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Modeling Periodically Surging Glaciers

Abstract. A4 numerical model has been developed which produces periodic
surging as a characteristic of some glaciers for a certain accumulation and bed-
rock distribution in contrast to the normal steady state for nonsurging glaciers.
Results are presented to illustrate how the magnitude of changes in the length,
thickness, and velocity of surging glaciers can be simulated by the model.

The sudden advance or “surge” of
a glacier or ice cap after years of
apparent stagnation or retreat remains
one of the most fascinating and puz-
zling phenomena associated with these
large ice masses. Such surges [in
which the glacier moves forward often
many kilometers over periods of
months to years at speeds one or two
orders of magnitude faster than normal
(1)] occur in most glaciated regions
of the world, and it has been suggested
(2) that their occurrence in the Ant-
arctic or Greenland ice sheets could
have catastrophic consequences on a
global scale (3).

Numerical models already developed
for glaciers (4) give a reasonable ap-
proximation to their normal flow be-
havior but cannot be considered satis-
factory unless they take into account
the surging mode as well. Our aim in
the work presented here was to de-
velop a simple model which simulates
the most important aspects of surging
glaciers and which can be made more
sophisticated to match their detailed
features as further information on
these becomes available. We present
here preliminary results showing how
the model reproduces various surge
phenomena. The detailed theory of the
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model and its application to specific
surging glaciers will be described else-
where (5).

For maximum simplicity we have
used a two-dimensional model repre-
senting the central flow line of a glacier
or a general flow line of an ice sheet.
Techniques for determining the param-
eters of the central flow line for a given
glacier have been described by Budd
and Jenssen (4). The main principles
upon which the surge model is con-
structed are as follows:

1) The average velocity V of a
vertical ice column is composed of the
average internal deformation through
horizontal shear V; plus the basal slid-
ing velocity V,:

V=V +7V, (1)

2) One can obtain the average inter-
nal velocity of the column from the
flow properties of the ice, for example,
using a power law for flow

Vi=kn'2Z (2)

where 7, is the base stress, Z is the
ice thickness, and & and n are flow law
parameters of the ice.

3) The quantity V), at a point is not
directly related to other properties of
the glacier at that point but is deter-

mined by the integral of the longitu-
dinal strain rates along the glacier. This
principle ensures that V, and 7, for
the glacier as a whole are solved simul-
taneously to allow feedback and inter-
action so that their values at any one
point interact with the values at other
points, '
4) The mean longitudinal strain
rate through a column is governed by
the equation of longitudinal stress equi-
librium for scales large by comparison
with Z and for small surface slopes «
(sin a~=a) (6):
Z &'
dx

-2 =Tc— T» 3)
where &,” is the mean longitudinal
stress deviator through the column at
position x along the glacier and 7, is
the central downslope stress of the
column given by

Te = SpgaZ 4)

where s is the shape factor for the
glacier cross section (varying typically
from 0.5 to 1" for symmetric shapes
varying from semicircular to infinitely
wide), p is the density of ice, and g
is the gravitational acceleration.

Equation 3 expresses the large-scale
balance between the three main forces
on a longitudinal section element of
the glacier, namely, the gravitational
force downslope, the basal friction
force of the bed upslope, and the dif-
ference between these forces over its
ends.

5) The mean longitudinal strain rate
through a column g, is proportional
to &/, that is

m:—z—; (&)

Equation 5 provides for the extension
or compression of the section of the
glacier according to whether the longi-
tudinal stress is greater or less than
the overburden averaged through the
thickness. The resultant strain rate is
dependent on the flow properties of the
ice.

For the simplest model we have
taken the “generalized viscosity” 7 as
a constant. to show that a nonlinear
flow law is not an essential require-
ment for surging. More general flow
law relations can be used as required,
such as a power law or a hyperbolic
sine law. For development purposes
Egs. 2 and 5 allow the flow properties
of the ice in horizontal shear and in
longitudinal tension or compression to
be studied independently. This is im-
portant for nonlinear flow laws for
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Fig. 1. (A) For the glacier model input
the net accumulation-ablation balance rate
a is shown as a function of distance along
the glacier. (B) The bedrock elevation
profile (curve 1) is shown as a function
of distance together with the steady-state
profile (curve 2) of a nonsurging model
of a glacier resulting from the balance
curve shown in (A). (C) For the surging
model the glacier develops a periodically
varying state in which the surface builds
up slowly to a steep profile (curve 1),
which rapidly changes to the extended
flatter profile (curve 2) during the surge.

which the longitudinal stresses are not
known.

