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ABSTRACT

The fast ice cover in McMurdo Sound, Antarc-
tica, is subjected to numerous mechanical processes
which are capable of inducing breakup. Thermal de-
cay plays only a minor role in the destruction of the
ice cover, making this region ideal for studying me-
chanical breakup processes without the complica-
tions caused by melting and internal deterioration.
A previously developed thermodynamic ice-growth
model is used to predict temporal changes in the
physical properties of the ice sheet relevant to
breakup, allowing the susceptibility of the ice to dif-
Serent destructive processes to be assessed on a sea-
sonal basis. The analyses indicate that during most
of the year wind-induced tensile failure is the only
likely mode of fracture, while during the short sum-
mer period ocean swell incident on the fast ice edge
becomes dominant. The importance of the pack ice
cover in the Ross Sea in controlling breakup by at-
tenuating potentially destructive ocean swell is clearly
shown, and is in agreement with previous qualitative
Studies of fast ice breakup.

INTRODUCTION

At its peak extent in late winter, Antarctic fast ice
covers a sea surface area of roughly 5.5x 10°> km?
(Panov and Fedotov, 1979). Although this is small
in comparison to the 2.0 107 km? of pack ice in the
Southern Ocean at the same time of year (Zwally et
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al., 1983), its distribution around the coastline of
the Antarctic continent makes it of considerable
importance to shore-based logistic operations. Most
Antarctic fast ice is seasonal, and in contrast to fast
ice in the Arctic, undergoes little or no surface melt-
ing or internal deterioration during the summer,
particularly in the more southerly regions. Basal
melting can result in some thinning of the ice cover,
but its destruction is primarily the result of me-
chanical processes. This makes the Antarctic fast ice
zone an ideal area for investigating the mechanics
of breakup, without many of the complications in-
troduced by thermal deterioration. In this paper we
present a theoretical analysis of the breakup of the
fast ice cover in McMurdo Sound, Antarctica (Fig.
1), incorporating observations and measurements
of ice properties, thermodynamics, and wave dy-
namics in McMurdo Sound during the austral win-
ter of 1986 (Crocker, 1988).

A thermodynamic ice growth model developed
specifically for McMurdo Sound, and incorporat-
ing the contributions to growth of snow-ice and sub-
ice platelet formations (Crocker, 1988; Crocker and
Wadhams, 1989) is used to predict the physical
properties of the ice sheet over the course of a single
growth and decay cycle, which are then used in con-
junction with existing empirical formulae to esti-
mate the mechanical ice properties relevant to the
problem of ice breakup. By comparing the forces re-
quired to induce breakup by any specific mecha-
nism, or combination of mechanisms, with the en-
vironmental conditions required to produce these
forces and the likelihood of these conditions occur-
ring, we then assess the seasonal variations in the
susceptibility of the ice sheet to breakup, and dis-
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Fig. 1. Map of the McMurdo Sound region. The dotted line indicates the approximate position of the fast ice edge at the end of

winter maximum.

cuss the predictions with reference to observed pat-
terns of breakup in McMurdo Sound.

THE PHYSICAL AND MECHANICAL
PROPERTIES OF MCMURDO SOUND FAST
ICE

The thermodynamic model used is a modified
version of the Semtner (1976) model and has been
shown to produce reasonable estimates of ice growth
in McMurdo Sound (Crocker, 1988; Crocker and
Wadhams, 1989). In the following analyses one
complete seasonal cycle, beginning on the day the
ice sheet first forms (assumed to be March 1) and
ending 365 days later, will be examined. The exact
form of the model and the input parameters used
are as described in Crocker (1988), and the pre-
dicted total ice thickness is shown in Fig. 2. Here
“total” thickness refers to snow-ice, and ice formed

by the inclusion of sub-ice platelets, as well as co-
lumnar ice. It is assumed that all three of these ice
types have the same mechanical properties. This is
not a strictly valid assumption, considering how
much variation exists in their crystal structures,
densities, and brine volumes, but very little is known
about the mechanical properties of snow and plate-
let ice. The effects of grain size, salinity, pore space,
and crystal structure on ice strength are not well
enough understood to allow predictions of the
strengths of snow-ice and ice formed by columnar
growth into a sub-ice platelet layer. In the absence
of direct measurements, we must assume that they
can be adequately defined by relationships derived
for columnar sea ice.

