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WIID DRIFT OF ANTARCTIC SEA ICE
PROBLEMY ARKTIKI I AUTARKTIKI in Russian !o. 47, 1975 pp 118-139

[Article by G. I. Baranov, V. 0. Ivchenko, 1. I, 'laslovskiy, A. F.
Treshnikov, D. E. Kheysin]

The drift of sea ice in arctic seas is mainly due to the wind [2,7,9]
and is determined by the nature of the atmospheric circulation. The
magnitude of the wind coefficient k and the angle of deviation of the
drift from the wind direction a,which are obtained by instrumental
observations on ice drift, vary over a wide range. The coefficient k
varies from 0.001 to 0.105, and its average values fluctuate from
region to region by more than four times (0.010-0.043). The angle i
a varies in similar fashion. The magnitude of these parameters
depends on the direction of the wind relative to the shore and also
varies substantially from season to season. Hence the simnle and
convenient method of I, N. Zubov can only be used for small well-
studied regions, where typical pressure fields can be selected and
the corresponding drift parameters can be determined for each point |
of computation. E
!

The magnitude of the mean wind coefficient for antarctic seas (0.030) |
is significantly larger than the corresponding value for the Arctic |
Ocean (0.017). The reason for this difference lies in the specific |
natural conditions that prevail in the Antarctic, particularly the

lack of any sort of obstacle to the spread of ice northward. V. Xh.

Buynitskiy [3] compiled charts of the isobaric drift of antarctic sea

ice from October 1961 to September 1362, where he nlottad dailv drift

values calculated using Zubov's formula and daily charts of nressure

near the surface. Smoothed ice drift trajectories for the eleven-month

period provided a clear picture of the overall ice circulation in
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antarctic waters. ilevertheless, because of the deficiencies of this
method mentioned above, the quantitative results of the studv must be
examined critically.

It is stated in reference [6] that the main characteristic of atmos-
pheric circulation in Antarctica is the existence of a system of
climatic cyclones around the continent, which form a relatively

stable circumpolar zone of low pressure. Hence in four regions of
Antarctica climatic cyclones are observed practically year round,
These cyclones are located in Riiser-Larsen Sea (20° E lonqg.), the Sea
of Cooperation (72° E long), the Ross Sea (160° E long.), and the
Weddell Sea (35° YW long.).

0. G, Krichak has set forth his view concerning the overall pattern

of sea ice drift in the Antarctic, which can be summarized as follows.
Closa to the shore of the continent, along the southern peripherv of
the stationary cyclone, the ice drift is westward. On the back side

of the cyclones due to the prevailing outward winds, the ice is moved
strongly away from the coasts of the continent northward. On the front
side of the cyclones, where the wind direction is opposite, the rate of
movement of the ice falls off sharply, and the ice is very compact.

The same viewpoint is upheld by A. F. Treshnikov [10,11]. The calcula-
tions of V. Kh. Buynitskiy [3] have shown that close to the shore the
isobaric drift of sea ice is significantly faster than in the northern
part of the zone, close to the outer edge of drifting ice. In addition,
the northward movement in the area near the shore of the antarctic
continent is very stable.

The formation of leads and areas of solid drift ice is also related

to ice drift processes. The formation and persistence of leads in
antarctic ice are caused by the movement of sea ice away from the place
where it is formed [7]. Since outward winds prevail everywhere along
the coasts of Antarctica, persistent leads should form alona the western
shores of capes and peninsulas extending into the sea. The nature of

a bend in the shore line largely determines the existence of persistent
open water, since 1t protects the open area from being filled with ice
drifting along the coast.

Persistent leads are widely distributed along the coast of Antarctica,
even outside the shore zone. It is worth noting that leads are often
formed between very compact concentrations of ice. In addition to the
persistent leads in the Antarctic we also find persistent areas of
continuous ice. The largest of them are found in the \leddell Sea.

It would be interesting to build a general picture of the drift of
antarctic sea ice on the basis of present-day ideas concerning the
nature of this process. To solve this problem we shall use a mathe-
matical model of ice drift, which takes into account the interaction
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of ice floes and which was develoned in studies reported in references
[4,5, and 13]. Monsteady-state eauations for the movement of the ice
cover are solved. These equations take into account the halance of
friction forces on the upper and lower surfaces of the ice, inertia,
the Coriolis force, lateral transfer of momentum, and quasi-elastic
compression forces.