6) Gross equilibrium of the whole
glacier must be maintained; that is, if
the value of 7, is lowered in some part,
it must increase correspondingly else-
where. If the length of the glacier is
L, then gross equilibrium over the
whole glacier implies that

L L »
f mdx = J' spgaZ dx (6)
0 0

7) The local 7, at a point relative
to the average 7, is lowered according
to the rate of production of water
lubrication by the frictional energy dis-
sipation of the sliding, ,V;, per unit
area per unit time.

To provide for this in the simplest
way possible we first introduce an ex-
pression which we call the “local rela-
tive lubrication-lowered stress” 7.*, first
discussed by Budd and Radok (7)
and defined by

. Te
= Ty )
where the lubrication factor ¢ is a
parameter which can be set as required
but is ultimately determined through
matching with real glaciers.

The quantity 7V, could equally well
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have been used here, but the total-
motion energy dissipation 7.V has been
adopted instead because some contri-
bution to the basal meltwater could
perhaps come from melt produced by
the internal deformation of the ice.
However, since the production and
flow of water in the ice mass is still
not well understood, we will not dwell
on this problem here except to say that
the resultant differences to the model
are small and primarily concealed in
the numerical value of ¢.

It is important to note that the ex-
pression 7.* alone cannot represent the
local 7, because it allows only for
stress lowering. If 7, is lowered in some
region, it must be increased elsewhere
to preserve gross equilibrium. Hence
from Eq. 7 and the condition of gross
equilibrium we establish an expression
for the local 7, in terms of =.* and
averages over the length L, denoted by
a bar, namely, k

ES

— 7 (8)

Many much more complex relations
for 7, could be used, but we consider
Egs. 7 and 8 to be the simplest rela-
tionships preserving gross equilibrium
yet providing for a relative reduction
of 7, through frictional lubrication.

8) The variation of the glacier
thickness with time is given by the
equation of continuity for two dimen-
sions as

Th — T = Te

2o 22 ®
where « is the accumulation-ablation
balance rate given as a function of x
along the glacier.

The input to the computer program
consists of the following: the glacier
bedrock profile » and the accumula-
tion-ablation balance a as functions of
x (see Fig. 1); the ice flow law param-
eters k, n, and #; and the frictional
lubrication factor ¢. As the glacier in-
creases in size, both 7, and V increase
and so does the amount of sliding. If
the value of ¢7,V remains small as the
glacier nears its steady-state configura-

- tion, then the amount of sliding is also

small and an ordinary steady-state
glacier results. If the product ¢,V be-
comes large before the steady state is
reached, the sliding velocity increases
giving rise to a further lowering of 7.
This feedback creates the surge and the
“fast mode” in which V is increasing
while 7, is decreasing. The high-veloc-
ity zone travels down the glacier to
the front, causing the rapid advance.

E 60
= 2 .
=
5 50t A 1 Qﬁ N
=
8
8 40
3
8
©
30
100 300 500 700
2
>
2 03 B
=T
[
L 1
: g2 Ve
g > 50
= E
= £ .I E
g7 ) 02
L ZE
100 30 Ei‘;
C -
1 20238
o2
10 %
[-%Y
100 300 500 700
Time (years)

Fig. 2. The growth of the model toward
steady state for an ordinary glacier (curve
1) and a surging type glacier (curve 2)
is illustrated by the variation with time
of the glaciers’ length (A), the maximum
velocity (B), and the position of the
maximum velocity (C). The ordinary gla-
cier gradually tends toward a constant
steady state, whereas the surging glacier
develops a periodically oscillating state
characterized by a long period of slow
buildup with retreat followed by a rapid
advance at high speed. In the course of
a surge cycle the position of maximum
velocity travels down the glacier as a flux
wave with increasing speed from the ac-
cumulation zone to the region of the ter-
minus.

After this, the reduced 7, from the
reduced value of «Z brings the glacier
back to the ordinary or “slow mode,”
and then the buildup starts again (see
Fig. 1C).

We have carried out a large number
of model calculations (~ 100), extend-
ing over the period from the initial
development of a glacier to about 700
years by which time the final state of
the glacier is apparent. Our object has
been to study the scope of the model
to simulate various features of real
surges, for example, the duration of
the surge; the period between surges;
the magnitudes of advance and retreat;
the maximum velocity of the surge; the
critical values of V, V,, and =, before
the onset of the surge; and the effect
of variations in the a and b curves.

Only a brief summary of the findings
of these studies can be given here.
Some results for one particular surge
are illustrated in Fig. 2. The pattern of
the surge cycle of the model has fea-
tures similar to those described for real
glaciers. After the surge the glacier is
in a configuration with its terminus
advanced beyond steady state and a
lowered upper-accumulation zone, as
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shown in Fig. 1C, The upper zone
gradually builds up, and the advanced
front ablates back. The zone of maxi-
mum velocity moves down from the
upper region to the front as a wave
(see Fig. 2C). The surge ends after
this wave passes through the front of
the glacier, and the position of the
maximum velocity reverts to the upper
region once more.

