnitude higher than sub-
aqueous melting forced by buoyancy convection | El-Tahan
and others, 1987 .. Thus, the vertical ice front is undercut by
melting at the water-line, and the ice above the notch breaks
ofTin thin lamellas. The resulting calving rate is equivalent 1o
the melt rate at the water-line. This process has been
observed on several glaciers and described in detail for
fresh-water calving Maud Glacier. New Zealand (Kirkbride
and Warren, 1997, Assuming that melting at the water-line is
the driving process for calving, the melt rate must be on the
order of magnitude of the flow velocity at the terminus. From
laboratory and field experiments and from theoretical studies
on the deterioration of icebergs, an equation for the melt rate
Al at the water-line per “C water temperature above the
melting point was derived (El-Tahan and others, 1987 :

02
M, = u.u{mnﬁ(ﬁ) H (5)
H P

where M, isinms 'K ', H is the wave height in meters, P
is the mean wave period in seconds and R is the roughness
height of the ice- water boundary in meters. The melt rate is
controlled by wave activity and water temperature. Accord-
ing to the literature, a reasonable value for surface rough-
ness of ice in sea water is | em. Assuming a sea temperature

of 1"C. a wave height of 0.1-0.2 m and a wave period of 3
55, melting rates of 02-05md ' are calculated | Equation
5}, corresponding to annual melt rates up to 180ma " If
the sea is covered with ice during the winter season, no melt-
ing will take place at the water-line and therefore the annual
value will be reduced. Thus, for slowly flowing tidewater
glaciers, melting at the water-line seems to be a controlling
process of the calving rate. This is confirmed by obser-
vations at Hansbreen, a tidewater glacier in Spitshergen
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(Fig. I; Jania, 1988). Salinity additionally affects melting
and may explain the reduced calving rates for small fresh-
water calving glaciers (Funk and Réthlisberger, 1989).

2.2. Basal sliding

The fast flow observed at many tidewater glaciers (Meier
and Post, 1987) is primarily due to high sliding velocities
(Clarke, 1987; Kamb and others, 1994; Meier and others,
1994). Also, for small slowly flowing tidewater glaciers, such
as Hansbreen, basal sliding dominates the flow in the termi-
nus region (Vieli and others, 2000). Basal water pressure is
recognized as an important controlling factor for basal slid-
ing (Budd and others, 1979; ITken, 198l: Bindschadler, 1983;
Jansson, 1995 A commonly used description for basal slid-
ing is | Bindschadler, 1983):

w=knnp.", (6)

where the basal velocity wy, is related to the basal shear stress
7. and k, m and r are adjustable empirical positive param-
eters. The effect of the effective pressure p,., which is defined
as the ice-overburden minus the basal water pressure, s
included in the sliding relation. Water storage at the bed may
also be an important factor in basal motion. For short-term
velocity variations at Columbia Glacier (Kamb and others.
1994, and at Le Conte Glacier (personal communication
from K. Echelmever, 2001) the sliding velocity was related 1o
water storage rather than directly to water pressure.

The inverse proportionality of the sliding velocity iy, 10
pLin Equation (6) has a strong effect on the flow of tidewater
glaciers. The basal water pressure of a tudewater glacier
undergoes seasonal and long-term variations, depending on
the water input and the state of the subglacial water drainage
system. The water level within a tidewater glacier decreases
towards the calving front 1o a value corresponding to sca
level. In the situation of a tidewater glacier the effective pres-
sure is also expected to decrease towards the terminus.

According to the sliding law (Equation (6)), the reduced
cffective pressure induces increased sliding velocities. This is
supported by the observed high sliding rates ( Meier and Post.
1987, and increased flow velocities towards the calving front
on tidewater glaciers, such as Hansbreen (Vieli and others
2000, Columbia Glacier (Krimmel and Vaughan, 1987
Glaciar Moreno (Rott and others, 1998, and Nordb-
gletscher, Greenland (Funk and Bosch, 19901 Vieli and others
(2000) used a water-pressure-dependent sliding law in 2
glacier flow model to explain the observed velocity increas
on Hansbreen. In the evolution of tidewater glaciers a strong
interaction takes place between basal sliding and glacier
geometry. An increase in basal water pressure or a thinning
of the glacier in the terminus region leads to enhanced basal
sliding due to the reduction of effective pressure. The velociny
increase induced by sliding leads to additional thinning and 4
further increase in sliding. It is therefore essential to includ
the effect of water pressure on basal sliding when modeliins
the dynamics of tidewater glaciers (Van der Veen, 1997a

3. MODEL DESCRIPTION

The tidewater glacier model presented in this paper calcu i
the surface evolution and the two-dimensional flow roo
(velocity, strain rate and stress field) for a longitudinal sc 107
of a glacier.



