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WI~I D DRIFT OF A~1TARC TIC SEA ICE

PROBLEM? ARKTIKI I XITA RKTIKI in Russian Ho. 47, 1976 pp 118—139

[Article by G. I. Baranov , V. 0. Ivchenko , ~1. I. ~1as1ovskiy , A. F.Tre shnik ov 5 El. E. Kheysin]

The dri ft of sea ice in arctic seas is mainly due to the wind [2,7,9]
and is determined ~y the nature of the atmospheric circulation. The
magn i tude of the wind coefficient k and the angle of deviati on of the
dri ft from the wind di rection ~,wh i ch are obtained by instrumental
observations on ice dri ft, vary over a wi de range. The coefficient k
varies from 0.001 to 0.105, and its averace values fl uctuate from
region to region by more than four times (0.010-0.043). The angle
n varies in similar fashion. The magnitude of these parameters
depends on the di rection of the wind relative to the shore and also
varies substantially from season to season. Hence the sinnie and
convenien t method of 1. ~I. Zubov can only be used for small well -0 studied regions , where typi cal pressure fields can be selected and
the corresponding drift parameters can be determined for each point
of computation .

The magnitude of the mean wind coefficient for antarcti c seas (0.030)
is signifi cantly larqe r than the corresponding value for the Arctic
Ocean (0.017). The reason for this difference lies in the specific
natural condi ti ons that prevail in the Antarcti c, narti cularl y the
lack of any sort of obstacle to the spread of ice northwa rd. ‘I. Kh .
Buynitskiy [3] compiled charts of the isobaric dri ft of antarcti c sea
ice from October 1961 to September 1962, where he niotted dail ” dri ft
values calculate d using Zubov ’s formula and daily charts of oressure
near the surface . Smoothed ice dri ft trajectories for the eleven-mon th
period provided a clear picture of the ove rall ice ci rculation in
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antarcti c waters . levertheless , because of the deficiencies of this
method mentioned above , the quantitati ve results of the stud i must be
examined cri tically.

It is state d in reference [6] that the main characteristi c of atmos-
pheric ci rculation in Antarcti ca is the existence of a system of
climati c cyclones around the continent , I.,hich fo rm a relatively
stable ci rcunipolar zone of low pressure . Hence in four region s of
Antarcti ca climati c cyclones are observed pract ically year round.
These cyclones are l ocated in Riiser—Larsen Sea (20° E long.), the Sea
of Cooperati on (72° E long.), the Ross Sea (160° E long.), and the
Weddell Sea (35° 4 long.).

0. G. Kri chak has set forth his vi ew concerning the overall pattern
of sea ice dri ft in the Antarcti c , which can be summari zed as follows .
Close to the shore of the continent , along the southern peri phery of
the stationary cyclone, the ice dri ft 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 directi on is opposite , the rate of
movement of the ice falls off sharply, and the ice is very compact.
The same vi ewpoint is upheld by A. F. Treshnikov [10 ,11]. The calcula-
tions of ‘1. Kh. Buynitskiy [3] have shown that close to the shore the
isobari c dri ft of sea ice is signifi cantly faste r than in the northern
part of the zone , close to the outer edae of dri fting ice . In addition ,
the northward movement in the area near the shore of the antarcti c
continent Is very stable.

The formati on of leads and areas of solid dri ft ice is also related
to ice dri ft processes. The formation and persistence of leads in
antarcti c ice are caused by the movement of sea ice away from the place
where it is formed [7]. Since outward wi nds prevail everywhere along
the coas ts of Antarct i ca , persistent leads should form along 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 It protects the open area from being filled ‘vith ice
dri fting along the coast.

Persistent leads are wi dely distribute d alonq the coast of Antarctica ,
even outside the shore zone . It is wort h noting that leads are often
formed between ve ry compact concentrations of ice. In additi on to the
pe rsistent leads in the Antarct ic we also find persistent areas of
continuous ice . The largest of them are found in the ~1eddell Sea.

It would be Interesting to build a general picture of the dri ft of
antarcti c sea Ice on the basis of present-day ideas concerning the
nature of this process. To solve this problem we shall use a mathe—
mati cal model of ice dri ft , wh ich takes into accoun t the interaction
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of ice fl oes and whi ch was develope d in studies reported in references
[4,5, and 13]. “lonsteady—state enuati ons for the movement of the ice
cove r are solved. These equati ons take into account the balance of
fri cti on forces on the upper and lo’ ie r surfaces of the ice , inerti a ,
the Coriolis force, late ral transfer of momentum , and quasi-elasti c
compression forces.