Equations for the dynamics of barotropic quasi-stationary layers of
the atmesphere and ocean are used to complete the equations of ice
motion., Tn find the turbulence coefficient we use an equation for
the balance of turbulent energy in integral form and semi-empirical
hypotheses. Then the closed system of equations is written in the
following form:
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where P;, is the "elastic" tensor of strgsses and k, is the coefficient
of compress1on. which is equal to 3 ° dyn/cn,

The relation between rates of deformation and magnitudes of deformation
for short-period processes can be assumed to be linear:

du
I ar‘

i ©)
i e

Yle write the equations for the dynamics of the boundary lavers of the
ocean and the atmosphere in the following form:
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and the equation for the turbulent energy balance in intearal form as
follows:

H
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where the expressions

ky=c.H; V'8, (6)
represent semi-empirical hypotheses.

Here ug and v, are components of drift velocity; m is the surface

density to the ice; uy and uy are components of the vector of movement;
the subscript j indicates maqgnitudes related to the boundary layers of

the atmosphere (j = 1) and the ocean (j = 2). The origins of the zj

and z axes are located at the ice-air interface and ice-water interface;
zy is directed vertically upward, and z, vertically downward; p; and P;
are the density of the medium and the pressure; H; and h: are t%e thicﬂ-
ness of the boundary layer and the kinetic eneray of turgulent nulsations;
A is the Coriolis paramefsr; ki is the coefficient of turbulent viscosity;
kps which is equal to 19 cmélsec, is the coefficient of lateral momen-
tunm transfer; and €y and cp are nurerical constants, The values of Kr
and kp are obtained by numerical experiments,

The system of equations should satisfy the following boundary conditions.
At the air-ice and ice-water interface the condition of cementing of
velocities is met:

b,
&j s . . iy
Z'l- == Uy.

(3)

At the upper margin of the atmospheric boundary layer, the wind speed

coincides with the speed of the geostrophic wind G = (ug. vg):
=1,

2, =H,: ‘ﬂ‘ T (9)
. LI—LZ.

At the Tower margin of the boundary layer beneath the ice the current
speed returns to 0

2= H,: (10)

;= 0;
{ U5 — 0.
At the solid contour 3I' the condition of adhesion holds for the drift
speed:
uo lor — 0;

(thH

'volor =O-

At the liquid boundary 3r' the condition of free flow should be fulfilled

- . ___-“__—_J' - . | .
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where n is the perpendicular to 5I.

The isobaric drift 7 = (u,V) is given as the starting point

Iyi— U;

=0: 5 (13)
=

The method of splitting is applied to the system of equations (1-7)
after transformation, and then the method of dispersal,

Analysis of the Results of Calculations

In carrying out numerical computations on the computer for the ice
cover of the antarctic seas, difficulties of the following nature
were encountered: the ice cover forms a relatively narrow ring
around an enormous continent and for this reason it is impossible
to use a single computational grid. To take into account the most
characteristic outlines of the continental shore, the qrid interval
should not exceed 30-60km,

It vas found possible to handle this problem by dividing the entire
region covered by the computations into a series of sectors overlapping
one another. The interval of the computational grid was made equal to
55km (0.5° along a meridian), and 110km in the 'leddell Sea reaion (1.0°
alonqg a meridian). The calculations were based on the monthly chart

of averace pressure near the ground in April, as given in the Atlas

of the Antarctic (1].

The April position of the ice edge was also based on the Atlas. !Maps
of the ice drift and the distribution of compression and rarefaction
were plotted from the results of the comnutations. These maps were
asserbled to give an overall picture of ice drift around the whole of
Antarctica.

The use of an average monthly chart for pressure near the ground gives
us information on the resultant ice drift, the velocities of which are
usually Tower than those actually observed. But the existence of the
system of quasi=-stationary cyclones mentioned above assures that the
results obtained will be close to the actual instantaneous drift speeds.,
Since resultant vectors of ice drift were used in the compression and
decompression patterns calculated, they can obviously be treated as

a distribution of mean monthly positions of ice compression and
relaxation zones (leads).