3.1. Field equations and flow law

Ice is treated as an incompressible viscous fluid. The equation
for mass continuity and for lincar momentum can be written as

=0 (7)
or,
and
2% +pg,=0 (8)
dz, d ' :

where v, are the velocity components, p is the ice density, g,
are the components of the acceleration due 1o gravity and
7,; are the components of the stress tensor. The horizontal
coordinate is ry = r and the vertical coordinate is 75 = 2,
which is positive in the upward dircction. Glen's flow law
(Glen, 1955) relates the deviatoric stresses 1o the strain rates
and can be written as

&y = A" a;;, (9)

where £,; are the components of the strain-rate tensor, and a,
are the components of the deviatoric stress tensor and are
given by o, =7, - _-'-,huﬁ.-b The effective shear stress 7 is
defined by 7° = %0’,}0._’ Typical values of the flow-law expo-
nent = 3 and the rate factor A = 0.1 bar *a ' have been
used in the model {Hubbard and others, 1998: Gudmundsson.
1999; Albrecht and others, 2000),

3.2. Basal boundary condition

The glacier flow model requires an appropriate boundary
condition at the glacier bed to account for basal sliding, For
the present flow model the proposed sliding law - Equation
6,1 is used, which takes the effective pressure p,. into account
and is based on current sliding theories. We setr = land m =
I so that we get a linear shding law in 7,. Relation 6 is
implemented in the model by adding a thin soft laver art the
glacier base [Vieli and others, 2000). The viscosity of this
basal laver has been chosen in order to fulfil the sliding
relation (6) for a specific location. A detailed implementa-
tion is described in Vieli and others (20001 The effective
pressure p, in Equation (6) is calculated according 1o the
prescribed water level within the glacier, and the basal
velocity and basal shear traction result from solving the
system of field equations and boundary conditions.

The effective pressure changes in each time-step and has
to be calculated from the actual ice thickness and basal water
pressure. The basal water pressure along the flowline of a
glacier is poorly known, so assumptions must be made. For
the model calculations presented in this paper. the water level
1s assumed to be on sea level which is the lower limit for a
tidewater glacier. The water level is usually higher, especially
during melting seasons, but in this way the effect of a decreas-
ing effective pressure towards the glacier front is taken into
“count. Changes in basal topography due to sedimentation
i the sea in front of the glacier, or the formation of a terminal
moraine, are not considered in the model.

3.3. Surface boundary condition

Iie time evolution of the glacier surface is calculated. The
surface boundary condition for the glacier surface is

as as
= ? e s 10)
- b—v, —+, (

where §(z, t) is the surface elevation, t is the time, v} (x.t) is
the horizontal and vi(x,t) the vertical component of the
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flow velocity at the surface, and b(x.1) is the surface mass
balance. A lincar relation is assumed between mass balance
b and surface altitude S.

34. Calving front and upstream boundary

At the upstream boundary the horizontal velocity

L = 0,2, 1) is set to zero from the surface to the bed, but
the ice can move in the vertical direction. This means that
no ice flux into the model occurs through this boundary.
With this boundary condition we are able to simulate an
ice-saddle situation.

For the frontal vertical ice cliff standing in the sea orin a
lake. the hydrostatic pressure of the water py is taken into
account:

222

2% 2., (IIJ

_ { 0

Pe =1 =pwglz=2,)
where 2, is equal to sea or lake level. The modified flotation
criterion ( Equation 4 is used to calculate the position of the
calving front. For each time-step, the new terminus is moved
to the position where the ice thickness h exceeds the flotation
height by the fraction ¢ = 0.15. The ice mass that is removed
corresponds to the mass loss due to calving. Following this
method. the calving rate is a result of the numerical model
and is controlled by both the ice velocity and the surface
changes. This is in contrast to earlier models that included
ad hoc assumptions for the calving rate. A floating terminus
cannot be treated in our model.

In the case of slowly flowing tidewater glaciers, melting at
the water-line is important. Therefore, a prescribed calving
rate can be included in the model, which is derived from the
melt rates at the water-line according 1o Equation (5.

3.5. Numerical solution technique

The stress and velocity fields are calculated with the commer-
cial finite-clement  program MARC (MARC  Analysis
Research Corp.. 1997.. The code solves the full equations for
the velocity and stress fields - Gudmundsson. 1999, based on
the finite-element method. A four-node isoparametric quadri-
lateral Hermann element is used with a bilinear interpolation
function. For each time-step, the two-dimensional stress and
velocity fields along the flowline are calculated. With the
calculated surface flow velocities and the mass-balance
input, the new glacier surface is determined by the surface
boundary Equation (10, This equation is approximated by
finite differences using the two-step Lax-Wendrofl method
\Press and others, 1996), which is based on a forward-time
centered-space scheme and is second-order in time and
space. This approximation was used and tested in detail for
this application by Leysinger (1998}, Nodes at the calving front
are moved according to the velocity vector and the time-step.
For cach ime-step, the terminus position is updated according
to the modified flotation criterion, and a new grid is defined
for the updated glacier boundary. This procedure to determine
the new terminus position after a time-step is identical for a
retreating and an advancing scenario,

In the following model calculations a time-step of 0.1 vear
is used and the glacier length is updated at each time-step by
using the modified flotation criterion (Equation (4)). To test if
the calculated length change and the resulting calving rate
are independent of the chosen time-step, the model has been
run for the same scenarios with different time-steps. For
retreat scenarios, the cumulative change in length obtained
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Fig. 2. Glacier bed (solid line) and imitial surface topo-
graphies used for model calculations for the retreating
( dashed-dotted line) and the advancing scenario (dashed
line ). Both steady-state surface profiles are calculated using
the same mass balance.

since the beginning of the simulation differs by at most 0.3%
during periods of fast retreat with time-steps varying
between 005 and 0.1 years. In the slowly retreating periods
the maximum difference is <0.05%. We conclude that the
model results are not significantly influenced by the chosen
time-step.