Taking the predicted snow surface temperature
(T,), the temperature at the base of the ice sheet
(Tg), and the predicted conductive flux through the
snow and ice slab (F.), and assuming that the flux
through the ice i1s equal to the flux through the slab,
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the mean ice temperature ( 7) can be calculated:

T=<h‘/f°+2TB>/2 (1)

Since the salinity measurements from the 1986
field season are limited to the relatively thick multi-
year ice in the southern end of McMurdo Sound,
the temporal changes in S for a complete growth
cycle can only be estimated. On the basis of pre-
vious studies, primarily on Arctic sea ice (Cox and
Weeks, 1974, for example), and the few salinity
measurements performed in this study, a logarith-
mic desalination curve of the form:

S=—4logt+16 (2)

is used, where ¢ is the number of days after freeze-
up and S is salinity in parts per thousand. This for-
mula reflects both the high initial salinity, and the
comparatively high equilibrium values found in
Antarctic sea ice. From T and S, the equations of
Frankenstein and Garner (1967) are used to cal-
culate the mean brine volume (v, ), which is in turn
used 1n the empirical equation:

E/Ey=(1-vy?)* (3)

(where E, is Young’s modulus for pure ice) to de-
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Fig. 2. Predicted ice thickness for a 365 day period after a
March Ist freeze-up.
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rive an estimate of Young’s modulus (E).*

The results of these calculations are summarized
in Fig. 3, along with the tensile strength of the ice
(o*). Tensile strength can be estimated using the
Griffith criterion for mode I fracture (Mellor,
1983). By equating the change of potential energy
in the plate to the change in the surface energy in a
pre-existing crack of length (c,) as the crack grows
in length, the tensile stress (applied perpendicular
to the long axis of the crack) necessary to induce
crack propagation can be defined as:

o*= (2Ey*/nc,.)'? (4)

where y* is the specific surface energy of the ice
(=0.1J m—2). The crack size is normally assumed
to be equal to the size of the individual ice grains,
roughly 0.01 m. Clearly the estimate of ¢* is highly
dependent on the values chosen for ¢, and y*, which
are not known to any degree of certainty. The spe-
cific surface energy in particular is difficult to quan-
tify, and there is some evidence to suggest that y*
should be replaced by a term »}; which includes the
specific energy for plastic working, where y} > y*
(see Mellor, 1983). An alternative method of cal-
culating o* is to use fracture mechanics theory
(Goodman et al., 1980). Using a critical stress in-
tensity factor (K|.), the critical surface strain can
be calculated as:

1—vp?

*=K T 5
€ ICQE nc, ( )

*There are large differences among the values of Young’s
modulus produced by various empirical formulae. Equation
3 is from Schwarz and Weeks (1977), and was chosen be-
cause it produced results in good agreement with the only
available values of E for McMurdo Sound fast ice (derived
from vehicle experiments by Squire et al., 1987). It also yields
results similar to the experimental data of Anderson (1958)
and Dykins (1971). It has been brought to our attention by
A. Assur that the formula as written in Schwarz and Weeks
(1977) is erroneous, the correct equation being:

E/Eg=(1-1)*

We have used Eq. 3 to estimate £ in the following analyses as
it produces reasonable results for McMurdo Sound fast ice
over the range of brine volumes encountered, but the reader
should be aware of the misprint in the paper by Schwarz and
Weeks.
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Fig. 3. Predicted seasonal variations in ice salinity (5), mean
temperature (7). brine volume (»,). Young’s modulus (E),
and flexural strength (¢*).

where £ i1s constant roughly equal to one. Since
(Wadhams, 1980):

Ee*

where v is Poisson’s ratio, substitution of Eq. 5 into
Eq. 6 yields:

1
o* =K, 7
N (7)

Equations 4 and 7 are numerically equivalent since
Ki.=+/2Ey*, but stress intensity 1S a measurable
quantity, permitting calculations of * without hav-
ing to estimate y*. Taking K,.=5x10* N m~3/2
(Goodman et al., 1980), and E=4Xx10°, then by
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fracture mechanics c*=2.8x%10° and
e*=7.0x10"° while using Eq. 4 we get
o*=1.5%10° and €*=3.8x 107> Goodman et al.
(1980) found by direct field observation, that the
fracture strain of a sea ice floe was ~3x 107> a
value more compatible with the estimate obtained
using the Griffith criterion. However, considering
the uncertainties in estimating y* and the wide range
of experimental measurements of K|, it is difficult
to make judgements regarding the effectiveness of
the two methods. In the absence of a better test, Eq.
4 will be used in the following analyses.

Referring again to Fig. 3, it can be seen that the
effects of changes in 4; and v, combine to produce
minimum tensile strengths when the ice is rela-
tively warm and thin (immediately after forma-
tion, and during the summer). Note also that T ap-
proaches but never reaches Ty, and although there
is a considerable increase in brine volume, the ice
never completely loses its strength.

BREAKUP BY OCEAN SWELL

The dispersion equation for propagating waves in
a continuous ice sheet of uniform thickness over
water of finite depth (H) can be written as
(Crocker, 1988; Crocker and Wadhams, 1988):

Dk} +p.ghki —w?(p,coth(k; H) +pkihi)=0  (8)

where k; is the wave number in ice covered water,
w is the angular frequency, g 1s the gravitational ac-
celeration, p, and p; are the densities of sea water
and sea ice respectively, and the flexural ngidity (D)
1s defined by:

Eh?

