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ABSTRACT. Due to frequent and intense storm systems moving across the Antarctic
sea ice, ice drift and deformation fluctuate substantially. Observations of drifting buoys
show inertial power to be a substantial component of ice drift and deformation. Because
the inertial period at high latitudes is close to tidal periods, this peak can be amplified due
to resonance. In practice, the energy dissipation by ice interaction plays a significant role
in dampening out this inertial energy. In present sea-ice dynamics models both with and
without ice interaction, this inertial motion is overdamped due to the underestimation of
coupling to the ocean boundary layer. To develop a more consistent treatment of ice drift
under fluctuating wind fields, we consider here a vertically integrated formulation of the
ice—ocean boundary-layer system that incorporates a more realistic treatment of the
upper ocean. Under steady wind conditions this model reduces to the normal water-drag
formulation used in most sea-ice dynamics models. Simulations using this “imbedded”
model are analyzed to elucidate the role of ice interaction in the Antarctic ice-pack in
modifying the high-frequency motion and inducing deformation which in turn signifi-
cantly impact ice-thickness characteristics. The simulations demonstrate that in an inter-
acting ice field in the presence of kinematic waves inertial imbedding can lead to
oscillations in ice concentration of up to ~10% open water. These variations are similar

in magnitude to observed deformation fluctuations in tide-free regions.

INTRODUCTION

A dominant feature of sea-ice deformation in both the Ant-
arctic and Arctic regions is the presence of substantial high-
frequency variability, typically with considerable power at
inertial frequencies. These high-frequency motions can con-
tribute substantially to the mass budget of the ice (Heil and
others, 1998) and in some cases modify the air-sea heat
exchange by up to 50%.

This high-frequency content of the motion is in contrast
to the wind forcing which occurs at much lower frequencies.
Moreover, the oscillatory character of the motion has been
related to ice concentrations and interaction using field
observations (Hibler and others, 1974). These observations
typically show a substantial “quelling”of the inertial oscilla-
tions under compact high-ice-interaction conditions. Since
at high latitudes the inertial period is close to tidal periods,
this deformation in tidally active areas can be amplified by
the inertial resonance, a result which is suggested by obser-
vations of pack-ice deformation in the western Weddell Sea
(Geiger and others, 1998).

In almost all sea-ice dynamics models both with and
without ice interaction, inertial motion is typically over-
damped due to the method of coupling the ice with the ocea-
nic boundary layer. This is because the drag formulation
used in ice models assumes an averaging over time-scales
that are long compared to the inertial period. This aver-
aging procedure effectively decouples the ice mass from the
mass of the dynamically active ocean boundary layer which
also undergoes inertial oscillations (see, e.g., McPhee, 1978).
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The higher-frequency motion can be formulated more
consistently by including higher-frequency motions in the
boundary layer. This can be done by using a vertically inte-
grated boundary-layer model (McPhee, 1978) which essen-
tially locks the ice to the oceanic boundary layer in a
manner such that the long-term average behavior is the
This type of slab
boundary-layer model has been very successful (McPhee,
1978) in predicting inertial motion under ice-interaction-
free conditions. This procedure has not, however, been car-
ried out in comunction with a fully interactive sea-ice
model. While this “imbedding” procedure will induce high-
er-frequency motion in the ice drift, whether or not higher-
frequency deformation (differential drift) might be pro-
duced is less clear. The hypothesis here is that within a fully
interactive ice model, coupling effects could well produce a
substantial deformation signal. However, this process has

same as in current numerical models.

not been examined to date.

In order to develop a more consistent treatment of ice
drift under fluctuating wind fields, we develop and numeri-
cally investigate here a vertically integrated ice/ocean
boundary-layer system in the context of an interacting ice
field. Since the focus here is on the physical processes, a lin-
earized boundary-layer formulation is used together with
an idealized 1.5-dimensional dynamic—thermodynamic
sea-ice model. The configuration of this model is examined
within the context of a winter deformation experiment in
the East Antarctic sea-ice zone (Worby and others, 1996).
During this time, a number of drifting buoys were moni-
tored hourly for studies of sea-ice drift and deformation
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(Heil and others, 1998). Detailed atmospheric forcing data
are also available for model comparison.