Charts of ice drift at zones of relaxation are given in Figs. la and

1b for the lleddell Sea. The pressure situation shows a cyclone over

the sea with its center at 28° E lona. At the southern and northern
peripheries of the cyclone there are zones of sharp rise in pressure
gradients near the surface. Elevated pressure gradients near the surface
along the coast of the continent are typical of the whole of the Ant-
arctica and are responsible for the high speed of ice wind drift (up

to 1 m/sec) in the shore zcne. The distribution of ice drift velocities
obtained (Fig. 1a) aqgrees with existing ideas concerning it in these
regions: the drift is close to isobaric and the wind coefficient is
approximately equal to 0.032-0.034, i.e. it aqrees with the results of
other investigators [3,8]. The drift deviates slightly from the isobar
(6-10°) in the high-pressure direction. Some chanae is observed in

the drift speed of the ice in the regions near the shore due to the
influence of the shore.

The diagram of ice circulation presented shows a relatively narrow
zone (up to 200 km wide) along the shore of Coats Land in the eastern
part of the sea, where the drift velocities of the ice are from 36-40
cm/sec, The drift is compressive in nature along the Riiser-Larsen
and Filchner Ice Shelves, and this is reflected in che distrihution
of zones of compression and relaxation (Fig. 1b). UWith this distri-
bution of pressure in April the lead reported by some authors [7,9]
at the Filchner Ice Shelf barrier evidently should be covered with
ice.

Farther along the Antarctic Peninsula the ice drift velocities are
low (10-15 cm/sec), and at the Larsen Shelf it enters the back side
of the cyclone, whence it is carried away in the heavy flow northward.
In this way the ice is transported from the coastal regions beyond
the Antarctic Divergence into the region of the East Wind Drift.

The clearly defined expansive drift at the Larsen Ice Shelf should

be responsible for the existence in this region of a stationary lead

in the autumn. Fig. 1b confirms this assumption, The actual existence
of such a lead is mentioned in a number of studies [3,8,9].

The field of ice drift velocities in the center of the cvclone is
characterized by low speeds. At the same time the action of the
Coriolis force should cause the ice flow to soread out and result,
if not in the apnearance of leads, at least in a weakening or dis-
appearance of compression. This zone is indicated on the diagram
in question., At 50° E long. there is a region of elevated stress
causing the ice to come together as a result of negative divergence
of the air flow.

One of the climatic cyclones usually exists also above the Riiser-
Larsen Sea (see Fig. 2a), The center of the cyclone is located at
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Fig. 1 Average monthly drift (a) and zones of ice concentration and thinning
(b) in the ‘leddell Sea.

Here and later on the ice drift velocity vector is indicated by arrows.

Legend. Integsity of compression: 1,0; 2.101-103 dyn/cm; 3,104 dyn/cm;
4,10° dyn/cm; and 5,10° dyn/cm.

Key: x=20 cm/sec




23° E long. Even the average monthly ice drift velocities caused

by the wind in the southern edge of this cyclone reached 63-65 cm/sec
in the region of the shore. The ice drift along almost the entire
coast of Queen Maud Land is compressive in nature. This is reflected
in the pattern of distribution of compression (see Fig 2b). At the
same time, where parts of the continent extend into the sea, we should
expect zones of reduced ice concentration on the west and zones of
greater compressive concentration on the east. Lutzow-Holm Bay is
indicative in this respect (40° E lona.). The greatest stresses in
the whole of Antarctica are observed in the ice cover on the western
shore of this bay, and this agrees well with available information

on ice conditions in this bay.

The existence of coastal regions of less concentrated ice is typical
basically of parts of the continent which extend out into the sea or
ice shelves; for instance: the Fimbul Ice Shelf (0°), the ice shelves
of Enderby Land, and the 'lest Ice Shelf (30° E long.). The stationary
lead on the east shore of Prydz Bay is ohserved throughout almost the
entire year,

Zones without compression are found along the northern edge of the ice
cover,

A ridge of high pressure is found in Lazarev Bay caused by an abrupt
change in sign in the pressure gradient near the surface. The front
part of the quasi-stationary cyclone present above the Sea of Coopera-
tion (80° E long.) causes pressure drift in the western part of the
Davis Sea.