Onset of surge. For a given glacier
(that is, for specified values of b and
a) the onset of the surge depends on
the values of ¢ and 7. For a given 5
a certain critical value of ¢ separates
surging from nonsurging conditions.
Thus ¢ and 7 can be found to match
real glaciers.

Size of the surge. The distance and
speed of the surge can be increased
by lowering 7. From laboratory mea-
surements of the flow law of ice it is
apparent that realistic values of 5 will
give rise to realistic values of surge
speed and distance of advance. For
greater sophistication, power law or
hyperbolic sine functions could be
used, but at this stage we are still at-
tempting to find the appropriate order
of magnitude.

Duration of the surge. The duration
decreases as n decreases, when the ¢
value is set just above the critical value.
Thus it is possible to vary the duration
of the surge over a wide range. For the
example chosen in Figs. 1 and 2 the
change in length of 8 km occurs over
2 years.

Period of the surge. The main fac-
tors influencing the period of the surge
cycle include the profiles of a and b,
and the parameters ¢ and 7. The length
of the period is not simply related to
the accumulation rate because it also
depends on the magnitude of the sur-
face lowering caused by the surge.

Shift of the equilibrium line. If a
is changed to reduce the steady-state
glacier size, a surging glacier can be
changed to a nonsurging glacier that
reaches a new steady state with a re-

duced length. Increasing the accumula-

tion on a surging glacier increases the
magnitude of the surge and also
shortens its period.

Change in bedrock profile. A steeper
bedrock gives rise to surges at lower
ice thicknesses and lower velocities. For
two glaciers that have the same curve
of balance versus elevation, the steeper
glacier will be shorter and thinner than
the less steep glacier.

We believe that the simple program
presented here can be used to match
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real glacier surges to the first order of
magnitude by suitable choice of the
unknown parameters. Higher order ap-
proximations should be possible by re-
finements to the existing model. The
matching of the model with real gla-
ciers gives a method of determining
the unknown parameters. We expect
that the flow law and the lubrication
functions eventually ‘will be found to
be general properties of ice and to be
much the same for all temperate gla-
ciers, with minor variations due to
other influences such as bedrock prop-
erties and geothermal heat flux. The
model developed here also provides a
new way of treating the large-scale
basal sliding of glaciers in which =,
and V, are not directly related at
a point but are both determined in-
stead by the properties of the whole
glacier.

Finally, in our model no special
physical conditions other than a and
b distinguish surging from nonsurging
glaciers. All glaciers are subject to the
same laws. Some glaciers for their given
situation reach the stage for which,
through frictional lubrication, the basal
sliding becomes dominant and the fast

mode sets in. For surging glaciers the
accumulation cannot keep up the flow
in the fast mode; thus the flow runs
out and reverts to the low sliding or
slow mode, and the glacier builds up
once more.
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Amorphous Solid Water: An X-ray Diffraction Study

Abstract. Water vapor that condenses on a metal surface at 10°K forms a non-
crystalline phase of estimated density 1.2 grams per cubic centimeter. X-ray dif-
fraction data of high precision and resolution have been analyzed to yield oxygen
atom pair correlation functions. The positional correlation in amorphous solid
water extends over only a few molecular radii, and the radial distribution of near-
neighbor oxygen atoms in amorphous solid water is qualitatively different from
that found in the low-pressure ice modifications. Amorphous solid water is a useful
material for liquid water models because it can be studied under conditions such
that the effects of static disorder and thermal excitation can be separated.

Despite intensive study for many
years, our understanding of the prop-
erties of water is primitive. Two fac-
tors have contributed heavily to the
difficulties encountered. First, water is
a polyatomic fluid with strong direc-
tional molecular interactions. The
available statistical mechanical theories
of the liquid state are inadequate for
the description of water, and thus
theory has not been of much use as a
guide to experiment. Second, in the
normal condition, at room temperature
and atmospheric pressure, positional
and orientational disorder in water are
hopelessly intermixed with the effects
of thermal excitations; hence experi-
mental studies have not yet made it

-possible to separate the roles of static

disorder and dynamical disorder and
have been inadequate to guide the de-
velopment of a theory of the properties
of the liquid.

In view of the situation described,
Olander and Rice (1) sought for a
model of water that could be studied
under conditions such that the effects
of static disorder and thermal excita-
tion could be separated. They sug-
gested that amorphous solid water
might be such a model material.

Amorphous solid water was first re-
ported by Burton and Oliver (2) in
1935, and a few studies of this mate-
rial have been reported during the suc-
ceeding four decades (3). In most of
these studies the solid was produced by
the condensation of water vapor on
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