D=12(1_u2)

(9)
Equation 8 has three physically feasible roots, one
real representing the propagating wave of interest
here, and two complex conjugates representing eva-
nescent edge waves. It should be noted that if an ice
cover is subjected to compressive stresses the na-
ture of the dispersion changes. Liu and Mollo-
Christensen (1988) have performed a theoretical
analysis of the effects of compressive stress on wave
propagation through a pack ice cover and found that
the resulting reduction in the group velocity can lead
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to large local concentrations of wave energy. They
use this finding to explain the presence of large long-
period waves deep in the pack ice zone of the Wed-
dell Sea (see Wadhams et al., 1987), and similar
conditions may have a bearing on the swell propa-
gation analyses described below, but at the present
time the importance of this process cannot be ade-
quately assessed.

In order to assess the susceptibility of an ice sheet
to breakup by wave action, we must be able to de-
fine a critical wave amplitude (a?f) at which the
surface strain is equal to the fracture strain. From
the theory of elastic bending the tensile stress at the
ice surface can be defined as (Carteret al., 1981):

2rnEh.at

=)

(10)

Rearranging for a¥ gives:

. oA (1=v?)

=TT ER, ()

where 4, is found by solving the dispersion equa-
tion, and ¢* comes from Eq. 4. Assuming for the
moment that 100% of the energy contained in an
open-water wave incident on an ice edge is trans-
mitted into the ice covered region, then the critical
open-water wave amplitude of the incident swell
(at) is:

. o A(-v)a,

4o = anhi d,; (12)

where the ratio a,/a; is determined using (Crocker,
1988):

a, U, Ehk?
Zo__ i e 1
i Uo[”lz(l—v:)pwg] (13)

The group velocity in ice covered water (U;) is de-
fined by:

aC;
Ui=Ci—dig; (14)

and the phase velocity in ice covered water is:

where T is the wave period. The group velocity in
open water can be calculated using:

-1
10 -
0
* - 5 - — ]
o )
!—/\
T

1 2k H
U°=5C°<l+sinh 2k°H> (16)
and (Defant, 1961):
1/2
Co=<k§ tanh koH) (17)

A method for determining the energy (| R|?) and
amplitude (|R|) reflection coefficients by surface
matching velocity potentials across the open water
and ice covered regions is outlined in Wadhams
(1986), and the reader should refer to this publi-
cation for a complete description. For a single re-
flection across a fast ice edge the amount of energy
reflected is generally small, although at short pe-
riods and in thick ice the losses can be substantial.
The temporal variations in a} and a} predicted us-
ing the ice properties generated by the thermody-
namic model, and including the effects of energy re-
flection, are shown in Figs. 4 and 5 for a range of
wave periods. There is a rapid decrease in both af
and a® immediately after freeze-up, as the thin,
flexible mat quickly thickens and hardens. Later in
the season the pattern is more complex and difficult
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Fig. 4. Seasonal variations of the in-ice wave amplitude re-.
quired to fracture the ice sheet (a}) for wave periods of 5, 10,
15, 20, 25, and 30s.
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Fig. 5. Seasonal variations of the open water wave amplitude
required to fracture the ice sheet (aj) for wave periods of 5.
10,15, 20, 25, and 30s.

to explain. The curves indicate that in mid-winter
when the ice is thickest and strongest, af reaches a
minimum, as does a¥ at long periods. In the sum-
mer, as /4, and o* are reduced, the wave amplitude
necessary to induce fracture increases. This is in di-
rect contrast to what might be expected intuitively,
but can be explained by looking at the way in which
the wave energy is partitioned between the flexural
wave in the ice and the gravity wave in the water.
After Wadhams (1973a), and Carter et al. (1981),
we can define the components of the kinetic and po-
tential energies of the ice and underlying water as:
(a) the average kinetic energy of the water per unit
surface area:

E, =%afcoth(kiH) (18)

(b) the average potential energy stored in the water
per unit surface area:

E:=p.gai/4 (19)

(c) the average kinetic energy of the ice per unit
surface area:

Es=w’phiai/4 (20)
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(d) the average potential energy of the ice per unit
surface area:

Eh}kia?

B=28(-)

(21)

Figure 6 shows the total kinetic and potential
energies of waves in the ice/water system, the sum
of Eqs. 18-21. Again we see that the tofal wave en-
ergy required to fracture the ice is greatly reduced
in mid-winter. However, Fig. 7 reveals that the en-
ergy contained in the ice at amplitudes equal to af
does in fact increase as the ice increases in thickness
and strength. In effect, ice-coupled waves, travel-
ling through thick ice with a high tensile strength,
propagate with a greater proportion of the total wave
energy in the ice than do those propagating through
thin, more flexible ice sheets. Most importantly, this
increased proportion of total wave energy is suffi-
ciently large to overcome the increased absolute en-
ergy required to induce fracture, and allows smaller,
lower energy waves to produce the critical surface
strain. In other words, the ice is most susceptible to
breakup by long period waves in mid-winter when
1t is thickest and strongest (see Assur, 1963). This
is an important finding, as it will be shown below
that the waves most likely to reach the fast ice edge
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Fig. 6. Seasonal variations of the total potential and kinetic
wave energies (E,+ E,+ E;+E,) contained in waves of am-
plitude a* and periods of 5, 10, 15, 20, 25, and 30 s.
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Fig. 7. Seasonal variations of the total potential and kinetic
energies in the in-ice portion (£;+ E,) of an ice-coupled wave
of amplitude a* and periods of 5, 10, 15, 20, 25, and 30s.

in mid-winter are those with the longest periods.