4. MODEL EXPERIMENTS

4.1. Model input

A retreating and an advancing scenario across a submarine
basal depression are calculated with the numerical model. A
svnthetic bed topography is assumed, which should be repre-
sentative for a tidewater glacier (Fig. 2. The model calcula-
tions start with steady-state glacier surfaces obtained from
model calculations for preseribed constant mass balances, A
typical simplified mass-balance function from a tidewater
glacier in Svalbard (Hansbreen) (Jania and Kaczmarska,
1997; is used, in which the mass balance depends linearly on
altitude and is constant above a critical altitude b, (Fig. 3;:

s {u..-S(.r}+a; +ob S(xr)<h,

ag-h, +a;+6b  S(x) > h,. (12)

where S(x) is the surface elevation and éb is a parameter to
impose changes in mass balance. Numerical values of a =
0006la ', a; = 23ma 'and h, = 450 m were determined
from data of Jania and Kaczmarska (1997 The scenarios
are forced by shifting the mass balance by &b (Fig. 3). For
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Fig. 3 Parameterized mass balance used for the retreating
(dashed-dotted line) and the advancing scenario ( dashed
line ). The solid line indicates the mass balance used to calcu-
late the initial steady-state surface geometries.

the model calculations, a water pressure within the glacier
corresponding to sea level is assumed. Seasonal variations
of the englacial water level are not included.

4.2, Model results

Retreating scenario

The glacier retreat is forced by shifting the mass-balance
function | Equation 12)) of b= -03ma ' (Fig 3) during
the entire time period of model calculations. The modelled
retreat is shown in Figures 4 and 5. Three different phases
can be distinguished. In the first phase, the terminus is slowly
retreating until the top of the submarine hill is reached ( poim
A . From this point. the rate of retreat increases as the glacier
terminus gets into deeper water, resulting in a very rapid
retreat and in high calving rates ‘second phase). Once the
deepest part of the basal depression (point B) has been
passed, the glacier terminus moves into shallower water, the
rate of retreat is reduced and the situation resembles that of
the first phase. With the retreat into deeper water, the calving
rate and the velocity at the terminus increase (Fig. 5). How-
ever, the calving rate increases faster than the ice velocin
resulting in a rapid terminus retreat. Although the ice thick-
ness decreases, the surface flow velocity increases signifi-
cantly along the flowline towards the calving front over the
entire retreating period (Fig. 6. This is mainly due w
increased basal sliding near the front, caused by the decreas
ing effective pressure. In the terminus region the ice flow
velocities undergo large changes over time duc to changes i
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Fig. 4. Evolution of the glacier surface for the retreating scenario. The time interval between two surface profiles is 50 years. The dashed
line 15 the starting surface. The top of the bedrock hill and the deepest point in the basal depression are indicated by A and B, respectively.
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Fig. 7. Mass-balance changes over time for the retreating
scenarto. At time Zero the shift in the mass-balance function
was performed and the model calculations were siarted. (a)
Glacier length over ime. ( b) Net balance. surface net balance

{ surface accumulation and ablation without calving) and
ablation by calving are shown over time as values averaged over
the glacier area. (c) AAR over time. (d) ELA as an index for
the input mass-halance function over time.

basal sliding, whereas further up-glacier the velocity changes
are small (Fig. 6., During the phase of rapid retreat strong
surface lowering takes places (Fig. 4, leading 1o high calving
rates (Fig. 5b),

The mass-balance function was shifted at the beginning
of the calculations but then kept constant as a function of alti-
tude for the whole model period, corresponding to constant
climatic conditions. The sudden rapid retreat takes place at
the location of the basal depression after a period of 1100 years
of constant mass-balance function or constant equilibrium-
line altitude ( ELA) (Fig. 7). Thus, the change in glacier length
does not tmmediately reflect the climatic signal. Although the
input mass-balance function is constant over time, the aver-
age surtace net balance (surface accumulation and ablation
without calving | undergoes changes due to changes in surface
elevation and geometry (Fig. 7b). During the phase of rapid
retreat, the ablation is dominated by calving and leads 1o a
rapid shrinkage of the ablation zone, which is the cause of
the sudden increase in the accumulation-area ratio (AAR)
and the average surface net balance (Fig. 7c and b). This
illustrates that a time series of average surface net balance of
a glacier must be used with care if interpreted as an indicator
of changes in climate.

