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ABSTRACT

Mechanisms are considered which may induce the large (over 10° km?) area of open water, or polynya,
which frequently occurs within the Weddell Sea winter sea-ice. We propose that when surface cooling
and ice formation decrease the temperature and increase the salinity of the surface water (the latter by salt
rejection during ice formation) in a preconditioned area, static instability with intense vertical mixing can
occur. The upwelled warm, salty deep water can then supply enough heat to melt the ice, or prohibit its
formation, even in the middle of winter.

A simple two-level model is derived to test this theory and is found to agree well with observations. The
process is found to be irregular due to different times of ice onset from one year to the next, and to a lesser
extent from variations in surface heating and cooling. Further, it is shown that unless the freshwater input
exactly balances the increased salinity from the overturn each year, the system will either gain or lose salt
yearly and eventually stabilize permanently (i.e., attain a steady-state condition).

The model is insensitive to short term stochastic variations in surface heat flux or freshwater input rates,
but is somewhat sensitive to longer scale variations in the net freshwater input and also to the depth of the
pycnocline (i.e., preconditioning). It is suggested that upwelling may raise the pycnocline uutil convection
can occur and the polynya form. The preconditioned area then advects westward with the mean flow.
Permanent stability finally is attained but the preconditioned area is advected into the western boundary
current of the Weddell subpolar gyre and destroyed. Prior to destruction, topographical features may
quantitatively affect both the movement and occurrence of the polynya.

Regardless of the preconditioning mechanism, if overturning is responsible for the polynya, this would
contribute a minimum of 10° m? s~! to the total deep water formation, and constitute the largest area of
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deep open-ocean convection yet discovered.

1. Introduction

A remarkable feature of the winter sea-ice distri-
bution in the vicinity of the Weddell Sea is a large,
irregularly appearing patch of open water. This open
water, or polynya, appears in the middle of an other-
wise all ice-covered region. Scattered sitings of the
polynya in early spring, after it has opened to the
northeast, have been reported for quite some time
(Heap, 1964; Streten, 1973). It was not, however,
until the sophistication of measurement techniques
advanced sufficiently, so as to provide near continu-
ous satellite coverage, that the polynya has been
shown to exist in the winter and reliably documented.

' Lamont-Doherty Geological Observatory Contribution No.
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The Weddell polynya, as we shall term it, is an
anomalous phenomena, remarkable for a variety of
reasons. First, it is comprised of an exceptionally
large area of open water; ~0.3 X 10°® km?. Second,
unlike small nearshore polynyas frequently observed
in polar and subpolar regions, this polynya occurs
typically 800 km offshore. Third, the polynya oc-
curs during intense winter cooling at a time when
sea-ice cover should rapidly be growing thicker rather
than disappearing. Finally, based on the short satel-
lite record, the polynya appears to occur irregularly
both temporally and spatially as seen in Fig. 1. Tem-
porally the polynya was present for the entire winters
of 1974--76; in 1973, 1977 and 1979 smaller, short-
lived polynyas were observed, and in 1978 no polynya
appeared. Spatially, in all cases the polynya occurs
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Fic. 1. Satellite record of ice distribution for June—November from 1973-79. Dashed polynya in August 1979 is reduction in ice,
of up to 40% (from the Fleet Weather Weekly Ice Charts, 1973-1979).

at ~65°S but its longitudinal position varies from as
far west as 20°W to as far east as 40°E.

It is important to investigate the mechanisms pro-
ducing this polynya apart from a basic interest in
understanding an anomalous feature. This is because
of its anticipated moderating effect on the local heat
flux which substantially increases in areas of open
water. In the presence of sea ice, the heat loss from
ocean to atmosphere is strongly reduced; however,
as little as 5% open water can increase the heat loss
by 50% over its value with complete ice cover (Vo-
winckel and Orvig, 1970). Estimates presented later
in this paper suggest that heat loss in late winter to
spring is 8—10 times higher from open water than
from ice covered water [it has been demonstrated
by Moritz (1979) that in large leads or polynyas the
air mass above the open water may become modified
and reduce this heat flux by as much as 50%]}. With
the polynya occupying (conservatively) one tenth to

one eighth the area of the Weddell gyre, the heat loss
in the gyre during winter can easily be increased
25-50% when the polynya is present. Conversely,
in winters when the polynya is not present, the gyre
must become warmer due to the ice insulation unless
counteracted by decreased advection of heat from
the north. Therefore, the theoretical as well as ob-
servational understanding of this anomalous phe-
nomena clearly is necessary for the comprehension
of the winter heat budget of the Weddell subpolar gyre.

‘This paper will address three major questions per-
taining to the polynya:

1) Why does it occur?
2) Why does it occur where it does?
3) Why is its occurrence irregular?

The format of the paper is as follows: Section 2
contains various mechanisms for its formation; in
Sections 3-5 a model of vertical heat exchange and
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overturning is presented; Section 6 contains some
properties of the model and a qualitative analysis;
in Section 7 the data and model results are described;
Section 8 contains a brief analysis of the effects of
stochastic forcing and model sensitivity and the paper
concludes with some speculations about the polynya.

2. Mechanisms for the polynya
a. Divergent wind fields

The simplest mechanism which might be attributed
to the formation of the polynya is the export of ice
due to the divergent wind field. With this, the ice
formed in wintertime is simply exported from its
area of formation by wind-stress and frictional ef-
fects. This results in a latent heat polynya in which
the sea-to-air heat flux is derived from the latent
heat of fusion.

Although the mean wind field is certainly divergent,
the area of maximum mean divergence is well north
and east of the area in which the polynya is consis-
tently formed. It would thus be expected that the
mean wind field would yield polynyas in areas other
than where they are observed. Furthermore, the rate
of ice export required to maintain a near ice free
condition in the polynya area would be of the order
of meters per second. The standard rule of thumb
for sea-ice drift today is one-fiftieth the wind speed
[this is the approximate average of all the referenced
values presented in Fig. 1 of James (1966, p. 37)1. To
maintain these ice export rates therefore would re-
quire wind speeds averaging over 50 m s™* (100 kt)
which is clearly too large to be reasonable. In light
of this discussion, we consider this mechanism to be
unacceptable. '

Another potential source of atmospheric diver-
gence, however, lies in the response of the atmos-
-phere to the polynya itself. The sea surface during a
polynya is significantly warmer than areas of ice
cover. Tropical observations of surface temperature
anomalies suggest that this could produce a large
low-pressure area over the polynya. If this were
the case there would be ice export from the polynya
area due to the induced atmospheric divergence.
But, while this is likely to be a factor in the main-
tenance of the polynya, there are two objections to
its being responsible for its formation. First, given
the short atmospheric decay times and the frequent
passages of energetic systems through the area it
would seem difficult for the low-pressure area to
survive coherently from one winter to another. Sec-
ond, such a mechanism clearly cannot initiate a po-
lynya as the polynya’s existence is required to induce
the mechanism to begin with.

b. Upwelling of warm deep water

If the ice is not physically removed from the po-
lynya area then it must instead be melted or pre-
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vented from forming. To do thisto 3 x 10 m3 of ice
in the middle of the Antarctic winter obviously re-
quires a strong source of heat. The heat is patently
unavailable from the winter atmosphere and hence
must be provided by the ocean. This is an attractive
idea as an upward flux of oceanic heat does seem to
be important in producing and maintaining the ob-
served Weddell ‘‘chimney’” (Gordon, 1978; Kill-
worth, 1979).

The question then arises as to whether or not
this heat can be created by a gradual upwelling.
If this were the case the polynya would be expected
to form at the center of the mean large-scale cyclonic
Weddell gyre where upwelling is a maximum. This,
though, is well north and east of the observed polynya
area (Gordon et al., 1977). Alternatively, anomalous
Ekman pumping induced by the interaction of the
polynya and atmosphere will certainly bring up warm
deep water. This mechanism, however, suffers from
the same problem about initialization as does its
atmospheric counterpart previously discussed. But,
unlike the atmospheric case, the area of upwelled
water could be expected to remain roughly coherent
from year to year (because the internal Rossby wave
speeds are so slow at such latitudes). Thus anomalous
Ekman pumping could be expected to have a role in
the maintenance of the polynya.

c. Convective processes

If the mean atmospheric and oceanic circulations
are not responsible for the polynya’s occurrence,
then some more transient feature must be. Eddying
and accompanying small-scale convection (cells of
overturn ~ 4 km across) does seem to occur in the
Weddell subpolar gyre (Gordon, 1978; Killworth,
1979), but on scales far smaller than the polynya.
This does suggest, however, that the predominant
mechanism producing the polynya may be a vertical
redistribution of heat with weak horizontal variation
(strong horizontal variation would tend to occur in
scales of the internal radius of deformation, ~20
km). This suggests an alternative theory which is
put forth here. The theory is as follows.

A preconditioning is required to raise a large area
of the pycnocline (at the moment the precondition-
ing mechanism is left unspecified). This then de-
creases the thickness of the surface level while mak-
ing distinct an upper and lower water mass. During
the winter the buoyancy above the pycnocline is
strongly reduced both by heat losses to the atmos-
phere and ice, as well as by salt rejection during
ice formation. Because of the thinness of the upper
level above the raised pycnocline, the overall den-
sity here will increase rapidly until it becomes as
dense as the lower level. At this density overturning
will occur and the warm, salty deep water will mix
with the cold, fresh surface water. The large volume
of deep water will dominate the mixture resulting
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in a warm, salty water mass which will melt the ice
and form the polynya. A net freshwater input (e.g.,
excess precipitation over evaporation, continental
runoff and ice import from the surrounding ice field)
will then slowly decrease the salinity of the surface
level which will in turn stabilize the system until
the following winter.