Equati ons for the dynami cs of barotropi c quasi-stati onary l ayers of
the atmosphere and ocean are used to complete the equations of ice
moti on. To find the turbulence coefficient we use an equation for
the balance of turbulent energy in integral form and semi -empi rical

0 hypotheses. Then the closed system of equations is wri tten in the
fol lowing form:

Ott 0 , Ou1 OP ~~ OP~~.
~~ —r / 112 V0 ~1k1-~- — ~ :~~=O + p k ?  -

~~

-

~~

- 

;-~-O 
—H k r uuir n o ± —:jj -— + — .

tjt,0 0
~~vx ~~ 

(1)

0 
0 

in ~~ —i.inu~ = p 1k~- -  
:~~ O ± ‘

~~~ t3z : — 0  ~~~~~~~~~~ ~‘O ± ~~~~ ~~~
(
~

)

where is the “elastic ” tensor of stresses and k,, is the coefficient
of compression , which is equal to 3 10 dyn/cm .

The relation between rate s of deformation and magnitudes of deformation
for short-period processes can be assume d to be linear:

0 _ 0u1110 —

(3)
V0~~~~~~~ —~~T_ .

We wri te the equati ons for the dynami cs of the boundary laye rs of the
ocean and the atmosphere in the following form:

0:12) 1 OP 1 - --0o:j ~ 
Ox
- (J )0 0-vt I oP , 0

k ———— ~.u. — 0
Oz~ P~ 

c3y

and the equati on for the turbulent energy balance in inte~ral form as
fo l lows :

Il
j

“ r Ottj ’2 
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2
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2 0,
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where the expression s
k1=~cf11 J ’ b,, (6)

(7)

represent semi —empirical hypotheses.

Here u0 and v0 are components of dri ft ve loci ty ; n is the surface
density to the ice ; u~ and Uy are components of the vector of movement;
the subscript j indi cates magnitude s related to the boundary layers of
the atmosphere (j = 1) and the ocean (j = 2). The origins of the zl
and 22 axes are located at the ice—air interface and ice—water interface ;
z1 is directed verti cally upward , and z2 vertically downward; Pj and P
are the density of the medi um and the pressure ; U~ and 5. are t he thic -

ness of the boundary layer and the kineti c energy of tur~ulent pulsati ons;
A is the Coriolis parame~~r; k• is the coefficient of turbulent viscos ity ;
kr, which is equal to 1o~ cm2~sec~ is the coefficient of lateral momen-tum transfer; and c1 and c2 are nume ri cal constants. The values of krand k~ are obtained by numeri cal experi ments.

The system of equati ons should satisfy the following boundary conditi ons.
At the air-ice and ice—water inte rface the condi tion of cementing of
velocities is met:

(
~)

At the upper margi n of the atmospheri c boundary layer, the wind speed
coinci des with the speed of the geostrophic wind ~ = (u9. vg):

(111 =11
z1 ==H , :~~ _ _ ,

g (9~

At the lowe r margin of the boundary layer beneath the ice the current
speed returns to C)

z2 =H 2 : { 0 (l~~

At the solid contour ~1’ the condition of adhesion holds for the dri ft
speed:

uo Ior O, 
( 1l~V0 f ~ 0.

At the liquid boundary ~r the condi tion of free flow should he fu l filled
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where n is the perpendi cular to ~r.
The i sobar ic  dri ft ~ (u ,V) is given as the starting point

1 0 :  - (13)
V0 V.

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

Anal ys i s of the P~esults of Calculati ons

In carrying out numerical computations on the compute r for the ice
cover of the antarctic seas , di ffi culties 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
characteri sti c outlines of the conti nental shore, the gri d interval
should not exceed 30—60km.

It was found possible to handle this problem by dividing the enti re
region covered by the computati ons into a series of sectors overl apping
one another. The interval of the computati onal gri d ~sas made equal to
55km (0.5 ° along a meri dian), and 110km in the ~eddel1 Sea region (1.0°
along a meridian). The calculations we re based on the monthly chart
of average pressure near the ground in Apri l, as give n In the Atlas
of the Antarcti c [1] .

The Apri l positi on of the ice edge was also based on the Atlas. Haps
of the ice dri ft and the distribution of compression and ra refaction
were plotted from the results of the commutations. These naps we re
assembled to gi ve an overall picture of ice dri ft around the whole of
Antarctica.

The use of an average monthly chart for pressure near the ground give s
us information on the resul tant ice dri ft, the velocities of which are
usually lower than those actually observed. But the existence of the
system of quasi—stationary cyclones mentioned above assures that the
results obtained wi l l  be close to the actual instantaneous drift speeds.
SIncE resul tant vectors of ice dri ft we re used in the comp ression and
decompression patte rns calculate d, they can obvi ously be treated as