The gradient of the pressure field near the surface is typically weak
in the regions of the Mawson and 0'Urville Seas (Fig. 3a). Strong
winds prevail only in tne portion of the D'Urville Sea near the shore.
The ice-drift velocities at the shore reach 18-22 cm/sec, and are 2-6
cm/sec outside the zone affected by strong winds.

The distribution of zones of ice concentration and rarefaction (Fia.
3b) obeys the laws discussed above. Along the western part of the
Shackleton Ice Shelf (90° E long.) there is a zone of rarefaction
corresponding to the stationary lead present there for a great part
of the vear [7]. Zones of rarefaction in Vincennes 3ay (119° € lonaq.)
and along Adelie Land (145° E long. and 152° E long.) are similar in
nature.

Heavy concentrations are found in the Davis Sea and in certain coastal
reqions; such regions also include the Leningrad Station region, near
which the D/E 0b' was ice-bound in pril 1973,

The Ross Sea (Fiq, 4a) is among the zones with a climatic cyclone
constantly present. In April its center is located at 160° E long.
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Hence the circulation in the sea is cyclonic in nature also, Relatively
larger ice drift velocities (to 22-24 cm/sec) are observed on the
western shore, and these have a compressive component. The reason

for this is that there i5 a zone of strong compression along the entire
westermn coast (Supplement, Fig. 4b).

Relaxation drift along the Ross Ice Shelf causes the appearance in this
region (170° € lonqg.) of a region of rarefaction, coinciding with the
presence of a persistent lead close to !lc!lurdo Station.

A weakening of pressures is observed in regions of spreading ice flow
(1380° W long., 140-130° !l long., and 120° 4 long.) caused by a corres-
ponding spread of air flov. A sharp increase of ice drift velocity in
the region of western air movement causes the appearance of a zone of
elevated compression along the coast of arie Byrd Land and a narrow
zone of strong pressures,

In the final region under consideration (Fig. 5a), which includes the
Amundsen and Bellingshausen Seas, the pressure field at the surface
forms the front part of the Ross Sea cyclone, a pressure col with
weak pressure gradients, and the back part of the Weddell Sea cyclone.

Ice drift speeds are 2-6 cm/sec, increasing somewhat toward the region
near the ice edge in the Amundsen Sea. At the same time the direction
of drift in the sector of the pressure col is not constant. The relaxa-
tion drift along the Thurston (104° W long.) and Wilkins (75° 4 long.)
peninsulas extending into the sea is responsihle for the presence of
zones without pressure concentrations. 3oth regions coincide with the
location of actually existing areas of open water. The large Alexander
I Bay obviously should be covered with ice. Small zones of intense
pressure are found along the Antarctic Peninsula. The entire region

is not characterized by high compression values.

A1l regions covered by the computation were analyzed and a picture was
developed of the mean monthly ice drift in April along the shores of
Antarctica and of the zones of concentration and rarefaction of
antarctic sea ice. The ice drift model used can be utilized for short-
term prediction of drift elements and, as is particularly important

for navigation, to predict zones of compression and rarefaction.

Solution of the system of nonsteadv-state equations for the dynamics
of the ice cover, which takes into account the interaction of ice
floes with one another, makes it possible to trace the development
and displacement of such zones; and the subsequent inclusion of data
on changes in the baric situation may extend the interval of time for
which the computations are carried out.
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In order to evaluate the correctness of the information on zones of
compression and rarefaction developed using the model, we made calcu-
lations for a series of characteristic situations during the drift in
the ice of D/E 0b' in 1973,

From March throuqh April 1973 the D/E Nb' attempted to cut its way
through to the Leningrad Station. Active cyclonic activity was
observed in the reqion of this station at the beqginning and the end
of April, Rapid changes in the pressure field near the surface caused
the appearance of temporary zones of increased compression and rare-
faction. Taking advantage of the zones of rarefaction, the ship
attempted to move as close to the shore as possihle, often finding
itself in zones of compression. On April 23, at a location with
coordinates 68°0.5' S lat. and 156°39' E long. the D/E 0b' finally
found itself beset in the ice pack [11] and began to drift westward
with the ice parallel to the shore.