Since the main oceanic motion is geostrophic, flow
would tend to be around the area of overturning
rather than into it so a purely vertical mixing is
still approximately valid. Indeed, cross-frontal mix-
ing concepts (Killworth, 1976) would suggest veloci-
ties into the overturning region of ~2 X 107* m s™'.
Even if this carried in water 1°C warmer or cooler
than the overturning water, this would at most have
a 5% effect on the heat budget. Additionally, the
mean flow in the area is weak (~0.01 m s™Y) so the
polynya area should tend to remain roughly coherent
from year to year. Hence we can consider the prob-
lem as being purely vertical with little loss of gen-
erality (the effects of horizontal advection can be
included as a separate return to normal term in the
heat equation as discussed in Section 3). Further, the
mechanism tends to be seif-sustaining; overturning
in a polynya year serves to precondition the area
for the following year (although not always success-
fully as will be shown). Finally, it is the only mech-
anism which might be expected to yield the observed
coherency in the shape of the polynya throughout
the season and from year to year (Carsey, 1980).
Certainly, anomalous Ekman or wind field diver-
gences would not be expected to produce such
coherency.

3. A simple two-level model

To suggest that the above mechanism may be the
dominant mechanism among those discussed needs
some qualitative and quantitative testing. To this
end we have created the following simple model.

As indicated, the system is justifiably simplified
to a purely vertical one and is therefore modeled as
being one-dimensional in the vertical. Also, for the
purpose of modeling, the system has been further
simplified to just two levels (not layers) of constant
depth, each with a density uniform over the level.
In other words the model is simplified to a two-level
truncation of the Bryan (1969) finite-difference
scheme. This is chosen not merely because a two-
level representation resembles the stratification near
the polynya area (this is seen in Fig. 2 in which the
belt 65-70°S, 40°E-40°W has a decidedly two-level
character), but to obtain a system which can be
quantitatively analyzed. We do not think of the two-
level structure therefore as an accurate representa-
tion of reality but as a means for studying some
simplified physics.

Further, we have rejected such possibilities as a
uniform lower level and a stratification varying line-
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F1G. 2. Averaged sigma-t versus depth profiles for the indicated
regions around Antarctica. Notice the distinct two-level charac-
ter in the region from ~65-70°S, and 40°E~40°W (taken from
Gordon and Baker, 1981).

arly with depth in the surface level which arguably
is a better fit to the data of Fig. 2. This rejection,
as well as rejection of a continuous stratification,
stems from the following. Whereas non-penetrative
mixed-layer models can be applied successfully to a
continuously stratified surface cooling situation
where deep convection occurs (Killworth, 1976,
1979), there is little known about the modeling of a
surface warming situation. How, for example, is the
vertical stratification reestablished when there is
vertical homogeneity, little surface wind input (such
as under near stationary ice) and the surface buoy-
ancy input is stabilizing? In the Medoc situation
(Killworth, 1976) this occurs within two weeks of
the termination of convection and seems to involve
a complicated horizontal interleaving of water masses
from outside the convective area. In other words,
a sudden return to a thin mixed layer on some
Monin-Obukhov scale does not seem to occur. Such
effects may also occur in the Weddell polynya al-
though their time scale might well be longer. In the
context of a purely vertical model interleaving and
recreation of a stable stratification must be param-
eterized into a single return-to-normal situation and
this we have taken as a return to the two-level
situation.

This simplification will obviously modify the tim-
ing of certain events (at times of overturn, of course,
the model will be totally accurate). For example, im-
mediately after convective overturn the initial phase
of ice melting will create a surface layer of less dense,
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cold, fresh water directly beneath the ice. This would
tend to act as an insulator between ice and deeper
water. There, however, must be a fairly strong ice
motion due to the atmospheric divergence effect.
Even a weak stirring by ice keels will maintain a
mixed layer of several tens of meters depth (see
Lemke, 1979). A calculation along the lines of Sec-
tion 6 shows that if this is more than ~25 m thick,
phenomena are produced which are qualitatively
similar to those for a single surface level but at a
slightly altered time of year. We choose to omit
these variations therefore, both for the sake of a
simple model and because the effects of such stir-
ring or wave damping by thin sheets of frazil ice are
simply not yet well enough understood to include
in a model. In any case, the variations are considered
to be minor and of little concern here except as
noted in that the polynya may tend to refreeze faster
than predicted by the model. We maintain though,
that conservation of heat and salt within the system
ensures that the main physical features of a con-
tinuously stratified system are reproduced by the
model.

Finally, the two-level approximation has two dis-
tinct advantages. First, by using two discrete levels
with averaged characteristics, the effects of a steady
upwelling will be incorporated into the model through
either the thickness or temperature and salinity of
the upper level. Second, the dynamics and mecha-
nism of the preconditioning can be ignored as their
effects will also be incorporated into the levels.

This two-level approximation confines the model
at any time to one of four possible states (Fig. 3).
These basic states are as follows. There may be no
ice present (states 1 and 2) or ice cover may exist
(states 3 and 4). When ice cover exists it is assumed
complete. The system may also be statically stable
(states 2 and 4) in the sense that the surface density
is less than the underlying density, or actively over-

turning (states 1 and 3) when the system has a verti-

cally uniform density.
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In the ice-free states the surface level gains or
loses buoyancy through a forcing heat flux Q, (),
where t represents time, and a constant freshwater
input f due to excess precipitation over evaporation,
continental runoff and ice import/export. When ice is
present, the system gains or loses a much reduced
amount of heat Q;(t), due to the insulating and al-
bedo effects. Further the freshwater input f ac-
cumulates on the ice as snow and is released when
the ice is finally melted. For convenience f has been
redefined by the approximate formula F = f X 35%o,
where f has normal units for precipitation, of veloc-
ity. In this form F is now defined in terms of a
salinity flux and can therefore be directly incorpo-
rated into the salinity equations.

In the statically stable states there are transfers
of heat and salt between the two levels of the form
K (T, — T)and K¢(S, — S,), respectively. Here K,
and K (which have units of velocity) represent ex-
change coefficients which include the possible effects
of upwelling, turbulent exchange and double diffu-
sion (a level model permits mass transfer between
layers). The surface level has temperature T, and
salinity S, and the lower level has quasi-permanent
temperature T, and salinity S,. The latter only change
during times of overturn (taking values of 7 and
S) but ““‘snap’’ back to their usual values when con-
vection ceases. In this way we crudely model the
export of the new water mass from the area.

In the ice-covered states, transfers of heat and
salt also occur due to exchanges between the upper
level and the ice. Following Welander (1977) and
Killworth (1979), the heat flux is accomplished
through a turbulent exchange coefficient X and is
of the form K(T, — T,), where T, represents the
freezing point of seawater. The salt flux occurs be-
cause of the rejection of salt during the ice forma-
tion process. This is of the form oA, where A is
the rate of ice formation due to heating, cooling
and excess precipitation as snow and o is a constant
(for simplicity) representing the salinity difference

STATE 1 STATE 2 STATE 3 STATE 4
F Qi F -Qi
Fi §'Qw F i z'Qw Ii[ﬁc Eg )8 ¢( %/_/’C*}
?((T-T,) ) T KT
T1'S1”01 h{ 1,54, P4
‘HTKT(TZ T LfK,(TZ—T,)
K(5,5) H 'K‘(Sz'il)
T,8,p ‘ T,.S,p
12155 P2 T,15;.P,

Fic. 3. Schematic representation of the four model states. Sign conventions
are noted and symbols are as described in the text.
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between the seawater and ice. Denoting the ice thick- STATE 1
ness by 3, A becomes d&/dt — F/o,*> where the last OVERTURN MELT
term represents precipitation.
The equations governing the system are as STABILIZE FREEZE
follows:
STATE 2 STATE 3
STATE 1: MELT
dT L OVERTURN
H— = Qu (3.1a)
dt  poC, . FREEZE N[ graTE 4 V& STABILIZE
ds :
7{ =-F (3.1b) Fi6. 4. Summary of the transitions between the model states.
8§=0 (3.1¢)
STATE 2 Antarctic region however, the effect of these terms
‘i& - Qu + KTy = T (3.22) appears to be that overturning occurs when mixing
dt  pC, ! has reached ~200 m (Killworth, 1979). Because of
d this and the fact that we are only comparing densi-
h _:9_1 =K(Sy - S,) - F (3.2b) ties at the depth A, the differences between poten-
dt tial and in situ values are irrelevant as are the depth
5=0 (3.2¢) dependent terms.
S 3: - ) Solutions to (3.1)-(3.4) are straightforward but
TATE 3 analytically tedious and not enlightening. They there-
dT fore are omitted here for brevity.
H - = —K(T - Ty (3.3a)
t
o ds ~ ds - 23 4. Transitions between states
dr g 4 (3.3b) Although the governing equations are linear, non-
linearities arise from the abrupt transitions between
s 1 states which can occur if various conditions are satis-
& piL [=Q:i = pCoR(T =T + Flo. (330)  gog "These transitions, the conditions which induce
them and the initial conditions of the newly entered
STATE 4: state (denoted by a prime) are outlined below and
dT, summarized in Fig. 4.
h—=Ki(T,-T,) - K(I, - Ty (3.4a) The ice free and actively overturning state 1 may
dt stabilize and enter state 2 if the net rate of density
N s, ds K P 34b change becomes negative. Thus,
2l e g~ — F + K(S, — .
a d s(52 — 54 G40 ate 1> state 2 if —adT/ds + BdSIdt < 0
das 1 I, =T, §/=8§; & =0.
— = —— [0~ pCK(T, T + Flo. 3.40) ' ! o
dt p:L Alternatively, if T reaches freezing, ice forms and

In the above equations p, represents the mean
density of seawater, C, its specific heat, p; the mean
density of ice with latent heat L and 4 is the depth
of the upper level. Also, it is noted that all of the
heat is used to melt or create ice, none is stored
within the ice.

Finally, we define an effective equation of state
for density p as

(p — po)po = —od + BS,

where « and 8 are constants. The true equation of
state is more complicated involving pressure-de-
pendent terms and nonlinearity. Over most of the

2 This form ensures that the net salinity change in the upper
level following ice melt is precisely what it would have been
had the precipitation fallen as fresh water.

state 3 is entered:
state 1 — state3 if T =1,

_ T'=1; §'=8; 8 =0.
State 2 will overturn and enter state 1 if the upper
level density reaches that of the lower level. Thus,
T, ~Ty) +B(S; —S82)=0

T =T, §'=5; & =0.