a distribution of mean monthly positions of ice compression and
relaxation zones (leads).

5 



Charts of ice dri ft at zones of relaxation are given in Figs . la and
lb for the W eddel l Sea. The pressure situation shows a cyclone over
the sea wi th its cente r at 28° E lona. At the southern and northe rn
peripheries of the cyclorte the re are zones of sharp rise in pressure
gradients near the surface . Elevate d pressure gradients near the surface
along the coast of the continent are typical of the whole of the An t-
arctica and are responsible for the high speed of ice wind dri ft (up
to 1 m/sec) in the shore zone. The distributi on of ice dri ft veloci ties
obtained (Fig. la) agrees w i th existino ideas concerning it in these
regions: the dri ft is close to isobari c and the wind coefficient is
approxi mately equal to 0.032—0.034, i.e. it agrees with the results of
other investigators [3,8]. The drift devi ates slightly from the isobar
(6—10°) in the high—pressure directi on. Some change i s  observed i n
the dri ft speed of the ice in the regions near the shore due to the
infl uence of the shore .

The di agram of ice ci rculati on presented shows a re 1ati ve l~ narrow
zone (up to 200 km wide ) alon g the shore of Coats Land in the easte rn
part of the sea , where the dri ft velocities of the ice are from 36-40
cm/sec. The dri ft is compressive in nature alon g the Riiser-Larsen
and Fi lchner Ice Shelves , and this is reflected in ~he distributionof zones of compression and relaxation (Fig. lb). Wi th this distri-
bution of pressure in Apri l the lead reported by some authors [7,9]
at the Ftlchne r Ice Shelf barrier evi dently should be cove red w i th
i ce.

Farthe r along the Antarcti c Peninsula the ice dri ft velocities are
low ( 10— 15 cm/se c), and at the Larsen Shelf it enters the back side
of the cyclone , whence it is carried away in the hea vy fl ow northward.
In this way the ice is transported from the coastal regions beyond
the Antarcti c Divergence into the region of the East Wind Drift .

The clearly defi ned expansive dri ft at the Larsen Ice Shelf should
be responsible for the existence in this regi on of a stati onary lead
in the autumn . Fig. lb confi rms this assumption . The actual existence
of such a lead is mentioned in a number of studies [3,8,9].

The field of ice dri ft veloci ties in the center of the cyclone is
characterized by low speeds. it the same tine the acti on of the
Coriolis force should cause the ice fl ow to s~,read out and result ,if not in the appearance of leads , at least in a weakening or dis-
appearance of compression . This zone is indi cated on the di agram
in question. At 50° E long, there is a region of elevate d stress
causing the ice to come together as a resul t of negati ve di vergence
of the air flow.

One of the climati c cyclones usual ly exists also above the Riise r-
Larsen Sea (see Fig. 2a). The center of the cyclone is located at

6
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Fig. 1 Ave rage monthly dri ft (a) and zones of ice concentration and thinning
(b) in the Weddell Sea.

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

Legend. Intepsity of compressipn : 1 ,0; 2,l01 _l0 3 dyn/cm ; 3,l0~ dyn/cm;4,l0~ dyn/cm; and 5,10° dyn/cm.

Key: x-20 cm/sec
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23° E long. Even the average month ly ice dri ft velocities caused
by the wind in the southern edge of this cyclone reached 6~—6 5 cm/sec
in the region of the shore. The ice dri ft along almost the enti re
coast of queen haud Land is compressive in nature . This is reflected
in the pattern of distribution of compression (see Fig 2b). At the
s ame ti me , where parts of the conti nent extend into the sea , ~ie should
expect zones of reduce d ice concentrati on on the west and zones of
areate r comp ressive con centration on the east. LUtzow— ~Ioln Bay is
indicati ve in this respect (40 ° E lona.). The greatest stresses in
the whole of Antarcti ca are observe d in the ice cove r on the western
shore of this bay , and this agrees ~ie11 wi th avai l able informati on
on ice condi ti ons in this bay.

The existence of coastal regions of less concentrated ice is typical
basicall , of parts of the continent which extend out into the sea or
ice shelves ; for instance : the Finbul Ice Shelf (C)0), the ice shelve s
of Enderby Land , and the ~Iest Ice Shelf (30° E long.). The stati onary
lead on the east shore of Prydz Bay is observed throughout almost the
enti re year.

Zones without compression are found alon g the northern edge of the ice
cove r.

A ri dge of high pressure is found in Lazarev Bay cau3ed 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 dri ft in the weste rn part of the