IMBEDDED MODEL FORMULATION

Boundary-layer drag in general can be formulated in terms
of a high-turbulence layer of water very close to the ice
which then matches to an “Ekman” layer region at further
depth where the vertical eddy viscosity can be considered
basically constant. Within this context, turning angles
between the ice-drift direction and the stress of the ocean
and the ice depend on the variation of the turbulence close
to the ice. Dependence of the drag on the ice velocity, on the
other hand, depends on the scaling of the turbulence with
the ice velocity. Within this context a critical point is that
there is effectively no (or very low) stress at the bottom of
the boundary layer (Ekman layer portion). Consequently
the ice—ocean boundary layer can be thought of as free to
move, and under a pulse will undergo inertial oscillations
with very little damping. Essentially it is as if the ice—ocean
system were on a “frictionless” table. Hence, while internal
stresses within this boundary layer can affect the details of
turning angles and turbulence change with depth, they can-
not modily the overall momentum balance of the aggregate
boundary layer. Indeed, this overall momentum balance
leads to the classic argument that the divergence of the
Ekman transport is proportional to the curl of the wind
stress independent of the turbulence characteristics of the
oceanic boundary layer.

GOVERNING EQUATIONS

An approximation often used for inertial studies is to con-
sider the ice—ocean system to move as a slab. Within this
context there will be fixed turning angles between different
portions of the oceanic boundary layer and the ice. While
this slab approach is certainly an approximation, the physi-
cal notion here is that turbulence-induced stresses within
the boundary layer are substantial and lead to adjustment
time-scales that are rapid compared to the inertial period.
Consequently, over several inertial periods the motions at
different portions of the boundary layer are highly coherent,
and hence may effectively be viewed as locked together. We
also note that formulations taking the ice stress to depend on
the ice velocity implicitly assume a slab formulation with an
average over several inertial periods. Such models (see, e.g.,
Geiger and others, in press) do well for lower-frequency ice
motion but yield no significant inertial motion.

Within the slab formulation the turning angles and ice—
water stress formulations may be maintained (following
McPhee, 1978) by taking the mass of water transported to
be related to the ice velocity. Taking the simplest case of
the water drag linear with the ice velocity, My, the bound-
ary-layer mass transport is given by:

MW = (P“-C\v/f)k xV- B (1)

where V is the ice velocity relative to the background geos-
trophic flow, py is the water density, f is the Coriolis para-
meter, Cy, is a water-drag coefficient, and B is a rotation
operator such that
V- B = (V.cos B+ V,sinfB)x + (V, cos 8 — V, sin B)y
(2)

where [ 1s a turning angle and x and y are unit vectors. The
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total mass transport M of the boundary-layer system con-
sisting of ice plus water is given by

M = pihV + (puCw/ Nk X V- B (3)

where h is the ice thickness and p; is the ice density. Since we
consider that there is negligible drag on the bottom of the
boundary layer, the only forces acting on the ice boundary-
layer system are given by the surface wind-stress Coriolis
force and ice interaction forces. Consequently, M obeys an
equation of motion

%—kaM:fr_ﬁ-V-(r (4)
Dt
where o is the ice stress tensor, 7y is the surface stress and
D/ Dt is the substantial time derivative. Expressing all the
terms of the equations of motion in terms of the ice velocity,
we obtain

DV

pihﬁ

: DV
— (pwCyw/ fk x Ft'ﬂ—fpihkx A%
+pCyV-B=7+V 0.

(5)

It is clear that in a steady-state condition where all the time
derivatives are zero this equation yields the conventional
ice-motion equations (e.g. Hibler, 1979) with a linear drag
(pwCy | V'|) at a turning angle 3 relative to the negative
ice-drift direction. However with time-dependent forcing,
the integrated equations allow the ice and upper ocean to
contain inertial motion.
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Fig. 1. Stmulated velocity for 1 m thick sea ice with ( solid line)
and without (dashed line) inertial imbedding. (a) s for
7y = —0.1sin [27t/15] N’ with t in hours; (b) is fora
step~functionwind of 7, = —0.2N m” for 3.5 hours and zero
thereafter. The dotted line in (b) s for extremely thick (5m)
ice (see text ).