{The bar denotes the vertical average of a variable ¢:
¢ = [hey + (H — i),V H .}

If T, reaches freezing, ice forms and state 4, the
ice-covered equivalent to state 2, is entered:

state 2 — state 4 - if T, =T,
le = T]; S]’ = Sl., 8’ = 0.

state 2 — state 1 if
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TABLE 1. Average sea-air heat flux for open water (Q,) and
ice covered (Q;) conditions for the 60-70°S belt (from Gordon,
1981).

Month Q, (Wm™) 0 (Wm™)
Jan +81 +81
Feb +11 +11
Mar -39 -8
Apr -138 -32
May —148 =25
Jun —-178 -21
Jul ~206 -25
Aug -171 -16
Sep —118 -8
Oct —49 -7
Nov +13 +13
Dec +47 +47

The ice-covered state 3 will enter state 1 if the ice
melts:

state 3 —>state 1 if =0
T'=T;, §'=8; & =0,
or, if the system stabilizes state 4 is entered:
state 3 — state 4 if —adT/dt + BdS/dt <0
/=T, §'’ =5, & =38.
Finally, state 4 may lose its ice and go to state 2:
d=10
& =0,

state 4 — state 2 if
T, =T1,; S8/ =S54,
or overturn and enter state 3:
state 4 — state 3 if —a(T, — T,) + B(S; — S,) =0
T"=T; §'=8S; & =25.

It should be noted that some states may be entered
only momentarily. For example, ice formation in
state 4 may lead to overturning and the transition
to state 3. If melting then ensues, the surface density
may be stabilized so that state 4 is immediately re-
entered, but with a new temperature and salinity,
T and §. Of course, this overturn would not have
been instantaneous. With vertical velocities like
those observed in'the Mediterranean by Voorhis and
Webb (1970) of ~0.1 m s™!, it would require approxi-
mately. half a day to move water particles from top
to bottom. For seasonal time scales, however, such
a transition is essentially instantaneous.

It also should be observed that the transition from
state 1 to state 3 should never occur as the entire
water column would be required to cool to the freez-
ing point before the transition would actually take
place.

S. Parameter values and forcing functions

The depth of the upper level has been chosen to
be 200 m for two reasons. First, 200 m is a good ap-
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proximation to the summertime observations (Fig. 2).
Second, as noted, in a continuously stratified model
of surface cooling near the polynyaregion, Killworth
(1979) found that overturning occurred almost invari-
ably after non-penetrative mixing had reached 195-
200 m. This upper level depth is clearly a parameter
of the model and the effects of varying it will be
evaluated later. The total depth H, is constant at
4 x 10° m.

The surface heat exchange values are, needless to
say, difficult to obtain in the Antarctic except for
localized observations. The values of Q, (open
ocean) and Q; (full ice cover) used in this model
(Table 1) are the monthly values given by Gordon
(1981) with modifications to the summer insolated
values. The Q; values for the summer months have
been set equal to the Q,, values. This reflects the
large amount of open ocean which is characteristic
of the summer ice and which forces the summer Q;
values to nearly equal those for open ocean (Fletcher,
1969). The actual values are undoubtedly some com-
promise between these two extremes. Without modi-
fication however, the ice generated in the winter
would never melt (in the absence of overturning).

The freshwater input f is an even more difficult
value to attain. The major source of f is precipitation
over evaporation (P — E). Continental runoff R and
ice import from the surrounding ice field I comprise
secondary sources. Several references are available
which give estimated values of P — E. Wust et al.
(1954) estimate a value of 0.4 m year™ for the region
south of the polar front. van Loon, in his 1972 re-
view, presents Albrecht’s P — E map which extends
only to 60°S. At this latitude the value is slightly
less than 0.5 m year~!. Newton (1972) indicates a
P — E for 60-70°S of 0.27 m year~!. Loewe (1967)
states that the Antarctic seas have a high precipita-
tion of order 1 m year™ which diminishes towards
the coast. His value, combined with Gordon’s (1981)
evaporation values of 0.2-0.4 m year™! yields a P
— E range of 0.6—-0.8 m year™!. We therefore obtain
atotalrange foraP — Einputof0.27-0.8 myear™!.

Continental runoff values are given by van Loon
(1972) who presents estimates of a net precipitation
of 0.11-0.19 m year~! over Antarctica. Most of this
melts south of 60°S (i.e., not many icebergs are re-
ported north of 60°S) where the ocean area is about
equal to the Antarctic area (~14 x 108km?). A fresh-
water input by melting glacial ice R may therefore
be taken as 0.11-0.19 m year™!.

The effects of sea-ice import from the surrounding
ice field can only be roughly estimated at best. Evi-
dence for this estimate is derived through examina-
tion of the weekly satellite photos (from which Fig. 1
was based) which show no significant increase in the
polynya’s areal extent during its existence each year
prior to spring breakup in November. An increase
might be expected if a significant portion of the ice
along the polynya’s perimeter were continuously
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drifting into the polynya area and melting. This of
course ignores the fact that the newly cleared perim-
eter could be refreezing or receiving in-drifting ice
itself during this period. If the later of these was
occurring though, the areal extent of the transition
zone separating the ice-free polynya from the more
densely packed surrounding ice field should itself
show an increase over the winter. Examination of
the microwave satellite images for the major polynya
years of 1974—76 show that this transition zone main-
tains a near constant areal extent from the time the
polynya first forms until the spring breakup. There-
fore, if any appreciable area of ice were to drift into
the polynya without showing up on the satellite
records, a refreezing would be required in the transi-
tion zone. If this were the case the in-drifting, newly
formed ice would be only centimeters thick and thus
its volume considerably reduced.

Based on this discussion it would appear that ice
import into the polynya region is not substantial.
This is consistent, with the polynya induced diver-
gent wind field, discussed previously, which would
be expected to help maintain nearly ice-free condi-
tions. A lower limit for this component of the fresh-
water input can therefore be taken as 0 m year™.

As an upper limit we estimate that at most an area
of ice equal to that of the polynya could drift into the
polynya without being detected by examination of
the satellite data. Much of this ice, in fact, could be
derived from the transition zone which averages
~50% ice concentration and whose areal extent is
approximately twice that of the polynya. Therefore,
conceivably some of this ‘‘missing’” ice from the
transition zone could have drifted into and melted
within the polynya (not all of this couid have drifted
in because the transition zone is present in roughly
its full extent as soon as the polynya is formed). For
ice ~ 1 m thick and with a salinity of 5%, this would
contribute ~0.86 m of fresh water to the polynya.
This value is high and should easily subsume the
effects of in-drifting newly frozen (thin) ice; in-blow-
ing snow from surrounding regions; storm-blown ice
input, etc. Averaging over the seven years for which
we have data this upper limit becomes ~0.74 m
year~! (1978 is the only year without a polynya).
We thus estimate an ice-import freshwater input?
(L) range of 0-0.76 m year™!; presumably the lower
end of this range is more reasonable.

Combining these values to obtain an overall range
(P — E + R + 1) for the freshwater input results
in 0.38-1.73 m year~! for the value of f. Because of
the size of this range we are compelled to treat f as a

3 This input is obviously asymmetrical with respect to time,
occurring only during.the winter months of the year and only in
years in which a polynya occurs. The timing of the freshwater
input over the course of a year is irrelevent though as only the
net input over the year is of importance. The yearly variation is
more important and is examined in Sections 7 and 8.
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model parameter to be tuned. In converting f to a
freshwater flux F, as it is used in these calculations,
over the basic time unit used here (one day) it is
noted that a value of 0.5 m year™ is equivalent to
approximately 4.8%o cm day~! (these units are used
to maintain values of order 1).

The value of K (turbulent heat flux coefficient
from the water into the ice) is taken from Killworth
(1979) in which he derives a value of 3 X 107* m s~
This is a large value, in the sense that water main-
tained at 1°C above freezing could essentially melt
nearly 0.50 m of ice per day. We therefore investigate
the effect of decreasing K later.

The values of K; and K are less easy to ascribe.
The values used here are Ky = 7 X 107" m s™! and
K = 1077 m s71, where their relative magnitude has -
been determined assuming double diffusive processes
to be important. Indeed, the observed structure of
cold fresh water overlying warmer saltier water is
ideal for this process. Further, step structures have
been observed in the vicinity (Foster and Carmack,
1976). This being the case, one might expect K
=~ 0.15K; (Turner, 1973), as we have taken here (the
model has been run with K¢ = K, with insignificant
changes in the results).

The actual value of K, used here was taken from
the seasonally averaged Ekman drift-induced verti-
cal velocities at the base of the Ekman layer from
Gordon et al. (1977). Their Fig. 19 shows that this
value varies from ~1 X 10® m s7! in the winter and
spring to ~5 x 1077 m s~! in the summer and fall.
Our value is then the approximate average of these
values, i.e., 7 X 107" m s,

Alternatively estimates of these transfer coeffi-
cients can be calculated by using the above as well
as different interpretations as to their physical origin.
This has been done as a check on their magnitude
attained above. If one assumes K, and K are prod-
ucts of a mean upweiling velocity w, then a two-
level truncation of the Bryan (1969) finite-difference
scheme, neglecting horizontal T and S derivatives,
yields

hey = YVaw(da — @)

for a variable ¢. With w/2 = K, we can check the
magnitude of our estimate by solving for a variable
¢. Setting w/2 = K; yields a value of upwelling of
~1.4 x 107 m s™'; withw/2 = K, the valueis ~2.1
x 1077 m s~!. These solutions average to ~8 x 1077
m s~! and are thus in good agreement to the values
of Gordon et al. (1977), although polynya-induced
Ekman divergence could yield higher values, as
could topographic effects.