Advancing scenarto

A glacier advance is forced with a shift of the mass-balance
function (Equation (12)) of 66 = +09ma ' (Fig. 3. The
glacier is thickening due to the positive mass balance and
slowly starts to advance (Figs 8 and 9). While the glacier is
adva;wing. the calving front reaches deeper water, leading
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Fig. 9. Advancing scenario: evolution of (a) the glacier length

L, (b) the calving rate u., the velocity at the terminus u; and

the length change dL/dt, and (c) the waler depth d at the

terminus.

to higher calving rates and ice velocities at the terminus. The
rate of advance is very small and decreases with increasing
water depth. Once the terminus passes the deepest point of
the basal depression (B), the calving rate decreases rapidly,
accompanied by a smaller reduction of the terminus
velocities. This results in a rapid advance until the terminus
overrides the basal hill (A). For a short period of time, the
calving rate even vanishes because the terminus slides uphill,
and the critical height above buoyancy h. is always exceeded
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Fig. 10. Different advancing scenarios. (a) Evolution of
glacier length. The solid line represents the case of the advancing
scenario with a prescribed melt-induced calving rate of 80ma *.
The dotted line shows the advancing scenario without a
prescribed calving rate (same as in Fig. 9), and the dashed line
is the advance scenario with reduced mass-balance shift of
0.7ma "instead of 09ma *. (b) Calving rates corresponding
to the advance scenarios shown in (a ).

during this step. Throughout this phase, processes other than
the flotation criterion may control the calving rate.

For this reason, an additional model run with the same
scenario was performed, which included melting at the
water-line (Fig. 10). A constant melting rate u™™" = 80ma I
at the calving front was assumed (Equation (5)), resulting in
a constant calving rate uc = u™", This prescribed mel-
induced calving rate is only considered if the calving rat¢
inferred from the flotation criterion drops below 80ma -
This is the case during the rapid advance. Due to the pre-
scribed calving rate during this phase, the rate of advance
slightly reduced at the beginning of the accelerated adyvance
(Fig. 10), but the height above buoyancy at the terminus s1arts
to grow and exceeds the critical height he. This leads to ligh
er frontal flow .velocities. Once the terminus has passcd the
frontal moraine and reaches deeper water, the buoyincy
induced calving is again controlling the front po:tiof
change. Despite the different change in length during the fa¢
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Fig. 1. Retreating and advancing scenarios with variable
height above buoyancy. The solid line represents the modelled
evolution of the glacier length presented before (q = 0.15), and
the dashed and dotted lines show the evolution of glacier length
Jor a slightly different height above buoyancy with q = 0.12
and q = 0.18, respectively.

period of advance compared to the case without a prescribed
melt-induced calving rate, the final positions of the glacier
front are almost identical (Fig, 10},

In an additional model run with a slightly smaller shift
of the mass-balance function of 6b = +07ma ' instead of
09ma ', it is not possible for the glacier 1o overcome the
basal depression (Fig. 10). A steady state is reached already
in the downslope region of the depression.

Sensitivity of the model results
To examine the sensitivity of the modelled scenarios to the
choice of the height above buoyancy, additional model runs
with a slightly different g were performed (Fig. 11). A larger
q = 0.8 instead of ¢ = 0.15 leads to higher calving rates and
frontal flow velocities and therefore to a higher mass loss by
calving, whereas a smaller ¢ = (.12 leads to a reduced mass
loss by calving. The retreat rates are not changed signifi-
cantly, but the onset of rapid retreat is shifted in time, though
still fixed to the location of the basal depression. Retreating
scenarios are only affected 1o a minor degree by changing g,
whereas advancing scenarios show a qualitatively different
behaviour. For the advancing scenario a reduced ¢ = (.12
results in a faster advance, because with respect to ¢ = 015
the mass loss by calving is reduced. However, the general
advance behaviour with respect to basal topography is
similar. With ¢ = 0.18 in the advancing scenario, the terminus
does not overcome the basal depression, because the mass loss
by calving is too large and a steady-state geometry is reached.
In contrast to the case of retreat, the total mass loss by calving
is also high during the phase of slow change in position. For
this reason, a change in ¢ has a significant effect on the
change in the terminus position for the advancing scenario.

A10% increase or reduction in water depth in the region
of the basal depression results in a dynamical behaviour
qualitatively very similar (Fig. 12) to that presented before
with varied g (Fig. 11). The magnitude of the rate of retreat
or advance is different in the region of the basal depression,
because the calving rate is sensitive to changes in basal slope
and water depth. In the case of the shallower depression,
dL/dt is reduced during the phase of rapid retreat due to a
rf'duced mass loss by calving, whereas for the deeper depres-
sion the rapid retreat is accelerated as a result of enhanced
calving In the advancing scenario with increased water
depth the glacier does not overcome the basal depression,
because the mass loss by calving becomes too large.