NUMERICAL SOLUTION PROCEDURE AND ONE-
DIMENSIONAL EXAMPLE

To carry out a numerical solution of the ice-drift equation in
a Lagrangian grid described below, we make use of an ex-
plicit time-stepping procedure with all of the Coriolis terms
in the above equation centered in time. Forward Euler
time-stepping is used for the time derivatives, and the ice
interaction and wind-stress terms are treated explicitly.
This necessitates small time-steps of the order of s for the
viscous plastic rheology. This solution procedure insures
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that the inertial terms are centered in time and that there is
no spurious damping of the inertial motion. For these
simulations and the interacting ice-field simulations dis-
cussed later in the paper we take the numerical values of
the variables in Equation (5) to be: pih = 10°kgm % f =
14%x10 *s Y py =10°kgm %, C,, =086 ms ' and B = 30°.

We examine the effect of this imbedding for free ice drift
(no ice interaction) for a sinusoidal wind forcing (Fig, la)
and for a step-function wind forcing (Fig. 1b). Figure 1
shows velocity of the ice both with and without imbedding.
With imbedding, the ice will undergo inertial motion which
is superimposed on the steady, sinusoidal driven motion.
With a step-function wind which is set equal to zero after a
few hours, the system will elfectively undergo inertial oscil-
lations which are reduced only if we apply a damping term
to the formulation. In the case of extremely thick ice of 5 m
(Fig, 1b, dash-dotted line) with passive drag, there will be
some slight highly damped oscillation which is much smal-
ler than the oscillation of the overall boundary layer. The
strength of this damping provides further justification for
the slab approach, as this type of interfacial stress will be in
effect between portions of the oceanic boundary layer as
well as between the ice and oceanic boundary layer.

OBSERVED ANTARCTIC DEFORMATION CHAR-
ACTERISTICS

Data taken as part of the Australian East Antarctic field
experiment “HiHo HiHo” (Worby, 1996) have provided an
excellent example of higher-frequency deformation. More-
over, this region is not tidally active, and consequently is felt
to have primarily inertially induced higher-frequency motion
rather than tidally forced motion. Analysis of the thermo-
dynamic consequences (Heil and others, 1998) of ice defor-
mation from this ficld experiment has shown that this
higher-frequency motion can in some cases more than
double the area-averaged ice-formation rate.

The basic characteristics of the drift and deformation
record taken during this experiment show a strong defor-
mation signal largely dominated by deformation perpendi-
cular to the coast, together with drift variations that are
larger parallel to the coast. This drift is also found to be well
correlated with wind motion for motion along the coast, but
somewhat less so for motion perpendicular to the coast. To
quantify this character, we calculate a linear least-squares
fit of the drift velocity to surface wind velocity, forcing the
ice velocity to zero at zero wind speed.

The best-fit equation is given by

u+ v = (0.025 + 0.00435%) (uy + ivy) (6)

where ©+iv and uy + vy are complex ice and wind
velocities in an arbitrary coordinate system. This result cor-
responds to the ice having a drift relative to the buoy wind of
about 1/40 of the wind speed in a direction about 10° to the
left of the wind direction.

Representing the ice velocity in a coordinate system
aligned with the coast, the predicted and observed velocities
are shown in Figure 2. As can be seen, the local wind at the
buoy predicts the alongshore ice motion very well, but does
less well for the ice motion perpendicular to the coast which
displays less variance in general.

While the alongshore motion is substantial, much of the
deformation occurs perpendicular to the coast, which is
illustrated in Figure 3 where we show the components of
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the strain-rate tensor parallel and perpendicular to the
coast. The results show a stronger oscillation in the defor-
mation carly on in the record, even though the wind is rela-
tively smooth over this time interval. Frequency analysis of
this data reveals much of the power of these oscillations is at
the inertial period (Heil and others, 1998).
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Fig. 2. Observed and simulated velocity components (uandv)
in a coordinate system which is aligned to the coastline { see
Fig. 4). Also shown are the x and y components of the wind
(dotted line ).