If K; and K are instead assumed to be solely
the effects of vertical turbulent exchanges with some
vertical transfer coefficient K ,,, the finite differencing
would yield

(5.1

ho = 2K, H™(dy — ¢). (5.2)
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Setting 2K,/H = K, yields K, ~ 1.4 X 1073 m? s7};
with2K,/H = K¢the valueis2 X 107* m? s~'. Here
the latter value is more widely accepted in the litera-
ture and for our value of 4 also is in good agreement

_to the above estimates. If K, and K g represent simple
return-to-normal relaxation parameters (e.g., long-
term horizontal advection), the values used corre-
spond to relaxation times A/K,, h/Kg of 9 and 61
years, respectively.

It is because all these physical effects exist that we
choose to include the K, K¢ terms in the model,
but it is obvious that totally acceptable estimates of
their values are difficult. Fortunately, insight as to
the sensitivity of the model with respect to the val-
ues of K, and K can be obtained through a simple
scale analysis. For example, in Eq. (3.2b), the im-
portance of salt diffusion with respect to freshwater
input in state 2 is measured by the ratio K AS/F,
where AS is the magnitude of (S, — §,). The value
of AS is ~0.2%o and F can vary from as low as ~4%o
cm day~! to as high as ~17%0 cm day~!. As a result,
the salt diffusion is less than 5% of the freshwater
input effect and therefore can be ignored without a

_significant loss of accuracy.

The importance of salt diffusion with respect to
salt rejection, in state 4, is measured by K ASp;L/
oQ; as determined by Egs. (3.4b) and (3.4c). Here
the bar signifies the average value. For this case the
ratio is 0.01 and therefore K can essentially be
neglected in this state as well.

As with K, K has relevance only in states 2 and
4. In state 2, the governing ratio p,C, K AT/Q,, is
~0.03, where AT is the magnitude of (T, — T,).
From this, the heat diffusion is seen to be of minor
importance and can thus be neglected.

In state 4 the situation is more subtle and depends
on whether ice is forming or melting. If it’s melting
following an overturn (therefore, inducing a return
to state 4), T, is near T, and K(T, — T;) > KT,
— T,) in (3.4a). The K; term is therefore negligible.
During freezing, however, T, is near T,. In fact, after
a time scale of O(4/K), about 10 days, T, becomes
asymptotic to a value such that

K(TI, - T) =~Ki(T, ~Tp); T,~T,.

This effect is felt in (3.4c) as a heat input to the ice
which retards its growth. The importance of this term
is then measured by the ratio

poCoK(T, — Ty) - poCoK (T, — Ty)
Qi Qi
= 0.17 (midwinter) to 0.78 (late spring).

(5.3)

This non-negligible amount therefore prevents the
neglect of K, from the model without a loss in
accuracy.

It will be useful, however, for several purposes to
consider a ‘“‘pure’”’ model in which we do set K and
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K to zero, K to infinity (i.e., immediate melting
following an overturn) and H to infinity. This pure
model is then parameter free and its use in Section 6
will permit analysis of the system and isolation of
the important parts of its physics.

The initial conditions and fixed model parameters
can now be discussed. Initial values for T, and S,
have been derived from observations. In order to
facilitate the comparison between the model results
and the actual observations, values have been chosen
which are thought to be most representative of those
in the polynya area during the initiation of ice forma-
tion in 1973. The value of T, was thus obtained
through an examination of satellite photos which
indicate that sea-ice began to form in the polynya
area on or near 15 June 1973. Our model therefore
begins on 15 June with 7' = T.

The initial salinity value is more difficult to ascribe
and we choose to treat it as an adjustable initial
condition. The lower limit is set by the 20 m depth,
local summer salinity of 34.4%. (Gordon and Molinelli,
1981). As the summer value should represent the
lowest value seasonally and the 20 m depth value,
the lowest value vertically (neglecting the surface
which is subject to extreme local fluctuations), this
value should represent a safe lower limit. The ef-
fects of the various values of §,’ possible will be
discussed in Section 6.

Finally, the fixed parameters are: T, = 0°C; S,
= 34.66%0; p; = 900 kg m™3; L = 2.5 x 10°J kg™
(for sea ice salinity of 5%c); p, = 10° kg m~3; C,
= 4.18 X 108 T kg! °C™; & = 30%0; Ty = —1.86°C;
a=582x10"°C'and 8 = 8 X 1074%0 .

Owing to the paucity of data in the region of the
polynya (especially during winter) the parameter val-
ues derived and estimated in this section are ob-
viously provisional. We feel, however, that the val-
ues are adequate for an initial testing of the simple
model. If successful the model can then be tested
as to its sensitivity to these various parameters. If
the model can tolerate a reasonable range of param-
eter values it can then be assumed feasible. Further
development, including higher order physics, is then
warranted at which point the model will justifiably
require more precise parameter estimates. At this
stage of development though, the values attained
should satisfactorily serve as starting points. Ex-
amination of possible ranges in the values and their
effects on the model results are presented in Sec-
tion 8.

6. Sensitivity to parameters and a model analysis

a. Time-evolving T — S representation

The properties of (3.1)-(3.4) are most easily un-
derstood when represented on a time-evolving T — §
diagram. Such a diagram is presented in Fig. 5 which
depicts the various seasonally averaged trends pos-
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F16. 5. Time evolving T ~ § diagram depicting the various trends possible in the
four states of the model. The slopes followed during times of open water (state 2)
appear as seasonally averaged ‘‘triangles’’ with the actual slope dependent on the
value of F (shown here for F = 0, 4 and 8%o cm day~?), State 1 occurs when one of
the cooling state 2 slopes directly intersects the overturn slope. If they instead
intersect the freezing slope first, overturn occurs in state 3. Melting occurs in state 4
and is directly followed by a state 2 slope. The actual distance traversed on any one
slope depends on the length of time spent in the specific state. Isopycnals are repre-

sented by the dashed lines.

sible in the model over the range of F previously
described. In state 2, the slopes and time scales can
be deduced by simplifying (3.2a, b, c). Neglecting
K7y and K, division of (3.2a) by (3.2b) yields the
slope traversed by the upper level water mass on
aT — S diagram:

state 2: — = —Q,/p,C,F. 6.1
dS Q Pol p ( )

1

Comparison of these slopes with the isopycnals
(which are parallel and straight due to the simplified
equation of state and narrow T — § range) in Fig. 5
show that summer and spring, if F = 8% cm day ™,
are the only seasons in which the upper level buoy-
ancy is increased and the system becomes more
stable. During the other two seasons, unless there
is an extremely high rate of freshwater input, the
cooling dominates the buoyancy flux and the upper
level increases in density. The speed, on the other
hand, at which the curve (6.1) is traversed depends
on the cooling rate, (3.2b). The changes AT, and
AS, over a time interval ¢ are thus:

state 2: AT, = (hp,Cp) ! JdeI,

AS, = —Ftlh, (6.2)

where the integral is evaluated over the time interval
concerned.

State 4 trends and time scales are similarly ob-
tained using (3.4a, b, c). When state 4 is entered
T, = T; and (3.4a) shows that dT,/dS, vanishes if
K is zero [if K7 is nonzero (5.3) shows that dT,/dS,
remains very small]. Movement along the line T,
=~ T, is thus governed by changes in S, due to ice
growth. By (3.4b, ¢):

state 4 (freezing):
Zo=a5=—2

At 6.3
; hpiLJQ,dt 63)

if K; is zero. If K; is nonzero, then:

state 4 (freezing):

o o
—d3=A8;, =~ -~ ——— Sdt. 6.4)
R [orar.

Here Q' is a modified cooling rate due to heat trans-

fer from the water which is given to a good degree

of approximation by (5.3):

O/ =Qi+ peCpK(To —T)=Q; + 536 Wm™. (6.5)

From (6.4), S, and § increase during cooling and
overturn will occur when S, reaches a value S,,:
This is given by the requirement that p, = p,, with
a freezing upper level. S, is then determined from
the equation of state as
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or
o [
Scrit = S()v + [ Qi’dl (diffusive), (6.9)
34.52 piLh Ji, _
such that if S, = S, at ice onset the system will
50 overturn before the end of the cooling and if §,
< St there will be no overturn that season. The
s value of S crit A8 & func;tion_ of t as well as time of ice
’ onset () is plotted in Fig. 6. For the first year of
the model, since ice begins to form on 15 June, we
.46 would expect an S ~ 34.45%0. Conceivably, state
s 4 could be entered at the beginning of March (if
S .44 overturn had not occurred during winter and the
- ' summer heating was used to remove the ice) yielding
@ a2 an overall minimum S ¢;; of 34.35%o. In other words,
if §, ever becomes less than this value, overturn
40} === PURE - \ will not occur agaip. ‘
\ These considerations show that the behavior of the
—— DIFFUSIVE \ system is sensitive to the times spent in the various
-38 1 \ cycles and to the times in the seasons when the
: \ various cycles are entered. A year without overturn
34.36 | \ makes the upper level colder (but fresher) than if the
L . . 1 IV h warm deep water had been mixed into the upper
(days) ta 30 60 90 120 150 180 210 leve] and thus induces an early ice onset the follow-
{month) tz OCT SEP AUG JUL JUN MAY APR

F1G. 6. Plot of S as a function of the time remaining in the
cooling season after ice onset (¢;) or the month in which freezing
begins ().

Sop = Ss + af YT, — T,) = 34.526%0. (6.6)
During overturning (state 3) 7, and $, take their
depth-averaged values of —0.09°C and 34.652%., re-
spectively. Melting in state 4 then ensues. Since
K(T, — Ty > p,C,Q;, (3.4c) shows that the system

moves along the line:
dT,  piL

state 4 (melting): — =
ds, op,C,

= 1.8°C%o ' (6.7)

in a time ¢. This is then given to a good degree of
approximation by the amount of ice present

t = (piL8)/[poC, K(T; — T, (6.8)

about 1.1 days m™! of ice.