['hese sensitivity considerations on the critical height
above buoyancy and the magnitude of the basal depression

Vieli and others: Flow dynamics of tidewater glaciers
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Fig. 12. Retreating and advancing scenarios with variable
waler depth in the region of the basal depression. The solid line
represents the modelled evolution of the glacier length presented
before, and the dashed and dotted lines show the evolution of
glacier length for a change in water depth in the region of the
basal depression of —10% and +10% , respectively.

confirm the effect of basal topography on the dynamics of
tidewater glaciers obtained from the previous advancing and
retreating scenarios. Nevertheless, in the advancing case a
variation of ¢ or the magnitude of the basal depression can
have a significant effect on the qualitative behaviour of the
glacier evolution.

5. DISCUSSION

The modelled relation between calculated calving rate and
water depth using the modified flotation criterion (Equation
(4)) i1s qualitatively in good agreement with the linear
relation suggested from observations (Brown and others,
1982}, but only regarding slow advances or retreats (Fig. 13a
and b). Where rapid changes occur the calving rate increases
non-linearly with water depth. Meier and Post (1987) showed
that the linear calving law is probably limited to the case of
slowly changing tidewater glaciers by arguing that in the case
of rapid retrea, flotation may be the determining factor. This
is also supported by the data from rapidly retreating
Columbia Glacier (Van der Veen, 1996), and our model results
clearly confirm this limited validity of the linear calving law.

Considering the flotation criterion for the calving process,
the retreat or advance is primarily a consequence of glacier
thinning or thickening in the terminus region, which is in gen-
eral due to mass-balance changes. The magnitude of the thick-
ness and therefore the length change depends, besides the mass
balance, on bed geometry and basal sliding. For example,
during the rapid retreat through the basal depression, the typi-
cal flow acceleration towards the calving front is enhanced,
because basal sliding increases with water depth (Fig. 6). This
leads to a much higher mass-flux divergence in the frontal
region and finally to an additional surface lowering.

In the presence of a basal depression, a small change of
mass balance can lead to a drastic change in the terminus
position. It could be shown that thinning due to a slightly
negative mass balance is the triggering process for a rapid
retreat. This result supports the concept of Van der Veen
(1996) for explaining the observed rapid retreat of Columbia
Glacier, which suggests that the rapid retreat is initiated and
maintained by the thinning of the glacier. The model calcu-
lations demonstrate that rapid changes of tidewater glaciers
are, as often observed, predominantly an effect of bed
topography at and behind the terminus, and only to a minor
degree a direct reaction to a mass-balance change. This was
already described qualitatively on the basis of observations
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bv various authors (Meier and Post, 1987; Warren, 1993;
Naruse and others, 1997,

The model calculations performed with the two scenarios
confirm the concept of rapid retreat and slow advance of a
tidewater glacier through a basal depression qualitatively
described by Meier and Post (1987, The obtained simul-
taneous increase in terminus velocity with increasing calving
rate illustrates that an accelerated retreat through a basal
depression is not obvious. The model experiments performed
clearly show that whether a retreat or advance is slow or fast
depends not only on the water depth, but also on the sign of
the basal slope at the terminus. Rapid changes in the termi-
nus position occur where the bed slopes up in flow direction,
whereas in regions where the bed slopes down the changes
are slow.

In contrast to the slow advance with progression into deep-
er water, a fast advance into shallower water is predicted by the
model. This has been observed qualitatively at Taku Glacier
(Motvka and Post, 1995 and Hubbard Glacier (Mayo, 1989,
but, in both cases, sedimentation processes and the formation
of a terminal push-moraine were involved in the rapid advance.

The model results enable us to identify regions of stable
and unstable terminus positions. A downsloping bed in the
flow direction allows a stable or slowly changing position.
On the other hand, if basal elevation increases in the flow
direction, the terminus position is not stable and a rapid
retreat or advance to a stable region is inevitable. As a con-
sequence, in the presence of a basal depression in the termi-
nus region of a tidewater glacier, more than one steady-state
surface and terminus position exists for a given mass
balance, depending on the initial geometry. In Figure 2
two different steady-state geometries calculated with the
same mass balance are shown. The lower steady state was
calculated with an initial terminus behind the basal depres-
sion, whereas for the other steady state it was in front of the
basal depression.

In the case of a progression of the terminus into deeper
water, the rate of advance slows down, because the mass loss
due to calving increases. Thus, a long time is required to
build up enough mass to advance. The model results of the
advancing scenario show that in order to overcome a basal
depression, a long period of large positive mass balance is
required. If the mass balance is not large enough, the glacier
will reach a steady state and the calving front will stay in the
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downslope region of the depression (Fig. 10). For deep basal
depressions, such as those beneath Columbia Glacier, a very
large positive mass balance over very long time periods
(>1000 years) may be expected as a necessary condition for
a readvance across the depression. Looking at the long time
periods needed for the advance through a bed depression,
other processes may support the advance of the glacier ter-
minus. For example, rock sedimentation in the glacier fore-
field and the formation of morainal banks would reduce the
water depth and the calving activity and facilitate an
advance [Paterson, 1994 Motyka and Post, 1995; Fischer
and Powell, 1998). These processes are not considered in the
presented dynamic model, which poses a limitation to mod-
elling an advance of a tidewater glacier.