NUMERICAL INVESTIGATION OF INERTIAL
OSCILLATIONS IN AN INTERACTING ICE FIELD

Based on the buoy-deformation characteristics outlined
ahove, a 1.5-dimensional dynamic—thermodynamic model
with a 40 km resolution was constructed as shown in Figure
4. In this model, full two-dimensional ice dynamics is
assumed, but all variations along the coast are assumed to
be zero, This formulation allows shear strength as well as
compressive stress to be utilized in the formulation, while
still allowing a clearer analysis of the essential characteris-
tics of the inertial imbedding to be examined. A Lagrangian
grid formulation is utilized together with a dynamical for-
mulations for the ice interaction, as used by Leppiranta
and Hibler (1985) for ice-margin analysis. For thickness—
strength coupling, a relationship between ice strength (P),
ice thickness and compactness (A),

P =2.75 x 10*hexp[—20(1 — A)], (7)
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Fig. 3. Components of the strain-rate tensor (a) du/dx
( parallel to coast ), and (b) dv/dy ( perpendicular to coast),
Jor a buoy deployed in the sea-ice zone during the East Antarc-
tic “Hillo HiHo” field experiment.

was assumed. Because a Lagrangian grid was used, the con-
servation equations for compactness and thickness simply
involve multiplying the concentration and thickness by the
divergence rate to obtain time rate of changes of these vari-
ables (Leppdranta and Hibler, 1985). Numerical values were
the same as used in the one-dimensional example cited
earlier, together with initial conditions of A = 0.95 and
h = 1m in all simulations. In cases without ice-thickness
and ice-compactness evolution equations included, A and h
will be constant.

Two types of simulations were carried out, both with
and without inertial imbedding. In the first case, only the
momentum equations were utilized without any thickness—
strength coupling, whereas in the second case the compact-
ness and thickness were allowed to evolve according to con-
servation equations (Hibler, 1979). Two types of forcing were
used: a half sine wave of wind, and a constant wind which
was dropped to zero after about 4 hours.

The salient results from these simulations are shown in

i 200 km
i y 160 km
X 120 km
80 km

r T(t) g

40 km J
L Coast line

Land

Fig. 4. Coordinates for the 15-dimensional model domain.
The wind stress is applied in a spatially constant manner
along the y axis in all numerical experiments.
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Figures 5-9. In the absence of ice-thickness—strength cou-
pling with a sine-wave forcing (Fig. 5) there is an oscillation
at all gridcells. The inertial motion is seen, and is similar at
varying distances from the coast. This oscillation is not
present without imbedding. Consistent with plastic flow
characteristics (e.g. Leppidranta and Hibler, 1985) the ice
moves rigidly with failure at the coast. Because of this rigid
motion there is essentially no deformation at the inertial
period, except right at the coast.
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Fig. 5. Time series of sea-ice velocity perpendicular to the coast
at of fshore gridpoints of grideells centered 20, 60, 100, 140 and
180 km away from the coast for the imbedded model without
wce-thickness strengthening. A spatially uniform sine-wave
wind forcing was used as in Fig. 1. All velocities are essen-
tially the same.

When thickness—strength coupling is added, however,
there is a substantial effect. As seen from the half-sine-wave
results shown in Figure 6, we see a ridging front move out-
ward both with and without imbedding. This is illustrated
by the velocity decreasing in magnitude as the front moves
outward from the coast. This is the simplest case of a kine-
matic wave (Hibler and others, 1983). With imbedding
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Fig. 6. Time series of modelled sea-ice velocity perpendicular
to the coast for gridcells centered 20, 60, 100, 140 and 180 km
away from the coast, including ice-thickness strengthening
without (a) and with (b ) inertial imbedding for a sine-wave

wind forcing.
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added, however, there is a pronounced oscillation at the in-
ertial period, with some phase shift as the ridging front
moves outward. As the compactness changes, the phase
and orientation of these inertial motions vary as a function
of space. This results in significant differential motion and
hence deformation.
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Fig. 7. Time series of (a) the sea-ice velocity and (b) the di-
vergence rale for the imbedded model with a step-function
wind forcing of y = ~0.2Nm’ which is stopped after
3.5 hours. Both the velocities and the strain rate are shown of f-
set for clarity.