Based on this discussion we can determine whether
or not the system overturns (assuming proper pre-
conditioning) in any one particular year. For any time
of ice onset (say, ¢, days before the onset of summer
heating on day 7,), there is a critical salinity S
given by

Serit = Sow

tS
+ J Q;dt (non-diffusive or pure)
piLh t—t,

ing year. From Fig. 6, this tends to increase the
probability of an overturn in the ensuing winter due
to the longer time available for ice formation. Simi-
larly, a year with a polynya may well be followed

. by a year without one due to the net warming or,

several years with polynyas may each successively
raise the surface temperature enough to prevent one
from forming the next year, etc.

How frequently one might expect an overturn to
occur depends mainly on F. Over the period of one
year (assuming open water to have occurred allowing
winter F to be transferred) the salinity content of
the upper level decreases by F X (one year). There
is also an increase due to salt diffusion but this is
negligible. When an overturn occurs, the total salinity
content AS, of the upper level is increased by an
amount '

H—-h

h(Ss — Sop) = 25.62%0 m.

Of course, the frequency of overturning may be en-
tirely erratic. In a single cooling season an overturn
may occur in early fall, late winter, twice or not
at all. Regardless, however, if there are p overturns
in n years, then a rough salinity balance is achieved
when

nF x (1 year) = 25.62p or F = TJp/n,

that is, a yearly freshwater input rate of ~0.73(p/
n)m. This formulation therefore enables us to put
approximate bounds on the overturning frequency.
The maximum freshwater input of 1.73 m year™!
requires 16 overturns in seven years to achieve a
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salinity balance; the minimum value 0of 0.38 m year™!
four overturns in seven years.* The seven years from
1973 to 1979 had six overturns (ignoring the 1979
eastern polynya for reasons to become obvious later)
from which we might expect that if a salinity balance
was achieved the net freshwater input was ~0.63 m
year™'; if the 1979 western ice degradation was an
overturn then this value would be ~0.73 m year™!.

Finally, if the freshwater input exactly balances
the salinity increase due to overturning so that over-
turn occurs regularly (e.g., once a year), an ideal
seasonal cycle can be constructed. An analysis of
such a seasonal cycle is in itself extremely beneficial.
More complicated cycles also can be analyzed such
as four polynyas every seven years but with little
additional insight.

b. Analysis of the seasonal cycle

We consider the simple cycle shown in Fig. 7 and
the pure model discussed in Section 5. For clarity
the subscript 1 has been removed from T, and §, as
state 3 is only entered momentarily and the subscripts
F (freezing), OT (overturn), PM (pre-ice melt), P
(polynya) and W (warming) correspond to the re-
spectively labeled positions in Fig. 7. At time ¢,
freezing begins and state 4 is entered. Freezing and
ice growth continues until ¢,; at which time S, = S,
and the system overturns. Recall that in the pure
model H (the reservoir depth) and K (coefficient of
heat transfer into the ice from the water) are both
infinite, hence on overturning the resulting mixture
is T, and S, and the ice melts instantly to point P.
A polynya is now formed (state 2 is entered) as there
is no ice while still in the midst of the cooling season
(when ice is still present elsewhere). This polynya
condition continues until point W at which time the
warming cycle begins and the surrounding ice fields
disappear. The system remains in state 2 through
this warming and into the fall cooling period until a
time ¢,/ = (t + 1 year).

This system is straightforward to analyze and we
note that

(6.10)

(i.e., overturn is immediately followed by the forma-
tion of a polynya)

Toy =Ty, Tp=Tor=Tp,
Seu =825 Sor=380 =8+ afN(T;— T,).

Conservation of salt yields a set of relationships
as follows. Between ¢, and ¢ the salinity is de-
creased by the freshwater input:

tor = Ipy = Ip,s

(6.11)
(6.12)

* This does not imply that decreasing the yearly net freshwater
input decreases the overturn frequency. This only follows if the

system conserves salt (i.e., neither gains or loses salt over the -

specified period of time).
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F1G. 7. Schematic representation of a simple one-year cycle on
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Sr ~ Sp =[—F(ty — tp)l/h. (6.13)

Between 7 and ¢p' the salinity is increased by the
freezing of sea-ice:

o F
Sop = Sp = — 8or — — (1 — ¢
0 F h oT h ( P F)

o (¥
= - idt. 6.14
MMLFQ (6.1

During melting

Sp— Sy =— -Z— Sor- (6.15)

Combining (6.13), (6.14) and (6.15) then yields

44
SOv-S2="E(Tf_T2)
—F(tp' et tp) — -F (l yeaf)
h

Therefore, this shows that the total gain in fresh-
water over a single cycle which exactly balances the
gain in saline water due to overturning (this F takes
the value F) is given by

(6.16)

Fmawm:%mn—m. ©6.17)
This is equivalent to a freshwater accumulation over
a one-year cycle of ~0.78 m, thus F.;; = 7.39%0 cm
day~1.

Similarly, conservation of heat from ¢, to ¢ yields

lp
J%“

tp

Tf - Tp = (6'18)

poCph
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A final relation, thus closing the system, is obtain.ed
from (3.4a, b, ¢). Elimination of K and integrating
gives, for the melting from PM to P

_ Po Cro

Sp— S, (Tp = Ty). (6.19)

i
Eliminating all of the unknowns except the times
ts and tp, we obtain

20; + piLF (1 year)

T _ Tn el
° © pCoh poC,oh
t .
- J g (Qw — o, + BLE )d:, (6.20)
pOCph to

where 2 Q; is the integrated total of Q; over an entire
year.
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If ¢, is now specified, (6.20) yields ¢ and (6.13)-
(6.19) yield the other quantities (subject to minor
restrictions such as no second freezing period during
the cycle). Fig. 8 shows the range of solutions pos-
sible. Note that S, and S achieve maximal values
as functions of . In other words for certain salinity
values at the onset of freezing (S5), the time of this
onset can take two different values (both in mid-
winter) and yield two exact yearly cycles. The time
of melting, though, does differ between the two by
almost a season.

These cycles were for the pure model. If we now
restore the values of the diffusion coefficients and
lower depth, equivalent cycles can still be con-
structed but solving for the various parameters in-
volves iterative solution procedures. The effects of
diffusion can be approximated by replacing Q; with

T, (°C) Se (%)
DIFFUSIVE PURE PURE DIFFUSIVE

-0.10 ] -0.14 1 - 34.59 r 34.61

-0.42 4 -0.16 1 I 34.58 k 34.60

0.4 4 -ous { I 34.57 | 34.59
-0.16 | -0.20 I 34.56 | 34.58 i

-0.48 - -0.22 L34.55 - 34.57

-0.20 4 -0.24 I 34.54 | 3456

-0.22 4 -0.26 F 34.53 |- 34.55

-0.24 - -0.28 - - 3452 - 3454

Se (%o0)

t. (days/season) 3447 34.50

1 3446 | 34.49

W 50 4 - 3445 L 34.48

E 120 4. - 34.44 | 34.47

=

. - 3443 - 34.46

o 60 F 3442 | 34.45

E 30'— - 3441 [ 34.44

- “ 3440 - 34.43

—r 77
30 60 120 150 210 240 300 330
FALL WINTER SPRING SUMMER
t, (days/season)

Fi1G. 8. Range of solutions for the pure model seasonal cycle analysis; F = 7.39%o cm day~!. The

" actual (diffusive) model solutions have also been approximated (corresponding to F =~ 7.59%. cm day™?)
and are accurate until about ¢, of late spring where they become ~0.01%o too low. They are shown,
with their corresponding pure solutions, as dashed or dotted lines. Some smoothing has been applied

to the salinities for clarity.
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Q/', defined in (6.5), which is shown by the dashed
lines of Fig. 8. Roughly, this reduces the effective
ice formation rate which increases the salinities
slightly over their pure values by ~0.02-0.03%o as
shown by the figure. The value of F is also increased
by ~0.2%0 cm day~?! over its pure value to compen-
sate for the extra salinity input by diffusion.

An examination of the solutions in Fig. 8 reveals
several interesting results. First, it is seen that the
results here are in agreement with those derived for

ivit ~ 34.45%0 in Section 6a (obviously, no solution
is obtainable in which a regular seasonal cycle can
be obtained with §,’ < S¢,; as the analysis assumes
an overturn occurs each year). It also is interesting
to note that there are no one-year cycles in which
melting occurs (i.e., the polynya forms) before, say,
midwinter, even though the onset of freezing may
take place at any reasonable time from about midfall
to as late as midwinter. Finally, it is observed that
the range in S, (=S,’) for the diffusive model is
~34.43-34.50%o.

c. Deviations from the ideal seasonal cycle

From the above discussion it is seen that the ideal
annual cycle is very sensitive to the forcing. It is
not surprising therefore, to find on further analysis
that the system will not remain in this ideal seasonal
cycle for two distinct reasons: 1) either the cycle is
naturally unstable in that a small perturbation will
result in divergence from the original cycle with time,
or 2) the forcing for the cycle will change or is not
sufficient to achieve or maintain an annual cycle.

The stability of the pure seasonal cycle, discussed
in Section 6b is straightforward to analyze.. Essen-
tially small perturbations e to T, and u to S, at time
tp are followed around a year’s cycle. After some
lengthy algebra it is found that

P (1 = rp)(1 + yprp) e

rpreyr

piL (I_Vp

5Coo + 'yp),u. (6.21)
0l

rp

where €', u' are the values of € and w one year

later and
Fep = , — QwF,P
piLF iF,P
are defined by the seasonal solution. Note that u
remains unchanged simply because F takes the value

F ... The system is thus stable or unstable accord-
ing as

oQir.p

(6.22)

Yr.p

A —r) + yere) | (6.23)
(rersyr)

For the pure model, stability will result from ¢,
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values in early spring or later (after the maximum
in Fig. 8, in fact) and instability results from earlier
values. If diffusive effects are introduced, however,
all one-year cycles are unstable.

In other words, we can never expect to see steady
cycling for many years as irregularities must enter
because of the instability. Eventually, an overturn
will be missed one year and the system will become
less salty. The length of time before this results will
depend on the initial amplitude of e.