Again referring to Figs. 4 and 5, several addi-
tional features are noteworthy. Throughout the sea-
son values of a* for waves with periods of 5 s are
consistently about one order of magnitude lower
than those with 30 s periods. This is simply because
short period waves produce greater surface curva-
tures, and therefore greater surface strains, than long
period waves of comparable amplitude. In fact, this
effect is greatly reduced here because of the influ-
ence of the shallow water (290 m) on the disper-
sion relation at long periods. Values of af shown in
Fig. 4 are more than one order of magnitude lower
than they would be for the same ice sheet over deep
water.

A similar early season pattern can be seen in Fig.
5, when the thin, flexible ice has a minimal effect
on waves travelling across the ice edge. This simi-
larity quickly disappears as the ice thickens, with
a¥ dramatically increasing for short period waves,
although the longer waves do not “feel” the ice as
much. The absolute values of the critical wave am-
plitudes are also interesting. In mid-winter, waves
of any period with amplitudes larger than about 0.2
m will induce fracture. In the open ocean, waves of
this magnitude are virtually always present, indi-
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cating that in the absence of a protective pack ice
belt, a stable fast ice cover could not develop. Ice
conditions in the Ross Sea therefore appear to play
a vital role in controlling the growth and destruc-
tion of the fast ice in McMurdo Sound, but before
looking at the effect of the pack ice in the Ross Sea
on swell attenuation and fast ice breakup, we must
first find a representative incident open-ocean wave
spectrum. In the general absence of observational
wave data in this region in winter, we use the Pier-
son and Moskowitz (1964) power spectrum for a
fully developed sea, where the frequency-depen-
dent energy density (E(f)) is given by:

E(f):agz(Zn)“‘f‘Sexp[—%(%)il (22)

where « is a constant (8.1 X 1073), and f,, is the fre-
quency of peak energy (0.14X g/u, where u is the
mean wind velocity in m s~'). The only unknown
in the formula is the mean wind velocity, which will
be set to 25 m s~ ! in the following calculations (see
Mognard et al., 1983), although the effects of higher
and lower mean wind speeds will also be consid-
ered. The spectral energy densities produced by the
Pierson-Moskowitz formula for mean wind veloci-
ties of 20, 25, and 30 m s~ !, are plotted in Fig. 8.
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Fig. 8. Pierson and Moskowitz (1964) power energy density.
spectra for a fully developed sea, with mean wind velocities
0f20,25,and 30 ms~".
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The extent (x) and concentration (p;) of the sea-
sonal ice in the Ross Sea have been extracted from
satellite passive microwave observations of the
Antarctic seas between 1973 and 1976 (Zwally et
al., 1983), and are summarized in Table 1. The es-
timates have been made by eye from the small scale
maps contained in the report, and are therefore quite
crude, but still provide a general picture of ice con-
ditions which might be expected in the region in an
average ice year.

Ice thickness is more difficult to predict, and the
paucity of measurements in the Ross Sea in winter
means that we can only guess at the temporal nature
of the thickness distribution. On the basis of obser-
vations from the Weddell Sea in 1986 (Wadhams et
al., 1987), where the ice was found to be quite thin
(generally less than 1.0 m, even in late winter), val-
ues of A; have been selected, somewhat arbitrarily,
and are included in Table 1. It will shown below that
the values chosen for /;, within a plausible range, do
not have as great an influence on the results of the
analyses as might at first be anticipated.

Once the incident wave spectrum and pack ice
conditions have been established, we consider the
two mechanisms producing significant energy losses
as the waves travel through the pack: scattering and
bottom drag (for a complete description of likely
energy loss processes the reader should refer to
Wadhams, 1973b, and Crocker, 1988). For energy
losses due to scattering, the wave energy at a dis-

TABLE 1

Pack ice characteristics in the Ross Sea

Month Extent Coverage Thickness
(x) (pi) (h)
(km) (m)
March 790 0.36 0.25
April 1280 0.80 0.45
May 1340 0.88 0.75
June 1400 0.88 0.90
July 1450 0.88 1.00
August 1500 0.92 1.00
September 1500 0.88 1.00
October 1450 0.88 1.00
November 1400 0.80 1.00
December 850 0.56 1.00
January 120 0.44 1.00
February 0 0.00 0.00
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tance x in from the edge of a field of large floes ( E )
can be expressed by:

E . =E exp(—2a*x) (23)

where E, is the wave energy crossing the ice edge,
and a* is the amplitude attenuation coefficient. For
a more or less continuous ice cover with leads:

a*xn|R|? (24)

where » is the mean number of leads per unit dis-
tance, and in a field of discrete floes:
« Lo pilR[?

arxs Z A (25)
where p; is the fraction of the sea surface occupied
by floes of diameter 4;. In the following analyses the
ice floe diameter is assumed to be constant at 100
m, and Eq. 25 is used to calculate a*. Energy losses
due to bottom friction have been modelled after
Putnam and Johnson (1949) who found that the
rate of energy dissipation due to bottom friction
(Dy) is:

4n’py ha
373 (sinh2zH/A,)?

