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DISCUSSION

W. D. HisLER I11: Would it be possible to use a complete explicit scheme rather than iterating,
or is this too slow?

E. D. WappingTon: A forward time-differencing scheme with no iteration for the velocity
would require small time steps and could still be subject to numerical instability. Time steps
in the model in this paper can be an order of magnitude larger than in such a scheme, while
using only two or three iterations. I have not investigated the use of an (explicit) leap-frog
scheme.

W. F. Bupp: Nye’s flux equations are based on a flow law of the form of the flow law of ice
and a sliding law of the Weertman type. The problem is that when applied to different
glaciers, different values of the parameters are found for best fit. Another approach is to use
flow and sliding relations which give better fit to real glaciers, in which case the comparison
with the Nye equations may be inappropriate. For example, have you considered how to
handle double-valued sliding relationships ?

Wabpbineron: Examination of double-valued sliding relationships is certainly a problem
worth doing. T have been using the Nye equations strictly as a quantitative test of the
numerical aspects of the model.

WAVE OGIVES AS SECOND-ORDER EFFECTS IN THE
CREEP OF LARGE ICE MASSES

By F. M. WiLLiAms

(Glaciology Division, Inland Waters Directorate, Fisheries and Environment Canada,
Ottawa, Ontario K1A oE7, Canada)

ApstracT. This paper presents a mathematical analysis of the steady-state motion of a
large ice mass. The purpose of the study is to determine the parameters which govern the
motion of the ice and to establish the relationships between these parameters and the observ-
able features of the motion. The study considers both land-based glaciers and floating ice
shelves as different cases of the same problem. The particular features of the motion which
are considered in this study are the surface waves or ogives which appear on both glaciers and
ice shelves.

Previous studies have obtained useful information on the behaviour of the glacier by
assuming very simple distributions of the stress and strain in the ice, but these analyses cannot
account for some of the interesting surface features. In the present paper it is shown that a
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more accurate analysis of the ice movement gives rise to features in the stress and strain
distributions which may be regarded as corrections to the simpler solutions and hence are
referred to as second-order effects.

The paper considers an ice mass of uniform thickness inclined at an arbitrary angle to the
horizontal. Bottom conditions are chosen to represent ice-rock and ice—water conditions
respectively. Since only two-dimensional motion is considered, the input data and the results
are expected to apply near the centre line of the glacier. The analysis assumes a flow law
which represents a large class of incompressible materials, including those of Glen, and which
allows for variation in the material properties with depth in the ice. A complete set of govern-
ing equations and boundary conditions is presented.

The solution to the governing equations is represented by a power-series expansion in a
small parameter or correction factor. Where assumptions concerning the nature of the
motion are made in order to simplify the solution, these assumptions are justified on both
mathematical and physical grounds. The analysis results in a fourth-order differential
equation for the correction velocities. This equation is reduced by conventional analytical
methods. In particular, the solution which corresponds to the wave-like surface features is
sought.

The study demonstrates that the nature of the surface features is sensitive to some of the
parameters and relatively insensitive to others.

DISCUSSION

J.-P. Benorst: Do you know the works of Reynaud ([1978]) and Martin ([1978]) of the
Laboratoire de Glaciologie (Grenoble) who explain the ogives by the seasonal variations of
mass balance of the glacier? If the glacier has a large accumulation zone and becomes very
narrow at the beginning of the ice fall, any balance variations will be amplified and will give
kinematic waves. What do you think about this interpretation?

F. M. WirLiams: There have been several explanations offered for ogives which involve
seasonal variations in the accumulation and flow rates. These theories would be more
satisfactory if the relation between annual flow rate and ogive spacing were consistent from
glacier to glacier which, apparently, it is not.

W. F. Bupp: The approach is very promising, but one of the difficulties is the large change in
ice thickness from very thin ice over the ice fall to thick ice at the base. Do you think your
technique can handle this? (The ogive wavelength seems to be some several times the ice-fall
thickness rather than the thickness of the thick ice.)

Wirriams: The analysis presented here is for a mass of ice of approximately constant thickness.
It may be taken to model that part of the glacier which begins at the foot of the ice fall and
extends down-stream. The analysis places no restrictions on the thickness of the ice in the ice
fall. The change in ice thickness from the ice fall to the down-stream glacier certainly has an
effect on the flow below the ice fall. This effect is transmitted, in mathematical terms,
through the velocity profile at the up-stream end of the study section.
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