Similar behavior results from an F which is either
greater or less than F ;. Fig. 9a shows the situation
for F > F... This increased F has no effect until the
ice melts at which time the increased F makes S,
slightly less salty than before. This, plus the extra
freshwater input in state 2 results in more winter
cooling required to reach overturn. By the following
summer the system is both warmer® and fresher and
therefore requires still more time to reach overturn
the following year. As Fig. 9a shows, the salinity
at ice onset will be fresher each year, while the time
of onset becomes later. It then follows from Fig. 7
that eventually S, will be less than S and no over-
turn will occur during the year. Hence the system
will eventually stabilize itself and become fresher
each year (although there may still be a few more
overturns following years of no overturn before this
onset of stability).

For F < F. (Fig. 9b) the opposite would occur;
F is now decreased thus increasing the salinity of the
system and reducing the winter cooling necessary
to reach overturn. By the following summer the sys-
tem is colder and saltier and overturn is reached still
sooner the following year. Eventually, the vertical
stability is so reduced that state 1 is entered with
overturn resulting simply from cooling and no ice
forms. Since the overturn removes the freshwater
input, a stable cycle of state 2 in the summer and
state 1 the remainder of the year is now established.

In both of these cases the number of years re-
quired until stable cycling occurs decreases (in a
complex fashion) as l F - chl increases. Similar
calculations can be performed with the more com-
plicated multiyear cycles of course, which tend to
be more stable than the one-year cycle. However,
the above discussion does suggest that uniess F varies
as a function of time or is in some way nonconserva-
tive, the cycling pattern of the system will be irregu-
lar until the system reaches stability.

7. Data interpretation and model results

Before results from the complete model can be
fully evaluated, it is necessary to have a clear cut

5 The surface layer loses heat because of an increased melting
but gains heat by not being cooled very long in state 2; the ratio
of these is Q;/Q,, < 1, so the system is warmed.
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Fi1G. 9. Schematic representation of (a) stability induced by F > Fy (eventually
enough ice will not be generated to induce overturning) and (b) stability induced by
F < Fgy (each year system will gain salt; eventually overturning will result simply

by cooling).

understanding of the data themselves. Unfortunately,
however, such an understanding is not readily avail-
able. Furthermore, the limited information provided
by the weekly satellite images (mainly the presence
or absence of sea-ice) is insufficient to provide a
unique interpretation and the data thus lend them-
selves to subjective evaluation.

This subjectiveness is readily apparent in the in-
terpretation of the short lived polynyas of 1973 (two)
and 1977. Whether or not these periods of open
water represent true polynyas, as discussed here,
followed by a quick refreezing, or simply some local
phenomena such as a storm-induced divergence of
the ice, is difficult to ascertain from the satellite
photos. Observations on the longitudinal migration
of the polynya may shed some light on the inter-
pretation of these short-lived events.

Fig. 10a contains the season-averaged polynya
positions from 1973 to 1979, inclusive of these short-
lived polynyas. Fig. 10b contains just their mean
positions. As seen from these mean positions, there
is some suggestion that the polynya is drifting west-
ward at an average rate of ~0.01 m s7*, The direc-
tion and speed of polynya drift is similar to that of
the expected wind-driven current of Gordon et al.
(1981) and is significantly faster than the long Rossby

wave speed of ~5 x 107* m s~!. For the years of
their occurrence, the brief polynyas appear to be
located in approximate agreement with the positions
predicted for these respective years by this drift
consideration. In light of this, although far from con-
clusive, we interpret these events as indeed, true
(convective induced) polynyas, which in 1973 quickly
refroze.

A drift also would suggest other implications. For
one, it is possible that such a drift would have an
effect on the system. Fortunately, however, it is a
simple matter to calculate the response of a system
to a mass transfer between two layers in the presence
of a mean shear flow (an extension of the problem
considered by Gill ez al. 1979). With the length scales
relevant here it can be shown that the system will
simply advect with the mean flow; the geostrophic
adjustment (or ‘‘slumping’’ of the interface) taking
place over a few kilometers only.

A further consequence of drifting also becomes
apparent on examination of Fig. 10b. Here it is seen
that sometime after the 1977 polynya (~3-4 years),
the current would advect the preconditioned area
into the western boundary current along the Antarc-
tic Peninsula thus destroying and/or advecting the
polynya out of the ice forming region. Furthermore,
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Fi1G. 10. Average polynya shape and position (a) for each year and mean position (b)
of the polynya for each year.

a new polynya is seen to have formed in late Sep-
tember 1979, at ~40°E. This anomalously eastern
location may possibly suggest that as a result of
further preconditioning, an overall cycle is begin-
ning anew.

Because this latest polynya occurs ~32° east of
the 1973 position it could be interpreted (if one as-
sumes an initial preconditioning at the approximate
position of the 1979 polynya) as an indication that
the 1973 polynya was already four or five years into
a cycle (from the average drift rate of ~0.01 m s™!)
relative to its initial time of preconditioning. It then
follows that a total cycle from preconditioning until
destruction by advection might be as long as 12 years.
Cycles which have or have not become stable (as
described in Section 6c¢) are at this time destroyed
in the western Weddell by northward advection.

Model results for just such cycles are presented in
Fig. 11. The data also are presented in the figure to
facilitate comparison, having been reduced to bar
graph form which again involves interpretation. For

consistency, the following conventions were used.
The time of ice formation in the area of the polynya
is chosen as being the time in which a grid encom-
passing the average polynya (for the year in question
in both size and position) is ~50% covered by ice.
This should eliminate any biases associated with
earlier ice formation due to a more westward posi-
tion of the polynya. The time chosen to represent
the appearance of the polynya is that time in which
an area of open water is first observed to be com-
pletely enclosed by ice.

Two cases have been presented, both utilizing
parameter values within the ranges derived in the
previous sections. We are obviously not compelled
to assume that the preconditioning always occurs
far to the east (there are no major topographic ex-
pressions at this location and it is south of the belt
of maximum upwelling of Gordon et al., 1977). For
this reason case A represents the minimum limit in
which the initial preconditioning of the cycle ending
in 1978 was located at the position of the 1973 po-
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F1G. 11. Uppermost line for each year (starting in 1973) repre-
sents case A model results for F = 7.95% cm day~! and §,’
= 34.46%0 on 15 June 1973. Center line for each year represents
data and the lower line, case B model results for F = 7.60%e cm
day~! and §," = 34.46%. on 26 June 1968. Vertical bars on the
model result ice-lines indicates overturn (followed by polynya).
Data shown for 1968 are a replication of 1979, 40°E data and are
for reference only (see text). Mean polynya positions, as pre-
dicted by the average drift rate, and actual mean positions are
indicated, also.

lynya. Case B, however, represents model results
consistent with the above suggestion of a 40°E posi-
tion for the initiation of the cycle ending in 1978. The
day of ice onset in the polynya area in 1968 is of
course unknown. This time therefore has been.tuned
to yield the best overall cycle. Also, for comparison,
we have replicated the 1979 eastern polynya as the
1968 condition. The position of the polynya center,
as predicted by its average drift rate, also is shown
for each year in Fig. 11 as are the actual observed
positions.

In both cases the agreement between the model
results and data is quite good. The timing of polynya
formation is reproduced by the model both seasonally
and yearly. Further, the ice distribution in the po-
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lynya and non-polynya years are matched equally
well, although ice onset appears to occur somewhat
earlier in the model from 1974 to 1977. The non-po-
lynya years depict the stable solution and case A
therefore represents a S-year cycle until stability,
case B a 10-year cycle.

It is possible that the August 1979 ice degradation
near the Antarctic Peninsula (Fig. 1) represents a
final overturn event prior to destruction by advec-
tion. Both cases though, fail to reproduce such a
polynya. This is not unexpected as the analyses of
Section 6 indicate that once the cycle goes stable
it will remain stable. It was stated, however, that
the missing of a polynya prior to stability would be
expected if state 4 were to be entered unusually
late. This appears to be the case in 1977 followed
by an exceptionally early ice onset in 1978 and 1979.
An offset in timing from the model results such as
this may be expected due to natural variations in
the model parameters (examined in Section 8).

The values of F and S’ for the model results are
F = 7.95% cm day ! (corresponding to a freshwater
input of ~0.83 m year~!) and S, = 34.46%. for case
A and F = 7.60% cm day~! (corresponding to a
freshwater input of ~0.79m year™!) and S,
= 34.46%. for case B, as expected, since F > F 4
in both of these cases, the system gains salt yearly
and therefore requires more ice buildup each year
before overcoming this extra salt and inducing over-
turn. Ice buildup in the model before overturning
increased from 0.6 m to a maximum of ~1.1 m,
averaging ~0.8 m. Consistent with the analyses of
Section 6, the length of cycling was increased by
decreasing | F — Few|.

Support for the values of F and S,’ in case A,
in which we had control over the time of ice onset,
is drawn by noting the results obtained by using
actual station data for the initial conditions. Hydro-
graphic stations 10 and 11 of Foster and Carmack
(1976) are located at approximately 25°W, 65°S and
were taken around the first of February 1973. The

location of these stations is at the same approximate

latitude as the polynya and although they are 25-30°
west of the 1973 polynya longitude, they might be
expected to have similar 7 and S characteristics
as they are located directly downcurrent of the actual
polynya position.

A gross estimate of the average temperature and
salinity of the water lying above the base of the
pycnocline at these stations yields T =~ —1°C and
S, = 34.51%0. Assuming these to be the average
characteristics, compressed into a 200 m deep upper
level, in the preconditioned polynya area (as op-
posed to the ~300 m depth to the base of the pycno-
cline here, which is taken to correspond to the
boundary between the upper and lower levels) the
model was reevaluated. The results are nearly identi-
cal to those of case A for the same value of F. Except
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for the onset of ice formation in the first year (1973),
the other results agreed to within a week. The onset of
ice formation in the first year, on the other hand, was
2 June, which is in fact close to the observed time
(~15 May) of ice initiation in the vicinity of the sta-
tions where the actual data was collected. Overturn-
ing would not occur at the station locations, however,
presumably due to the lack of preconditioning.