Dr=ky (26)
where k4 is a drag coefficient roughly equal to 0.008
(Bagnold, 1947), and 4, is the wave height. Energy
losses due to scattering are greatest at short periods,
while bottom drag preferentially attenuates long-
period wave energy. However, the mean depth of
the Ross Sea (=~ 1000 m) is sufficient for Dy to be
relatively small at all frequencies, and so it is the ice
cover which is responsible for the bulk of the energy
loss.

Seasonal estimates of the amplitudes of waves
penetrating the pack ice zone and reaching Mc-
Murdo Sound, are shown in Fig. 9 for six wave pe-
riods ranging from 5 to 30 s. The influence of the
pack is immediately evident. Through most of the
winter, the only waves reaching the fast ice edge with
significant energy are those at the extreme long pe-
riod end of the gravity wave spectrum. Even the
thin, sparse, ice covers present in March and April
result in large reductions of wave energy, and only
during February, when the pack ice completely dis-
appears, can a complete spectrum of large ampli-
tude waves be expected to reach the fast ice edge. If
the floe diameter is reduced to pancake proportions
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Fig. 9. Predicted amplitudes of waves with periods of 5, 10,
15, 20, 25, and 30 s reaching the fast ice edge in McMurdo
Sound over a one year period. The wave spectrum incident
on the outer edge of the pack ice zone is that of Pierson and
Moskowitz (1964) with a mean wind velocity of 25 ms~'.

(1-5 m) when the ice is thin, a more realistic value
than 100 m, then further reductions in propagating
wave energy occur at all periods, with the shortest
waves experiencing the greatest changes.

In Fig. 10 the ratio of wave amplitude reaching
the fast ice edge to the critical wave amplitude
(a?) is plotted for waves of the same six periods.
Only when the amplitude ratio is greater than or
equal to one would fracturing be expected. Here the
seasonal effects are again dramatic, with waves of
all periods being capable of inducing fracture dur-
ing the summer, and none of the waves being of suf-
ficient amplitude in winter. Even the 30 s wave,
which possesses the most energy and largest ampli-
tude throughout the winter, is almost an order of
magnitude too small. The effect of changing the
Pierson-Moskowitz spectrum by increasing or de-
creasing u (within a realistic range) is minimal in
terms of ice fracture. When u is 30 m s~ ' the ampli-
tude ratio for 30 s swell is increased, but remains
well below the critical value of one, while reducing
u to 20 m s~' causes only a slight reduction in the
amplitude ratio at 30 s. The patterns exhibited by
waves at the five shorter periods remain virtually
unchanged over this wind speed range.
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Amplitude Ratio

Days After Freeze-up
Fig. 10. Seasonal variations in the ratio of the amplitude of
swell reaching the fast ice edge to the critical open water wave
amplitude (a}), for periods of 5, 10, 15, 20, 25, and 30s.

Our discussion of the role of swell in breaking up
fast ice sheets has so far dealt solely with propagat-
ing flexural-gravity waves, the real root in Eq. 8.
However, the two complex roots, representing the
evanescent edge waves, combine with the propagat-
ing wave to produce a maximum surface strain at a
distance of about 30 m (*+10 m) in from the ice
edge (Wadhams, 1980; Squire, 1984). As a result,
the open water wave amplitude (a}) required to
cause tensile failure near the ice edge will be lower
than that calculated on the basis of the propagating
wave alone. The effect is greatest for short period
waves and in thick ice, but the absolute increase in
surface strain is relatively small (see Squire, 1984).
Therefore, although the edge waves are important
in controlling the pattern of breakup, they will have
little effect on the amplitude ratios shown in Fig.
10. In fact, their importance is further reduced in
this case because, except during the summer, the
short period waves which produce the greatest edge
effects are almost completely attenuated in the pack
ice zone.

One way in which the pattern of breakup, result-
ing from edge wave generation, may influence aj is
by the creation of a narrow band of floes at the fast
ice edge. Each successive section of fast ice which
breaks away under the influence of incident swell
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acts as a scattering body, and contributes to a reduc-
tion in the wave energy reaching the new, receding,
fast ice edge. Simple calculations using Eqgs. 23 and
25 show that a 10 s swell, breaking an ice sheet of
2.0 m thickness into floes 30 m in diameter, will lose
=~ 30% of its energy after travelling through only one
kilometre of newly broken ice, and almost 50% over
a distance of two kilometres. For this reason, fast
ice will tend to break out in stages, with any given
incident swell being able to cause fracturing only a
short distance into the ice covered region. Once the
‘debris’ is dispersed by wind or currents the breakup
process can begin again as soon as the incident wave
amplitudes reach a%. Only when the amplitude of
the swell is far in excess of a} will large scale, wave-
induced breakouts be possible.