Fig. 6 shows a map of the calculated zones nf cormression and rare-
faction with the corresponding baric situation at 12:90 noon (Greenwich
time) on April 20, 1973. A ridge of high pressure divides the area
covered by the calculation into two zones. The drift in the first

zone is of the compressive type, and that in the second of the
relaxation type. The high drift velocity (up to 40 cm/sec) caused

the appearance of reqgions of high pressures (more than 105 dyn/cm)
along the western shore of D'Urville Sea. '!le note a zone without
compression centers close to the shore at 146° E long., which appeared
in very compact ice with elevated stresses.

In the second zone near the shore the ice was in a weakened state,
which could lead to the appearance here of cracks, clear spaces, and
leads. The D/E ob' was located at the margin of a zone of low values
of compression and rarefaction,

The appearance above the sea of a very deep cyclone on April 23

(Fig. 7) caused a sharp change in the distribution of stresses in

the ice and led to the formation of a broad zone of high compressive
forces. The O/E Ob'was in this very zone, so that it lost headway.
The low air temperatures that prevailed at that time (from -23° to
-28°) promoted rapid freezeup of the ice mass, and subsequent chanqes
in the pressure field did not result in a weakening of the ice in
this region.

Compression of the ice cover is determined not only by wind drift but
also by tidal movements of the ice. B3ut the periodic nature of the
tidal compression and rarefaction would lead to rapid reduction (within
a day) of stresses and the appearance of openings; and this was not
observed.

15
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Fig. 6.

Distribution of areas of compression and

(Greenwich) on April 20, 1973.

Here and 1

D/E 0b' is indicated by a black circle.
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Distribution of pressure and rarefaction at 12:00 noon on April 23, 1973.
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Fig., 8. Distribution of compression and rarefaction at midnight on July 22, 1973.
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Fig. 9. Distribution of compression and rarefaction at 6:00 a.m. on July 22, 1973,
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Thus, compression caused by wind drift of the ice nlayed a critical
role in this situation, while tidal pressures superimposed on the wind
pressures might have sharply increased the absolute magnitude of the
stresses and led to destruction of the ship. Purely tidal compressive
forces, obviously, can be hazardous only in the coastal zone or in
narrow places.

The D/E Ob' was held captive in the ice for three months. Compression
and hummocking of the ice continued all this time, but broad zones of
rarefaction were not observed in the vicinity of the D/E Ob'. Ice
surveys made fom a helicopter along the route showed 1ocaT_%egions

of rarefaction 10-15 miles wide, a fact which indicated strong move-
ments of the ice in this region.

In the middle of July the D/E ng had been carried to 65° S lat., i.e.
to the zone of the East ind Orift,

At midnight on July 22 the pressure field near the surface and the
corresponding conpression pattern looked as shown in Fig, 8. The
convergence of air currents in the rear portion of cyclones caused
the appearance of a narrow zone of elevated compression., In the
center of the cyclone the compression was reduced and local zones
of rarefaction were formed. At the location of the D/E 0b' the
compression was previously low and the nearby zone of high stresses
disappeared. The long swell that developed at this time broke up
the ice field, and the D/E Ob' again was able to move under its

own power.

Thus the data on compression developed through computation correspond
qualitatively with the observed picture., The quantitative aspect of
the results can also be evaluated indirectlv. Thus, stiesses in an
ice cover of the order of 104 dyn/cm evidently do not affect a ship
significantly, permitting it to move on its own. ilhen thaese stresses
increase by orders of magnitude, they become dancerous, and when
superimposed on tidal pressures, become extremely hazardous. Pre-
diction of such zones of elevated compression may provide real
assistance in the practical scientific and nperating aspects of
navigation in icy seas.

The following conclusions may be drawn.

1) On the basis of a hydrodynamic model of ice drift which takes
into account the intaraction of ice floes with one another, general
diagrams of the average monthly circulation of ice in April around
Antarctica were plotted together with a corresponding diagram of the
distribution of zones of compression and rarefaction,

2) The values for drift velocity and direction nbtained were close to
those observed in these regions.
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3) The pattermn of ice drift in an actual month was refined.

4) The calculated zones of rarefaction agree well with the knoun
locations of persistent leads.

5) The results convincingly demonstrate the possibility of using the
proposed mathematical model in support of sea operations in ice fields.
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