Although the manner in which these initial condi-
tions were arrived at is far from ideal, it is interesting
to note how their values induce nearly identical re-
sults to those obtained by using an entirely inde-
pendent set of initial conditions, applicable nearly
* six months later in the year (in midwinter).

Alternative interpretations of the data are still
feasible but require different model results. In par-
ticular, it may be interpreted that in the polynya
years of 1974 to 1976, no ice whatever formed prior
to the overturning event. This is entirely possible
and corresponds to the state 1 condition of the model,
in which the density of the upper level is such that
overturn occurs simply as a result of cooling.

Model resuits consistent with this interpretation
are presented in case A of Fig. 12. These results
are obtained by reducing F such that its value is
less than F., as expected. As seen in the figure,
for years prior to 1977 the model results again match
the data (newly interpreted for 1974-76) quite well.
Particularly impressive are the two polynyas ob-
tained in 1973. However, as was indicated by the
analyses of Section 6, once stability is obtained in
the state 1 condition, the model, with constant F, is
not capable of departing from this stability. The
model results are therefore significantly different
from the data for the years following 1976.

This does not imply that a state 1 condition is
unacceptable. On the contrary, this interpretation of
no ice forming in the polynya area prior to overturn
is fully supported by the passive microwave images.
These data seem to indicate that the ice forms around
the polynya area, eventually closing it off completely
but never actually forming in it (Claire Parkinson,
personal communication).

Also, this interpretation is attractive from a con-
sistency standpoint. As stated in Section 3, it might
be expected that following an overturn induced by
salt rejection during ice formation, the full 200 m
thick upper level might not be reestablished im-
mediately. Refreezing might then be expected -to
occur rather quickly due to the initially thin fresh-
water surface layer, unless heat is being continu-
ously supplied from below. This refreezing is seen
in the two polynyas of 1973 and the 1979 eastern
polynya. It is hard to imagine then, why this is not
seen in 1974-76, unless, either the physics has
changed or, indeed, there is a continuous supply of
heat from below (i.e., our state 1 condition). This,
combined with the fact that the full season polynyas
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F1G. 12. Case A model results (uppermost line) for F = 7.48%o
cmday'and S, = 34.46%. on 24 June 1968 inducing a permanent
state 1 stability by 1974. Data (center line) represent alternative
interpretation for the 197476 sea-ice distribution in the polynya
area. Case B model results (lowermost line) uses same F and S’
values as case A butin 1976 polynya area receives 0.86 m of fresh-
water input from in-drifting sea-ice which destabilizes the state 1
condition. Interpretations and mean positions for model and data
are as in Fig. 11.

of 197476 are the only ones which possibly occur
without prior ice formation seems to be consistent
with a state 1 stability starting in 1974.

" Further, the model has been run numerous times
under varying conditions and with different param-
eter restrictions and values (described in Section 8).
Under all conditions, in the year prior to a state 1
stability, if a polynya occurs in late June/early July,
as one did in 1973, it was invariably followed by a
refreezing and second polynya formation in late
September/early October, again as observed in 1973.
This then, is also consistent with a state 1 inter-
pretation of the 1974-76 data. In the model, under
all conditions the occurrence of two polynyas in a
single year is always followed by a state 1 stability
the next year.
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If this interpretation is indeed correct, how then
might this stable state 1 condition be destabilized?
Several possibilities exist. For example, the decay
or degradation of the preconditioning with time, or
as the area drifts westward may be sufficient to
destroy the stability. A large input of fresh water
from sea-ice drifting into the polynya area and melt-
ing also may serve to shock the system into another
state. As roughly derived in Section 5, it was shown
that we might expect as much as 0.86 m of fresh-
water input as a result of in-drifting sea-ice. If this
freshwater input does not exceed 0.65 m (beyond its
normal contribution to F) the state 1 condition can
not be destabilized. For larger values though, de-
stabilization does take place and any pattern of
cycling can be made to follow. That pattern which
best matches the data is attained by an anomalous
input of 0.86 m (the derived maximum amount avail-
able) into the polynya in 1976. Results for this case
are shown in Fig. 12, case B. As seen, these results
now match the data quite well for all years.®

This interpretation can therefore be matched by
the model equally well, simply by relaxing the con-
stant F assumption. Whichever interpretation is cor-
rect, however, will only be discernable by closer
observation. Regardless of the interpretation, it
would appear that the model can, at this stage, ac-
curately simulate most of the data both temporally
and spatially in spite of the overall cycle length,
while utilizing the physically realistic values previ-
ously established for the model parameters.

8. Sensitivity of the model
a. Stochastic forcing in Q and F

The results of the model reproduce the observable
features of the data, essentially by tuning the free
parameter F at a particular value of S,’. It might be
argued of course that irregularities in the data are
caused not by cycling within the system, but more
simply by variations in the surface heat flux or net
precipitation from day to day, month to month, etc.
To test this, the model was subjected to a variety
of stochastic variations in the parameters Q and F,
which were thought to best simulate the variations
expected in nature. These tests were conducted us-
ing the case A model results of Fig. 11, as a basis and
include the following:

8 As frequently occurs in physical modeling, a model tending
to stability indicates that some higher order physics may be miss-
ing which would provide a feedback mechanism preventing the
stability. Lateral (or other) effects may provide that mechanism
in this case. The 0.86 m of fresh water quoted here to ‘‘shock”
the system out of stability may' indeed represent some more
gradual or combination of lateral or feedback effects not con-
sidered by this simple, first order model. While effects such as
these would likely alter the timing of the overturn events, espe-
cially as we approach stability, they would not invalidate our
major findings.
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(i) Q;and Q,, were varied daily, monthly, season-
ally and yearly by as much as +20% on a random
basis.

(ii) F was also varied stochastically over these
same time scales by +20%.

(iii) Finally, various combinations of (i) and (ii)
were tested.

Each test was repeated a total of nine times using
a different random sequence. The results of the tests
in the variation of the heat flux were similar to those
of the daily variations in all of the tests. Minor effects
occurred. The timing of overturn, ice onset, etc.,
varied by a week or two over a period of six years
from the unperturbed calculations. Of course, over a
period of one month one would assume [ O = [ O
and [ F = [ F so these results for the daily varia-
tions are not unexpected.

Tests involving variations in F (including those
with Q) on a monthly basis, for the most part, pro-
duced slight change or induced stability a year earlier
or later than the unperturbed results (similar results
were obtained by varying F as much as 50% daily).
On a seasonal or yearly basis, however, the results
were more pronounced. In these tests, clearly 50%
of the time, the system became stable (in a state 1
condition) within three years. Results for the other
50% were like those for the monthly variations.

From these tests it is seen that natural variations
in the heat flux as well as day-to-day variations in
the net precipitation should have little effect in the
overall pattern of cycling observed. Longer term
variations in net precipitation though, may have ef-
fects in both the timing of the stability and more
significantly, in the type of stability obtained. Al-
though this obviously creates an uncertainty in the
actual values assigned to F in Section 7, for a par-
ticular interpretation of the data, it does show that a
natural variation in meteorological parameters is not
required to provide irregularities in the system re-
sponse (i.e., the basic analyses of Section 6 still
hold, and simple variations in these parameters will
not produce an independent cycling).

b. Effects of preconditioning

The sole parameter whose variation has not yet
been discussed is the upper level depth 4, which is
arguably fixed by observations. However, since the
polynya area is clearly anomalous, it is of interest
to see what happens to the ice cycle in regions of
greater or smaller pycnocline depth.

From Egs. (6.2) and (6.4) it is seen that the value
of h effects only the time scale of the processes and
not the slopesinT — .5 space. Therefore at a specific
value of F, a doubling of # would require twice as
much time until freezing or overturning. A halving
of h, on the other hand, would produce just the op-
posite effect. From this it is seen that the overall
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effect of an increase in 4 is to decrease the likelihood
of overturning whereas a decrease in £ would in-
crease the likelihood.

The model has been tested for changes in %, again,
using case A results as a basis. The testing indicates
that for 200 m < k& < 225 m the results are similar
to the unperturbed case with slight differences aris-
ing only in the timings of ice onset and overturning
by at most two weeks. For 4 = 225 m the system
becomes stable progressively earlier; by 300 m over-
turning occurs late in year one only and for 4 = 340
m the system is permanently stable (full ice cover
in the cooling seasons). For shallow #, stability oc-
curs quickly and with 2 < 175 m the system has
gone stable by year 2 (overturn induced by cooling).

It is possible though, to generate acceptable cycles
for a range of 4 values by adjusting the main param-
eters F and §,’. For shallow # values the system
becomes very sensitive and to maintain a cycling,
a much narrower range of F and §,’ is required.
With 2 = 100 m, at best a five year cycle was pro-
duced using F = 7.8%o cm day~!and §," = 34.44%o.
For deeper s values the system becomes sluggish
and requires a higher input of fresh water to balance
the overturn. Values of & = 275 m require values
of F = 9.5% cm day™' to maintain even a six year
cycle. Longer cycles require prohibitively larger
values of F. From these results it is possible to con-
clude that, in general, the 200 m depth chosen for
the model and supported by observation appears to
be near the center of an ~100 m range in depth
(~150-250 m), in which the observed cycling pat-
terns can be produced. Shallower values of 4 cannot
be ruled out though as they are more easily shocked
out of state 1 and with a variable F are quite suscep-
tible to irregular, long-term cycling.

c. Miscellaneous testing

Variations in K were examined, again, using case
A results as a basis. The parameter was decreased
by a factor of 5 with negligible effect on the results.
Decreased by an order of magnitude, it prolonged
the period of ice melting following overturn and
slightly altered the time scale of the ice onset and
overturning. The exact value of K therefore is con-
sidered noncritical in the cycling observed.