A limited breakout of this nature was observed in
McMurdo Sound, near the Erebus Glacier Tongue,
on February 11, 1986. During helicopter flights from
Scott Base to Cape Evans on February 10 and 11,

CROCKER AND WADHAMS

the author (GBC) observed roughly two kilometres
of fast ice breaking up into floes roughly 30 m wide,
and between 30 and 100 m in length (Fig. 11). Also,
a series of twelve parallel cracks, running perpen-
dicular to the direction of the swell, were seen at
~ 30 m intervals in the as yet unbroken section of
the ice sheet. From the MV “Polar Queen” (seen in
the photograph ) the swell was estimated to have an
amplitude of between 0.1 and 0.2 m, and was noted
as being “long period”, although the exact fre-
quency was unfortunately not recorded. Referring
to Fig. 4, swell of this amplitude is in excess of the
predicted critical value for all wave periods except
5 s, suggesting that the calculations are roughly of
the correct magnitude. The attenuating effect of the
newly created floe field was clearly evident, and no
further fracturing occurred; in fact this event con-
stituted the last major breakout in McMurdo Sound
until early June, when extremely strong local winds

Fig. 11. Photograph of the fast ice breakup in McMurdo Sound on February 11, 1986. The view is toward the northeast with
Mount Erebus in the background and the MV “Polar Queen” in the left of the frame (photograph courtesy of M. Harman).
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resulted in the destruction of a large area of ice along
the western side of the Sound.

BREAKUP BY WIND AND WATER STRESS

Fast ice sheets can also be broken up by the hori-
zontal stresses resulting from wind drag at the up-
per surface and water drag at the lower surface. A
general equation for shear stress caused by both
wind and currents can be written as:

1=Cpp,u’ (27)

where p, is the fluid density (air or water), and Cp
is the surface drag coefficient. Values for Cp, are de-
rived from wind and current velocity profiles, and
are products of both skin friction and form drag.
Drag coefficients measured in the Arctic, where the
ice is typically much rougher than in the Antarctic,
normally range from 1X 1073 to 3x10~3 for air
(Overland, 1985), and 1x10~3 to 8x10~3 for
water (Mellor, 1983). Possible modes of shear stress
induced failure include crushing, tension, and
buckling, but because the average normal stresses
are small, an ice sheet will fracture only if the wind
or current acts over very large distances. The mini-
mum fetch (/,;,) required to cause crushing or ten-
sile failure is:

oxhi
T

Imin = (28 )
where g is the ice strength (in crushing or ten-
sion ). For a fast ice sheet of fixed horizontal extent,
the critical wind or water velocity required for fail-
ure is:

1/2
axh
Uecri =<CDP 1> (29)

Failure may also occur by buckling, which yields
the analogous formula:

F 1/2
_ b
ucr“_<CDpx[) (30)
where the buckling force (F,) is (Ashton, 1986):
1/2
_(_pw8ER? )
F"‘(lz(l—;ﬂ) (D
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Since ice is unlikely to buckle under true elastic
conditions, the value used for Young’s modulus (E)
in Eq. 31 should be less than the true value (Mellor,
1983).

For simplicity, the quantities ¢, and g, will be de-
rived from the empirical equations (Weeks and As-
sur, 1967):

0. =1.65X 10%{1— (1,/0.275)"/%} (32)
and (Dykins, 1971):
0,=8.20X 10°{1 — (v,/0.142)'/%} (33)

A review and assessment of these and other experi-
mentally derived formulae can be found in Schwarz
and Weeks (1977).

Setting / to 50 km (the maximum extent of the
fast ice sheet in McMurdo Sound), Cp to 5% 1073,
at the upper limit of drag coefficients (Langleben,
1972; Banke and Smith, 1973; Overland, 1985;
Ashton, 1986), and all other parameters as previ-
ously defined, the temporal variations in ., can
then be determined (Figs. 12 and 13). In Fig. 12
the dotted line at 45 m s~' represents an approxi-
mate maximum expected wind velocity. This value,

1000

Critical Wind Velocity (m s™1)

Days After Freeze-up

Fig. 12. Seasonal variations in the critical wind velocity ()
for buckling (B), compressive (C), and tensile ( T) failure of
McMurdo Sound fast ice. The dotted line at 45 m s~' repre-
sents an approximate maximum expected wind velocity for
the region.
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Fig. 1 3. Seasonal variations in the critical current velocity for
buckling (B), compressive (C), and tensile (7) failure of
McMurdo Sound fast ice.