Other processes, such as lateral drag or cross-section
changes along the flowline, may be important. For example
a narrowing of a valley or an increase in lateral drag man
lead to a slower retreat of a tidewater glacier. However, such
three-dimensional processes and the possible onset of floar-
ing of the ice tongue cannot be treated in the present model

6. CONCLUSIONS

Advance and retreat of the terminus of rather small and
slowly flowing grounded tidewater glaciers are simulated
with a numerical glacier model. The model solves the full
force-balance equations to compute stress and velocity field:
and calculates the time evolution of the glacier surface for s
given mass-balance scenario. Basal sliding is implemented
through a sliding parameterization based on basal wat
pressure corresponding to a water table at sea level. Calvin
is implemented with the flotation model, in which the cal-
ing front is shifted at each time-step to the position where the
frontal ice thickness exceeds flotation height by a prescribed
value. Thus, the calving rate is an output of the modcl.
contrast to previous modelling approaches. For slowh flom-
ing glaciers which are considered here, other processes st h
as melting along the water-line at the calving front m#
become controlling processes. Therefore, a calving "
equivalent to the melting rate can additionally be presc ribe¢
in the model.

The model calculations confirm the cycles of slo®
advance and rapid retreat through a basal depressioi sU®



gested by Meier and Post (1987). For a slowly advancing or
retreating situation, the known empirical relation between
water depth and calving rate (Brown and others, 1982) is
qualitatively reproduced by the model, but not for rapidly
changing situations. Thus, this study demonstrates that
unstable rapid retreats of tidewater glaciers and the known
empirical relation between calving rate and water depth
can be explained with a model in which a height-above-
buoyancy criterion is prescribed.

The model calculations further show that calving depends
not only on water depth but also on the sign of the basal slope
in the terminus region. Rapid changes of the terminus posi-
tions preferably occur in regions where the bed slopes up in
the flow direction, and are therefore predominantly an effect
of bed topography rather than a direct reaction to changes in
climate. In our model experiments, thinning due to a change
in climate and therefore in mass balance is only the triggering
process [or a rapid retreat through a basal depression.

If buoyancy, parameterized with the flotation criterion, is
the dominant driving factor for calving, the obtained rate of
advance or retreat is primarily controlled by changes in the
surface elevation in the terminus region. and much less by the
calving mechanism itsell. This means that the magnitude of
the calving rate is a result of the glacier dynamics and not vice
versa. Surface-elevation changes near the terminus are
strongly affected by changes in basal sliding and bed topog-
raphy. This sensitivity of glacier change 1o basal topography
has important consequences regarding the future behaviour
of tidewater glaciers with respect to climate change. A simple
parameterization in terms of easily available information,
such as surface topography. ice-flow velocity and terminus
height, cannot be expected. Since basal depressions in the
frontal region are typical for udewater glaciers, rapid retreats
are likely, even if the mass-balance changes are small and
slow. To predict the length change of tidewater glaciers, espe-
cially for short-term changes. the basal topography in the
frontal region must be known.

\CKNOWLEDGEMENTS

['he support given by G. H. Gudmundsson for the develop-
nent of the numerical model is gratefully acknowledged. We
vould like to thank K. A. Echelmeyer for reading an earlier
ersion of the manuscript and helping to improve it substan-
lally. We appreciate the helpful comments of A. Ohmura, M.
[ruffer, M. Lathi, U. H. Fischer and G. Adalgeirsdoutir. We
urther thank B. Hanson, an anonymous reviewer and R.
areve for their valuable comments. The work was supported
 the ETH grant No. 0-20-400-97, Zurich, Switzerland.

REFERENCES

Albrecht, O, P, Jansson and H. Blatter. 2000. Modelling glacier response to
measured mass-balance forcing, Ann. Glaciol., 3L 91 96,

H“"Nhadlt'r. R. 1983. The importance of pressurized subglacial water in
wparation and sliding at the glacier bed. J Glacol , 29710123 19

Bdschadler, R.A. and 1. A. Rasmussen. 1983. Finite-difference model
predictions of the drastic retreat of Columbia Glacier, Alaska. 1S, Greol.
Nure Prof. P, 1258

Broccker, W.S. 1994, Massive iceberg discharges as triggers for global

i tlimate change. Nature, 3726305, 421 - 424.

Town, S, MLF. Meier and A. Post. 1982 Calving speed of Alaska tide-
“ater glaciers, with application to Columbia Glacier. LS. Geol. Surr. Prof.
P"II'J 1258-C,

Budt WE, P L. Keage and N. A. Blundy. 1979. Empirical studies of ice
siding. 7 Glaciol., 2389, 157-170.

Vieli and others: Flow dynamics of tidewater glaciers

Clarke, G. K. C. 1987. Fast glacier flow: ice streams, surging and tidewater
glaciers. J Geophys. Res., 92/ B9, B835-8841.

Dickson, . 1978. Glacier “retreat” threatens Alaskan oil tanker route. Nature,
273, 88-89.