Finally, the model was run under various condi-
tions and assumptions which differ from those origi-
nally used. These variations included the following:

1) The freshwater input F, was added as snow,
at —20°C, for the entire year, each year. This was
accomplished by adding the term —FL,,/oCp, where
L, =418.4J g™, to (3.1a) and (3.2a).

2) The freshwater input F, was added as rain for
the entire year each year. It was then released as an
accumulated freshwater sum F, = [ dF/dt after ice
melt.
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3) An entirely different set of heat flux values
was used which contained monthly values ~ 15%
higher than the set presented in Table 1.

4) Various combinations of the main parameters
(i.e., F, K, K;, K5 and h) were altered; usually in-
cluding an extreme value for one of the parameters.

In each of these first three cases, model results
nearly identical to those presented in Figs. 11 and 12
were attained by slight adjustments in the value of
F and §,’. The largest change to F was required
when using the heat flux values of 3). In this case F
was increased ~12% before attaining similar results.
In the other tests F was changed only a couple per-
cent at most. In case 4 both regular and irregular
cycling patterns were consistently attained by work-
ing within acceptable ranges for the varied param-
eters excluding the extreme value. For example,
K7 and K¢ were increased by an order of magnitude
yet cycling patterns were attained using values of F
within our derived range and changing # no more
than 100 m. We feel that when these tests are com-
bined with the tests described earlier in this section,
the overall success of the model under such a variety
of conditions and parameter values adds consider-
ably to its credibility.

9. Speculations and discussion

A discussion along with several testable, qualita-
tive predictions resulting from this study, can now
be stated.

First, the polynya can be expected to contribute
a large proportion to the deep water formation
around Antarctica. If only 200 m of surface water
contributes an area of 0.3 x 10% km? of deep water
every other year, the (lower) limit obtained is 10° m?
s~!. This deep water would be ~0.1°C colder and
~0.01%o fresher than the surrounding warm deep
water.

Such a signal has been observed by Gordon (1978)
near his critical o, value of ~37.22. Furthermore,
one of the authors (ALG) is currently comparing
the 1973 deep-water temperatures west of Maud Rise
(before the polynya occurred in this region) with the
1978 summer data in the same area (after the three
large polynyas occurred). In direct agreement with
what this theory predicts he has found a cooling of
the deep water (~0.3°C cooler) in the post polynya
years. This water covers an area ~ 4 times the size
of the polynya which is consistent with an excess
sea-air heat flux in the polynya of ~240 W m™%;
about the value expected for open ocean in the win-
ter. The magnitude of these values therefore add
further support to the theory.

Second, it is suggested that the polynya might form
somewhere in the south eastern or central portion of
the Weddell subpolar gyre and drift slowly westward,
averaging ~7° year™! (slower in the east, quicker in
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the west). Fortunately, the extreme eastern nature
of the 1979 polynya should provide an excellent basis
from which to test this idea over the next few years.
Also, years with small, short-lived polynyas, (lasting
less than two weeks to a month before refreezing)
may eventually give way to years with large polynyas
lasting the entire ice season. These may be preceeded
by the occurrence of two, short-lived polynyas the
prior year, or by the formation of the polynya due
to ice forming completely around (not in) the polynya
area. These large polynyas themselves may then
give way to another cycling pattern following a sea-
son in which an abnormally large amount of sea-ice
drifts into the polynya and melts. The model sug-
gests that when the polynya does appear, the ocean
surface layer temperature and salinity should not be
too far from the deep water values and the tempera-
ture should certainly be well above freezing. Indeed,
during the large, full ice season polynyas, there
should be no distinct surface layer at all.

Finally, we have thus far ignored the effects of
topography on the polynya area and what effect it
might have on the preconditioning. Enhanced Ek-
man bottom pumping is to be expected over regions
of strong topography and this could strongly modify

the dynamics of the system due to an extra vertical

mass transfer. Maud Rise, for example, located at
65°S, 0°E (Fig. 10a), reaches to within 1000 m of
the surface and Gordon’s (1978) maps show a large
thermal and saline disturbance there. Furthermore,
Fig. 10a shows that the polynya, while drifting west-
ward, does seem to be slowed down near Maud Rise.
Could, perhaps, such a topographical feature ‘‘cap-
ture’’ the polynya for a time?

It is difficult to answer this question at this time,
but we can attenipt an estimate. From a geostrophic
balance we might expect horizontal velocities in the
polynya to be of order 0.2 m s~! near-surface. These
are strongly baroclinic however, and near-bottom
velocities would (if following a vertical modal struc-
ture) be of order ~AH ™! less, or ~0.01-0.02 m s™!
which is the order of the mean barotropic flow in
the area. Assuming that vorticity balance induces a
doubling of horizontal velocities over strong topog-
raphy, the usual quadratic drag law on the bottom
yields an Ekman pumping of order 6 x 107" m s™!,
which is about the value of K, used anyway. Only
if bottom velocities were of the same order as the
surface velocities could we expect a strong modifica-
tion of the system by Ekman pumping. This would
involve a circulation in the polynya of 60 X 10% m?
s~! or more, which, though possible, seems unlikely.
Therefore, topography may have a role to play in the
dynamics of the polynya, but further analysis is
necessary to prove this.?

7 We are indebted to a referee for a discussion on this point.
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There also are points which mitigate against any
topographical effects directly producing a precondi-
tioning effect. The first is that the areal extent of
the polynya is much larger than any relevant topo-
graphic feature. The second is the observation that
the 1979 polynya was initiated in an area far east
(40°E) of Maud Rise, in a region of no noticeable
topography, although this location may turn out to
be anomalous.

What other form might the preconditioning take
then? A long-lived cyclone could possess approxi-
mately the correct length scales for preconditioning,
but to move an isopycnal 100 m vertically in, say,
one month would require a w of 3.8 X 107> m s7!,
a very high value. For this, a steady wind stress of
5 N m~2 would be needed which is at best unlikely.

We are thus led to consider whether the mean
flow itself might be capable of preconditioning the
polynya area (as distinct from participating in the
polynya dynamics during the process). The response
to a cyclonic wind system, by an ocean initially at
rest, is a uniform raising of isopycnals in the ocean
interior (a ‘‘spinning up’’) until the influence of the
oceanic boundaries is felt in the form of Rossby
waves (Anderson and Gill, 1975). For our purposes
we need only consider the baroclinic Rossby waves,
which are relatively unaffected by topography (An-
derson and Killworth, 1977). Such a spin-up would
require 6-10 years to raise isopycnals by 100 m.
Since the Rossby waves are so slow in this area,
these will not have a significant effect on the spin-up
over this time scale. .

We might thus imagine the following sequence of
events. As spin-up takes place, the thermocline
gradually domes upward in the Weddell gyre. The
center of the dome would reach 200 m before the
rest of the gyre (unless the pre-existing mean flow,
which the arguments about preconditioning and
Rossby waves have ignored, could modify this re-
sponse). There might thus be a polynya for one sea-
son but the continued raising of the thermocline
would tend to move the polynya area to the north
and south of the gyre center. To the north, the freez-
ing rate becomes less and the polynya disappears.
In the south, however, a cycle of the form we have
discussed takes place. This modifies the circulation
in the vicinity of the polynya (which tends to be
around the polynya, not across it). The area advects
westward with the mean flow towards its ultimate
destruction. If we assume a ‘‘filling-in”’ of water
from outside the gyre or a ‘‘return-to-normal’’, we
would anticipate a region of flatter isopycnals left
behind the polynya. If this is so, over the next years
the original polynya area would spin up again and
at some later date the process would reinitiate.

Lacking wintertime hydrographic data, we must
stress that the above discussion is speculation, and
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likely to remain so for some time to come. However,
the appearance of the September 1979 polynya at
40°E may indeed confirm this and it will be interest-
ing to note over the next few years if the polynya
appears to be drifting west from this position.?

10. Conclusion

We have proposed a simple, one-dimensional
model which seems to contain the basic physics re-
quired to simulate the polynya situation. The model
has performed well in testing our initial theory despite
its simplicity and limitations in regard to attaining
the parameter values. It has been tested and shown
to be successful under a broad range of conditions
and parameter values and thus warrants further de-
velopment (e.g., the inclusion of lateral effects,
higher order physics, etc.). It would also appear that
at this stage the model can offer first-order answers
to the three questions originally addressed. These
are as follows:

1) The polynya seems to result from haline-in-
duced vertical convection due to salt rejection, by
the freezing of sea-ice, into a preconditioned upper
level. This brings up enough heat from the warm
deep water below to melt the ice far earlier than the
seasonal surface heat flux would itself permit.

2) The polynya’s occurrence is irregular because
of the sensitive nature of its time scale on the various
T — S characteristic slopes, and on the freshwater
input. Some natural variations in the surface heat
flux and freshwater input also may play a role.
Further, eventual stability and/or a westward drift
of the polynya from some initial preconditioning
area, would cause the ultimate destruction of any
one particular cycle. The nature of each cycle pat-
tern might therefore be expected to depend on the
salinity and temperature characteristics of the sur-
face level water mass, above the pycnocline, in the
area of preconditioning as well as on the amount of
fresh water entering the system each year.

3) Finally, the polynya appears to occur in the belt
in which it has been observed due to a precondi-
tioning which is responsible for compressing the sur-
face layer above the pycnocline into a shallow layer
of ~150-250 m thickness. It is at this thickness that
the system appears to be most susceptible to over-
turning for the amount of fresh water entering the
system. Distribution of the polynya over the belt

8 Since the original submission of this paper, a short-lived po-
lynya appeared again (in July, 1980) at ~40°E. This seems to
reaffirm that the cycling is beginning anew in the east. Also, al-
though it has shown essentially no westward drift relative to the
1979 position it is not inconsistent with the drift hypothesis. In-
deed, at this eastern position of the Weddell subpolar gyre the
drift rate is extremely slow and several years may be required
before it is caught into the main flow.
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may then be due to either the broad nature of this
preconditioning or to a drifting of the preconditioned
area with the mean current.
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