although not unreasonable, is probably an overes-
timate. The maximum gust observed at Scott Base
during 1986 was roughly 42 m s~', and the maxi-
mum mean wind speed over a period of at least 25
minutes was about 33 m s~', where 25 minutes is
the time required for a parcel of air to travel 50 km
at 33 ms~'. The unusual drop in u_,;, for tensile fail-
ure in summer is due to the inadequacy of the em-
pirical formula (Eq. 33) in representing o, at very
high brine volumes, but although the exact shape of
the curve at this point is questionable, the general
pattern of a large decrease can be considered real.
The graph shows that buckling by elastic instability
1s unlikely to occur except when the ice is extremely
thin, a general conclusion also reached by Mellor
(1983). An aiternative analysis by Kerr (1980)
suggests that a semi-infinite floating ice sheet could
buckle under smaller forces than predicted by con-
ventional theory, although at the present time the
magnitude of this effect cannot be estimated (Mel-
lor, 1983).

Failure by compressive stress is also limited to
periods when the ice cover is thin, and is made even
more improbable in this specific area by the re-
quirement for strong winds from northerly quad-
rants, which are rare. Failure in tension however, is
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more plausible. The analysis indicates that during
much of the year the local wind speed might equal
or exceed ., with mid-winter being the only pe-
riod when tensile failure seems unlikely. As the in-
put data controlling Eq. 29 (i.e. Cp and /) have been
selected so as to minimize u.,i,, and the dotted line
in Fig. 13 is a high estimate of the maximum ex-
pected wind velocity, the conclusion that wind stress
alone is not likely to induce breakup in mid-winter
appears sound.

In Fig. 12 the critical water velocities show essen-
tially the same characteristics, but at vastly differ-
ent magnitudes. It is difficult to set a maximum ex-
pected current velocity for McMurdo Sound, as the
few measurements which are available display con-
siderable vanation. In general, the currents have
been found to be fairly weak (0.1 ms™'), tidally
influenced, and exhibiting a complex flow pattern
(Gilmour et al., 1962; Tressler and Ommundsen,
1962; Gilmour, 1975; Lewis and Perkin, 1985);
however maximum velocities approaching [.0ms™'
have been observed (Heath, 1977). Variations in
this range are crucial to the problem of tensile fail-
ure since a current velocity of 0.2 m s~' produces a
shear stress of only about 1% of the mid-winter ten-
sile strength, but at speeds of 1.0 m s~ reaches about
40% of a,, such a large increase being attributable to
the high density of the fluid. If currents of the order
of 1 m s~ ! are present on a regular basis then water
stress must be considered an important contributor
to in-plane stress, and possibly breakup, even if it
cannot by itself produce sufficient stress to induce
fracture. However the complex nature of flow in
McMurdo Sound, and the conspicuous absence of
similar high velocities in other studies suggest that
current speeds this large are rare, or of only local
importance.

Having suggested that none of the fracture mech-
anisms proposed thus far are capable of causing
breakup during mid-winter, it is difficult to explain
observed mid-winter breakouts such as that which
occurred in early June, 1986, when the removal of
a large section of fast ice along the western side of
McMurdo Sound was observed, and coincided with
a period of strong southerly winds on June 6th and
7th, with gusts up to 42 m s—'. This implies that two
or more processes must act together to generate the
necessary forces, or that there are other processes,
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not yet considered, which contribute to the breakup
of the ice sheet. An additional process which may
be important is the direct generation of propagating
flexural-gravity waves by turbulent winds blowing
across the ice surface (Crocker and Wadhams,
1988).

BREAKUP BY WIND GENERATED WAVES

The McMurdo Sound measurements have shown
that propagating flexural-gravity waves can be gen-
erated in a fast ice cover by turbulent air flow across
the ice surface. Over the range of wind velocities and
ice conditions encountered in McMurdo Sound, the
waves produced were of insufficient magnitude to
induce fracture, but because of the limited range of
conditions (ice thickness and fetch in particular),
and the uncertainties surrounding the exact nature
of the wind/ice coupling, it is difficult to extrapo-
late from these findings to other situations, and de-
rive a generally applicable relationship. There is
however, sufficient information to allow some as-
pects of the wind/ice coupling to be characterized.