El-Tahan, M., S, Venkatesh and H. ElFTahan. 1987, Validation and quantitative
assessment of the deterioration mechanisms of arctic icebergs. 7 Offshore
Mech. Arct. Eng., 109(1), 102 108.

Fischer, M. P and R. D. Powell. 1998 A simple model for the influence of
push-morainal banks on the calving and stability of glacial udewater
termini. 7. Glaciol., 44146, 31 41.

Funk. M. and H. Bosch. Unpublished. Gletscher-Kalbungsgeschwindigkeit im
Susswasser: eine Studie am Nordbogletscher im Johan Dahl Land. Sud-
West Gronland. Zurich, Eidgenossischen Technischen Hochschule. Ver-
suchsanstalt fur Wasserbau. Hvdrologie und Glaziologie.  Bericht 208,

Funk, M. and H. Rothlisherger. 1989, Forecasting the effects of a planned
reservoir which will partially flood the tongue of Unteraargletscher in
Switzerland. Ann. Glaciol., 13,7681,

Glen, J.W. 1953, The creep of polverystalline ice. Proc. R. Soc. London, Ser. A,
228 1175, 519 538

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

Hewnrich, H. 1988, Origin and consequences of cvclic ice rafting in the
northeast Atlantic Ocean during the past 130000 vears. Quat. Res.,
29:2. 142-152

Holdsworth. G. 1978. Some mechanisms for the calving of icebergs. /n Husseiny,
AAL ed Jeeberg unlization. New York, Pergamon Press. 160- 175,

Hooke, R.LeB. T. Laumann and M. I Kennet, 1989, Austdalsbreen,
Norway: expected reaction to a 40 m increase in water level in the lake
into which the glacier calves. Cold Reg. Scr. Technol. 17:2, 113 126

Hubbard, A.. H. Blatter. P Nienow. I). Mair and B. Hubbard. 1998 Com-
parison of a three-dimensional model for glacier flow wath field data
from Haut Glacier dArolla, Switzerland. J Glacial , 44 147, 368 378

Hughes, T. 1992 Theoreucal calving rates from glaciers along ice walls
grounded in water of variable depths. J Glaciol., 38 129, 282-294.

Hunter. L. E.. R. D). Powell and D, E. Lawson. 1996, Morainal-bank sedimemt
budgets and their influence on the stability of tdewater termini of valley
glaciers entering Glacier Bay, Alaska, US A, Amn. Glacwol.. 22, 211 -216.

Iken. A 1981 The effect of the subglacial water pressure on the shiding velocity
of a glacier in an idealized numerical model. 7 Glacel., 2797, 407 421

Jama. | 1988, Dynamuezne procesy glacyaine na poludmouwym Sprtsbergente | w swietle
badan fotownterpretacyinyeh i fotogrametryeznych)  Dynamue placial processes m
south Sprtsbergen (in the hght of photonterpretatton and phologrammetric
rescarch ) - Katowice, Uniwersviet Slaski.  Prace Naukowe Uniwersvietu
Slaskiego w Katomacach 955,

Jama. ). and M. Kaczmarska. 1997, Hans Glacier — a tidewater glacier in
southern Spitzbergen: summary of some results. Byrd Folar Res. Cent. Rep.
15,95 104

Jansson, P 1995, Water pressure and basal shiding on Sworglaciaren. northern
Sweden. J Glacel, 41 138, 232- 240

Kamh. B.. H. Engelhardt, M. A, Fahnestock, N, Humphrey, M. Meier and
D). Stone. 1994, Mechamical and hydrologic basis for the rapid motion of
a large ndewater glacier. 2. Imerpretation. j Geophys. Res.. 99 B8,
15231 15244

Kirkbride, M. P and C. R. Warren. 1997. Calving processes at a grounded
e chil. Ann. Glaciol . 24. 116-121.

Krimmel, R.ML 1992 Photogrammetric determinations of surface alutude,
velocity, and calving rate of Columbia Glacier, Alaska, 1983 91, (5.
Geol. Sure. Open File Rep. 92-104.

knmmel, R.M. and B H. Vaughn 1987 Columtna Glacier, Alaska:
changes in velocity 19771986, 7 Geophys. Res., 92 B9 8961 - B968

Levsinger. G. 1998 Numerisches Blockgletschermodell in zwei Dimensionen.
 Diploma thesis, ETH Zurich. Versuchsanstalt fur Wasserbau. Hydrologie
und Glaziologie

MARC Analysis Rescarch Corp. 1997, MARC MENTAT user’s manual. K7
edition. Palo Alto. CA. MARC Analvsis Research Corporaton

Mavae, L. R 1989 Advance of Hubbard Glacier and 1986 outburst of Russell
Fiord, Alaska, USA. Ann. Glaciol.. 13, 189194,

Meier, MF. 1994, Columbia Glacier during rapid retreat: interactions
between glacier flow and iceberg calving dynamics. In Reeh, N., ed Report
of a Workshop on “The Caliing Rate of the West Greenland Glacters in Response to
Chmate Change”, Copenhagen, 1315 September 1993 Copenhagen. Danish
Polar Center. 63 83 -

Meier. M. F 1997 The iceberg discharge process: observations and infer-
ences drawn from the study of Columbia Glacier. Byrd Polar Res. Cent.
Rep. 15,109 1H.