Davis Sea.

The gradient of the pressure field near the surface is typi call y weak
in the regions of the ~awson and D’Urvi lle Seas (Fig. 3a). Strong
winds prevai l only in the portion of the D’Urville Sea near the shore.
The ice—dri ft veloci ties at the shore reach 18—22 cn/ sec , and are 2—6
cm/sec outside the zone affected by strong winds .

The distributi on of zones of ice concentration and rarefacti on (Fig.
3b) obeys the l aws discussed above. Along the western part of the
Shackleton Ice Shelf (90° E long.) there is a zone of rarefacti on
corresponding to the stati onary lead present there for a great part
of the ‘/ear [7]. Zones of rarefacti on in Vincennes Bay (110° E lon e.)
and along Adelie Lan d (145° E long, and 152° E long.) are similar in
nature.

Heavy concentrati ons are found in the Davi s Sea and in certain coastal
regions; such regions also include the Leningrad Stati on region , near
whicri the D/E 0b~ was ice-bound in ~pri l 1973.

The ~oss Sea (Fig. 4a) is among the zones with a climatic cyclone
constantly present. In Apri l its center is located at 160° E long.

9
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Hence the ci rculation in the sea is cyclonic in nature also. Relati vely
large r ice dri ft veloci ties (to 22—24 crn/sec) are observe d on the
wes tern shore , and these have a compressi ve component. The reason
for this is that there is a zone of strong compression along the enti re
wes tern coas t (Su pp leme nt, Fig. 4b).

Rel axat i on dri ft along the Ross Ice Shelf causes the appearance in this
region (170° E long .) of a region of rarefacti on , coinci ding with the
presence of a persistent lead close to Uc’lurdo Station .

A weakening of pressures is observed in region s of spreading ice flow
(180° U long. , 140— 130° U long., and 120° .4 long.) caused by a corres-
ponding spread of air fl ow. A sharp increase of ice dri ft veloci ty in
the region of weste rn air movement causes the appearance of a zone of
elevated compression along the coast of ~-1arie Byrd Land and a narro’ i
zone of strong pressures .

In the final region unde r considerati on (Fig. 5a), which include s the
Amundsen and Belhingshausen Seas, the pressure field at the surface
forms the front part of the Ross Sea cyclone , a pressure col wi th
weak pressure gradients , and the back part of the Weddell Sea cyclone .

Ice dri ft speeds are 2-6 cm/sec. increasing somewhat toward the region
near the ice edge in the Arnundsen Sea. At the same time the di rection
of drift in the sector of the pressure col is not constant. The relaxa-
ti on dri ft along the Thurston (104° U long.) and Wilkins (75° U long.)
peninsulas extending into the sea is responsible for the presence of
zones wi thout pressure concentrati ons. Both regions coinci de with the
location of actually existing areas of open water. The large Alexande r
I Bay obviously should be covered with ice . Small zones of intense
pressure are found along the Antarctic Peninsula. The entire region
is not characteri zed by high compression values.

All regions covered by the computati on were analyzed and a picture was
developed of the mean monthly ice dri ft in Apri l along the shores of
An tarcti ca and of the zones of concentration and rarefacti on of
antarcti c sea Ice . The ice dri ft mode l used can be utilized for short-
term predi cti on of dri ft elements and , as is particularly important
for navi gati on , to predict zones of compression and rarefaction.

Soluti on of the system of nonsteady—state equations for the dynami cs
of the ice cover, whi ch takes into account the interacti on of ice
floes with one another, makes it possible to trace the developmen t
and displacement of such zones; and the subsequent incl usion of data
on change s In the bari c situati on may extend the interval of tine for
whi ch the computations are carried out.
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In or der to evaluate the correctness of the information on zones of
compression and rarefaction developed using the model , we made calcu—
lati ons for a series of characteristi c situati ons during the dri ft in
the ice of D/E Ob’ in 1973.

From ?larch through Apri l 1973 the DIE Oh’ attenr ted to cut its way
through to the Leningrad Station . Active cyclonic activi ty was
observed in the reqi on of this station at the begi nning and the end
of April. Rapid changes in the pressu re 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 possible , often finding
itself in zones of compression . On Apri l 23, at a location wi th
coordinates 68°O.5’ S lat. and l56°39’ E long, the i/E 05’ finally