These oscillations are notably present even in the ab-
sence of wind, as can be seen from Figure 7. Here we show
results from the imbedded model where a sinusoidal wind is
reduced to zero after about 4 hours. After the wind ceases,
the system inertially oscillates, with some damping due to
convergence in different regions caused by the ice inter-
action. Because there is an ice—boundary-layer system
which conceptually can be thought of as largely resting on
a “frictionless surface”, this type of behavior is quite reason-
able. The deformation is maximum near the coast. How-
ever, due to the phase shift of kinematic waves propagating
out, there is also a strong deformation signal a substantial
distance from the coast (Fig. 7b). The reasonable magnitude
agreement between observation and simulation of the strain
tensor components for calm conditions is shown in Figure 8.
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Fig. 8. Observed (solid line) and simulated (dashed line)
strain-rate tensor component dv/dy perpendicular to the
coast. The simulations are for a step-function wind forcing
some time after the wind has been set to zero, and the obser-
vations are during quiescent conditions, The two lime series
have been offset for clarity.
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This deformation signal also leads to a substantial
change in the ice concentration, with eventually a
“banded” structure (Fig. 9) developing with oscillating
regions of thin ice alternating spatially with ice undergoing
no deformation. If there were no variations in the ice con-
centration along the coast (as assumed here) then bands
would develop, a phenomenon often observed in the mar-
ginal ice zone. In this particular example, because of the
highly non-linear nature of the sea-ice dynamics, there is
only a very weak damping of these oscillations. Further
analysis shows they do eventually damp out, leaving
“banded” ice concentrations behind. Of course, in an actual
physical situation they will be damped out due to a variety
of processes, including growth of sea ice in the diverging
regions and lateral damping in the ocean.
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Fig. 9. Perspective view of compactness as a_function of time
and distance from shore, resulting from an initial pulse of
wind as used in Figure 7.

The precise spacing and character of these bands will be
related to the ice strength and wind force which affect the
speed of the kinematic waves (see, e.g., Hibler and others,
1983). Tt is likely in this case that the irregular spacing is
due to low spatial resolution (40 km) of the simulation.
Further analysis of this phenomenon is needed to establish
the essential scaling parameters. However, the main issue
is that this type of phenomenon can lead to a substantial
variability in the deformation, especially for a more dilute
pack-ice cover as occurs in the Antarctic. As the resolution
of ice-ocean models used in climate studies increases, the
importance of including this type of phenomenon becomes
paramount.

CONCLUDING REMARKS AND DISCUSSION

The main thrust of this paper has been to demonstrate the
effects of inertial imbedding on ice-deformation character-
istics. The basis of this work is that although wind forcing is
relatively smooth, the combination of thickness—strength
coupling and inertial motion in the upper ocean conspires
to create a substantial amount of higher-frequency deforma-
tion. This result is commensurate with observations, and
supplies an explanation as well as a basic physical mechan-
ism for including this physics in sea-ice dynamics models.
The results here were largely caused by the presence of a
land boundary. However, in reality we would expect spatial
variations in wind as well as ocean currents to be a major
source of forcing to cause such variations. These character-
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istics would be expected to be less pronounced under very
compact growth conditions such as in the Arctic. For the
looser, less consolidated Antarctic ice pack, we expect them,
however, to play a substantial role in the ice mass balance.

Within the context of this investigation, these higher-fre-
quency phenomena are basically mechanical processes con-
trolled by stresses in the ice pack rather than body forces
such as the surface wind stress. Consequently it would seem
very risky to attempt to model them by statistical parame-
terizations, especially since the computational efficiency of
sea-ice models has recently been greatly improved (see, e.g.,
Zhang and Hibler, 1997), allowing processes like this to be
directly simulated.

While the investigations here have been mechanistic in
character, they illustrate the basic character of the phenom-
enon and provide a justification for more detailed investiga-
tions and inclusion of inertial effects in sea-ice dynamic—
thermodynamic models. Additional work regarding both
more realistic boundary-layer formulations and full two-
dimensional investigations is needed. Also clearly needed
work is the inclusion of this type of imbedded sea-ice model
together with free surface ocean-circulation models capable
of including tidal forcing. Such efforts are currently under
way and we hope that this work will motivate similar inclu-
sion in coupled atmosphere—ocean climate studies.
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