As the measurement site was roughly 5 km from
the McMurdo Ice Shelf to the south, and 1.5 km
from Pram Point to the north, winds blowing from
the two directions provide data sets from two dis-
tinctly different fetches. Assuming that wave in-
duced strain is zero when the fetch is zero, these
three points can be used to investigate the general
nature of the fetch/wave height relationship. Tak-
ing only those events where there was sufficient
wave energy to produce meaningful spectra (see
Crocker, 1988), there are twelve data sets repre-
senting southerly winds and four data sets repre-
senting northerly winds, all in the velocity range 15—
17 m s~ '. Knowing that wind-waves in an open sea
increase in height 4,, in proportion to the square root
of the fetch / (Sverdrup et al., 1942; Defant, 1961),
we might anticipate that an equation of the form:

hy=cl'? (34)

could be used to characterize the relationship for ice-
coupled waves as well. In fact, setting the constant
c10 5.8 X 107, produces reasonable association with
the limited observations (where / is in kilometres),
as shown in Fig. 14. Also shown in the figure are the
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Fig. 14. Means and standard deviations of the observed wave
heights for wind velocities between 15 and 17 ms~' and the
two different fetches. Also shown is the wave height/fetch re-
lationship predicted using Eq. 34.

means and standard deviations of the measured
wave heights in the velocity band defined above.
Although the mean values of A,, fall close to the the-
oretical curve, the scatter is so large that the data
cannot be used to either support or refute a rela-
tionship with /'/> (the mean values of 4, also fall
very close to a straight line ). It can be said however,
that there is a significant increase in A, with the fetch
increase of 3.5 km.

Estimating the size of wind-generated waves in ice
sheets of different thicknesses than those observed
at the main sampling site is equally difficult. Crocker
(1988) discusses this problem in some detail, but
the likelihood of feedback mechanisms between the
turbulent pressure fluctuations producing the waves
and the motions of the ice make it extremely diffi-
cult to predict how different ice sheets will respond
to a given forcing. At the present time we cannot
make any definitive statements, but recognize that
in certain situations wind generated ice-coupled
waves may play an important role in ice sheet
breakup.

DISCUSSION AND CONCLUSIONS

Throughout most of the year several of these
forces will be acting on the ice sheet at any one time,
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and although a single mechanism may be dominant
during specific breakup events, it is most likely that
there will be more than one contributing process. In
the absence of a pack ice cover in the Ross Sea dur-
ing the summer, ocean swell is easily capable of
causing breakup, and as such events are frequently
observed when local winds are slight, it is clear that
wave induced fracture dominates at this time of
year. In the winter however, it has been found that
only very extreme (and in some cases unreasonably
large) winds, currents, and waves can generate the
forces required to fracture the ice, suggesting that
the combined effects of several stress inducing
mechanisms are needed. The roles played by ocean
swell and currents in contributing to winter break-
outs appear to be minor, leaving wind stress as the
dominant force, with wind generated waves re-
maining for the most part an unknown quantity.
Uncertainties in the exact nature of wind-wave for-
mation make it difficult to predict exactly how they
might act in conjunction with tensile stress, Kerr’s
(1983) analysis indicates that horizontal (or ‘in-
plane’) stress modifies the propagation character-
istics of waves in a floating, continuous ice sheet. In
tension, the phase velocity increases, implying that
increasing wind stress would result in reduced wave-
induced strain. As yet Kerr’s theory has not been
adequately tested and we cannot say if the effect is
significant, only that this is another problem which
requires further field, or perhaps laboratory,
investigations.

The preceding analysis suggests that the extent of
the summer breakout in McMurdo Sound is con-
trolled largely by the pack ice conditions in the Ross
Sea. If this is correct, then we would expect to find
substantiating evidence in the 30 years of ice obser-
vations from the region. However, finding a numer-
ical relationship between pack ice “conditions” and
fast ice “extent” is difficult because neither can be
easily quantified. For instance, the total sea surface
area covered by pack ice might seem to be a repre-
sentative statistic, but problems arise in situations
where special spatial or temporal distributions be-
come important. Cases where the Ross Sea is gen-
erally ice free near Ross Island but contains an ex-
tensive pack ice belt several hundred kilometres to
the north, or where a corridor of open water briefly
appears in an otherwise close pack ice cover (as ex-
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amples), may permit extensive fast ice breakouts
while the average pack ice concentration is high. The
situation is further complicated by the requirement
that the ice-free sea must coincide with sufficiently
large incident swell, the latter being controlled by
weather systems in the Southern Ocean and there-
fore very difficult to predict.

A more practicable approach is to use a simple
qualitative analysis, such as that employed by Pree-
ble (1968). By considering a variety of ice condi-
tions contributing to swell attenuation Preeble de-
veloped general descriptive classifications for the
severity of the pack ice conditions, and compared
them with observed fast ice breakouts over the years
1955-1966. The results (his table 1, p. 918) clearly
demonstrate the tendency for heavy pack ice years
to be accompanied by very limited fast ice break-
outs, and for the extensive breakouts to occur dur-
ing periods of light ice cover in the Ross Sea, sup-
porting the theoretical analyses described above.
This means that in order to develop a more versa-
tile model which predicts the probability of breakup
at any given time of year, we must first be able to
predict the pack ice conditions in the Ross Sea, as
well as the probabilities of critical incident wave
amplitudes and local wind and current velocities.
At the present time there is insufficient information
to perform such an analysis; however, it is hoped
that current studies incorporating the effects of
thermal deterioration and melting of fast ice sheets
will make it possible to produce a model which is
representative of fast ice in general, including ice
along more northerly sections of the Antarctic
coastline, and in Arctic waters.
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