found i tself beset in the ice pack [11] and began to dr~7t westwardwith the ice parallel to the shore.

Fig. 6 ShOWS a map of the calculated zones ,~f compression and rare—
faction wi th the corresponding baric situation at 12:00 noon (~reenwich
time ) on Apri l 20, 1973. A ridge of high pressure di vi des the area
cove red 1,’, the calculation into two zones. The dri ft in the fi rst
zone is of the comp ressive type , and that in the second of the
relaxation type. The high dri ft vel oci ty (up to 40 cm/sec) caused
the appearance of regions of high pressures (more than iO~ dyn/cm)
along the we s te rn shore of D’Urville Sea. We note a zone without
compression centers close to the shore at 146° E long.. , which appeared
in very compact ice wi th elevated stresses.

In the second zone near the shore the ice was in a weakened state,
which could lead to the appearance here of crac ks , clear spaces , and
leads. The DIE ob’ was locate d at the margi n of a zone of low values
of compression and rarefaction.

The appearance above the sea of a very deep cyclone on Apri l 23
(Fig. 7) caused a sharp change in the distri bution of stresses in
the ice and led to the formation of a broad zone of high compressive
forces. The DIE Ob’was in this very zone, so that it lost headway. C

The low air temperature s that prevailed at that time ( from -23° to
—28°) promoted rapid freezeup of the ice mass , and subsequent changes
In the pressure field did not result in a -ieakenin g of the ice in
this region.

Compression of the ice cover is determi ned not only by wind dri ft but
also by tidal movements of the ice . But the periodic nature of the
tidal compression and rarefacti on would lead to rapid reduction ~within
a day) of stresses and the appearance of openings ; and this was not
observed.
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Thus , compression caused by wind dri ft of the ice played a critical
role in this situati on , while tidal pressures superimposed on the wind
p ressures mi ght have sharply increase d the absolute magnitude of the
stresses and led to des truct i on of the ship . Purely ti dal comp ressive
forces , obviously, can be hazardous onl i in the coastal zone or in
narrow places.

The D/E Oh’ was held captive In the ice for three months. Compression
and hummocking of the -i ce continued all this time , but broad zones of
rarefacti on were not observed in the vi cinity of the DIE Ob’. Ice
surveys made fom a helicopter along the route showed locarregions
of rarefaction 10-15 miles wi de , a fact whi ch indicated strong move-
ments of the ice in this region.

In the mi ddle of July the DIE Oh’ had been carri ed to 65° S lat. , i.e.
to the zone of the East Wind D~ift.

At mi dni ght on July 22 the pressure field near the surface and the
corresponding conpression patte rn looked as shown in Fig. 8. The
conve rgence of air currents in the rear portion of cyclones caused
the appearance of a narrow zone of elevate d comp ression . In the
center of the cyclone the comp ression was reduced and local zones
of rarefac-ti on were formed. At the location of the D/E Ob’ the
compression was previously low and the nearby zone of high stresses
disappeared. The long swell that developed at this tine broke up
the ice field , and the D/E Ob’ again was able to move unde r its
own power.

Thus the data on compression developed through computation correspond
qualitati vely wi th the observed picture. The quantitative aspect of
the results can also be eva luated indirectly. Thus , stresses in an
ice cover of the orde r of l0~ dyn/cm evi dently do not affect a ship
significantly , permi tting it to move on its o’.•in. When these st resses
increase by orders of magnitude , they become danrierous , and when
superi mposed on ti dal pressure s , become extremely hazardous . Pre-
dicti on of such zones of elevated compression nay provide real
assistance in the practi cal scienti fi c an~ noerating aspects ofnavi gation in Icy seas.

The following concl usions may be drawn .

1) On the basis of a hydrodynami c model of ice dri ft which takes
into accoun t the interaction of ice fl oe s w i th one another , general
diagrams of the average monthly ci rculation of ice in Apri l around C

Antarcti ca were plotted together with a corresponding diagram of the
distributi on of zones of compression and rarefaction.

2) The values for dri ft veloci ty and direction obtained were close to
those observed in these regions.
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3) The patte rn of ice dri ft in an actual month was refined.

4) The calculated zone s of rare faction agre e well w ith the known
locations of persistent leads.

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