Meier, ML F and A, Post. 1987, Fast tidewater glaciers. J Geophys. Res.,
92 B9 9051 -G8

Meier. M. and 9 others. 1994, Mechanical and hvdrologic basis for the rapid

605



Journal of Glaciology

motion of a large udewater glacier. |. Observations. ] Geophys. Res.,
99(B4), 15.219-15.229.

Motvka, R. ] 1997 Taku Glacier: advance and growth of a tidewater glacier.
Byrd Polar Res. Cent. Rep. 15, 119120,

Motyka, R.]. and A. Post. 1995. Taku Glacier: influence of sedimentation,
accumulation to total area ratio, and channel geometry on the advance
of a fjord-type glacier. fn Ekstrom, D. R., ed Third Glacier Bay Science Sym-
pasium, 1418 September 1993. Proceedings. Anchorage, AK, National Park
Service, 3845,

Naruse, R., P Skvarca and Y. Takeuchi. 1997. Thinning and retreat of
Glaciar Upsala, and an estimate of annual ablation changes in southern
Patagonia. Ann. Glaciol., 24, 38-42

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

Pelto, M. S. and C. R. Warren. 1991, Relationship between tidewater glacier
calving velocity and water depth at the calving front. Ann. Glacwel., 15,
115- 118.

Powell, R. D. 1988. Processes and factes of temperate and sub-polar glaciers with tide-
water fronts. Boulder, CO, Geological Society of Amenica. (Geological
Society of America Short Course Notes.)

Powell, R. D. 1991. Grounding-line systems as second-order controls on fluc-
tuations of tidewater termini of temperate glaciers. In Anderson, J. B.
and G. M. Ashley, eds. Glacial marnine sedimentation; paleoclimatic signifi-
cance. Boulder, CO, Geological Society of America, 75 93, (GSA Special
Paper 26l.

Press. W H., S A Teukolsky. WT. Veuterling and B. P Flannery. 1996,
Numenical recipes in FORTRAN 77: the art of scientific computing. Second edity
Cambridge, Cambridge University Press,

Rasmussen, L. A. and M. E. Meier. 1982. Continuity equation model of the
predicted drastic retreat of Columbia Glacier, Alaska. LS. Geal. Surr.
Prof. Pap. 1258-A, Al -A23,

Rech, N. 1968. On the calving of ice from floating glaciers and ice shelves. J.
Glaciol., 7(50), 215-232,

Rot, H., M. Stuefer, A. Siegel, P Skvarca and A. Eckstaller. 1998 Mass
fluxes and dynamics of Moreno Glacier, Southern Patagonia lcefield.
Geophys. Res. Lett., 25(9), 1407 - 1410,

Sikonia, W. G. 1982. Finite-clement glacier dynamics model applied to
Columbia Glacier, Alaska. LS. Geol. Surv. Prof. Fap. 1258-B.

Van der Veen, C. . 1996. Tidewater calving. J Glaciol., 42(141), 375 385.

Van der Veen. C. J.. ed. 1997a. Calving glaciers: report of a Workshop, February
28 March 2,1997, Columbus, OH. Byrd Polar Res. Cent. Rep. 15.

Van der Veen, C. J. 1997h. Controls on the position of iceberg-calving InVan
derVeen, C. J., ed. Calving glaciers: report of a Workshop, February 28 March 2,
1997, Columbus, OH. Columbus, OH, Ohio State University. Byrd Polar
Research Center, 163 172, | Report 15,

Vander\Veen, C_J. 1998 Fracture mechanics approach o penetration of sur-
face crevasses on glaciers. Cold Reg. Set. Technol., 271,31 47.

\enteris, E.R. 1999, Rapid tidewater glacier retreat: a comparison between
Columba Glacier, Alaska and Patagonian calving glaciers. (ilobal Planet.
Change, 22 1 4,131 138.

Vieli, A, M. Funk and H. Blatter. 2000. Tidewater glaciers: frontal flow
acceleration and basal shiding. Ann. Glaciol.. 31 217 221.

Warren, C. R. 1993. Rapid recent fluctuations of the calving San Rafacl
Glacier, Chilean Patagonia: climatic or non-climatic? Geogr  Ann
75A 3. 111 -125.

Warren, C. R, N F. Glasser, S. Harnison, \" Winchester, A R Kerr and A
Rivera. 199a. Characteristics of tde-water calving at Glaciar San
Rafacl. Chile. 7 Glaciol . 41138, 273 289, | Erratum: 41 139, p. 281

Warren, C. R, D. R. Greene and N F. Glasser. 1995b. Glaciar Upsala. Pata.
gonia: rapid calving retreat in fresh water. Ann. Glaciol., 20 311 - 316

MS received | August 2000 and accepted in revised form 25 August 2001





