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Seasonality of Southern Ocean Sea Ice 

ARNOLD L. GORDON 

Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 10964 

The sea ice cover of the Southern Ocean undergoes a rapid decrease from mid-November to mid-Janu- 
ary. The atmosphere-to-ocean heat flux is insufficient to account for this melting, even in the presence of 
the high percentage of open water characteristic of the Southern Ocean sea ice. It is estimated that sea-air 
heat exchange in the 60 ø to 70øS zone can account for roughly 50% of the required spring heating. The 
remainder must be supplied by the relatively warm deep water, residing below the Southern Ocean pyc- 
nocline. Deep-to-surface water heat flux is accomplished by upwelling of the pycnocline due to the re- 
gional Ekman divergence of the surface layer and by cross-pycnocline mixing. It is estimated that the re- 
quired vertical mixing coefficient for the pycnocline is 1.5 cm2/s. This value is considered as realistic in 
view of the relatively weak pycnocline which is a consequence of low levels of fresh water input to the 
surface layer. It is suggested that the magnitude of fresh water input is a major factor in determining the 
degree of seasonality of Southern Ocean sea ice. 

1. INTRODUCTION 

The sea ice surrounding Antarctica undergoes large sea- 
sonal changes in areal extent. This is evident from both histor- 
ical observations and recent satellite sensing [Mackintosh, 
1946, 1972; Heap, 1964; Zwally and Gloersen, 1977; S. F. Ack- 
ley, unpublished manuscript, 1980]. The Zwally et al. [1979] 
review of the sea ice areal cover as observed by satellites for 
1973-1975 for greater than 15% and greater than 85% (repro- 
duced as Figure 1) show a sea ice maximum cover in Septem- 
ber and October of approximately 20 x 106 km 2, with a mini- 
mum cover in February of approximately 3 x 106 km 2. 
Therefore, 17 x 106 km 2 of sea ice, an area larger than Antarc- 
tica, is within the seasonal sea ice zone. As Zwally et al. (Fig- 
ure 1) indicate, much of this cover (about two thirds) has con- 
centrations between 15% and 85% of full ice concentration. If 

the ice were compacted to 100% concentration, its area would 
be approximately three fourths of the present cover with leads 
(C. Parkinson, personal communication, April 1980). 

The growth and decay of the sea ice cover shown in Figure 
1 for both the 15% and 85% concentration curves are not sym- 
metric about the maximum ice cover. The growth rate is less 
than the decay rate by nearly a factor of two. The major por- 
tion of the decay occurs in the period mid-November to mid- 
January with a decrease from 17.5 x 106 km 2 to 6.5 x 106 km 2. 
Decay of the greater than 85% cover occurs earlier (mid-Octo- 
ber to mid-November) and is even more spectacular in areal 
decrease, retreating from the near annual maximum cover to 
only 25% of that in the one month period. 

Walsh and Johnson [1979] area versus month plot for Arctic 
sea ice cover (their Figure 3) shows that the ice growth rate is 
faster than the ice retreat rate. This contrast with the Southern 

Ocean situation suggests that fundamental differences exist 
between the heat budgets of Arctic and Antarctic sea ice. 

During the growth period for Southern Ocean sea ice a 
simple Ekman divergence model yields realistic results [Gor- 
don and Taylor, 1975; S. F. Ackley, unpublished manuscript, 
1980]. The concept is as follows: The cyclonic wind field in- 
duces a divergent Ekman transport in the surface layer of the 
ocean. Sea ice on the ocean also diverges, thus generating 
open water or leads. In the winter when the ocean-atmosphere 
heat flux is directed towards the atmosphere the leads fill with 
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new ice. In this way new sea ice forms in the interior of the sea 
ice fields rather than being accreted to the outer edge. While 
some addition at the edge may be expected, the northward 
migration of the ice edge may be primarily governed by the 
Ekman velocity. 

As ice is carried northward, the local heat balance would 
induce melting, and a steady-state ice cover is attained, as 
may be the case from August to October. During this period 
ice forming in the south is balanced by melting in the north. 
Using Ekman drift velocities presented by Taylor et al. [1978], 
the sea ice northward transport across 60øS amounts to 9.62 x 
10 •3 W poleward heat flux, for each meter thickness of ice. 

Ice melting in the spring would also be influenced by Ek- 
man divergence. The atmosphere-to-ocean heat flux would be 
greatest within the low albedo leads generated by the diverg- 
ence. The leads act as heat collectors, which accelerate melt- 
ing of the surrounding pack. Langleben [1972] also stresses the 
importance of radiational heating within leads in regard to sea 
ice melting in the Arctic, but points out that radiational heat- 
ing of the sea ice should not be neglected. 

The ability of the sea-air heat flux to account for the spring 
retreat of the sea ice is now tested. The ice charts of the Navy- 
NOAA ice center indicate that during the mid-November to 
mid-January period sea ice virtually disappears over the deep 
ocean. The additional ice melt from mid-January to mid-Feb- 
mary is mainly over the continental margins of Antarctica. 
The major exception is the 0.8 x 106 km 2 (about one third of 
which is over the deep ocean) field of perennial sea ice east of 
the Antarctic Peninsula. 

Southern Ocean seasonal sea ice is estimated at 1.0 to 1.5 m 

[Untersteiner, 1966]. The heat required to melt the average sea 
ice thickness of 1.25 m with a latent heat of fusion of 292 J/g 
(Table 4.3 from Neumann and Pierson [1966]) is 3.3 x 108 J/ 
m 2. Since most of the open ocean ice is removed in the 60-day 
period from mid-November to mid-January, the daily heat re- 
quirement is 552 x 104 J/m 2 d or 64 W/m 2. This represents a 
minimum heat requirement since a higher value would be 
necessary if significant warming of the surface water occurs 
before mid-January or if the heat required to melt icebergs is 
taken into account. While some warming is observed, and ice- 
berg melting in early summer occurs, both are neglected in the 
calculations. The question is: Can the atmosphere-to-ocean 
heat flux provide enough heat to explain the sea ice decay 
even if no other demands are placed on the available heat? 
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Fig. l. Areal extent of Southern Ocean waters with sea ice con- 
centration at least 15% and with sea ice concentration at least 85% in 

1973, 1974, and 1975 [Zwally et al., 1979]. 

2. SEA-AIR HEAT EXCHANGE IN THE BAND 60ø-70øS 

Estimates for sea-air heat exchange for the 60ø-70øS lati- 
tude band are made using monthly climatic data (Table 1) for 
ice free (Table 2), full ice and partial ice cover (Table 3). Ad- 
mittedly, the errors associated with these calculations are 
large, due to inadequate meteorological data set, use of 
monthly means rather than shorter term means, uncertainty in 
the exchange coefficients for the non-radiative heat flux terms 
and from uncertainty in the exact amount of sea ice insulation 
of the ocean (the R term in Table 3) and ratio of ice cover to 
open ocean (P value in Table 3). 

The required poleward oceanic heat across 60øS for balance 
of ocean heat loss between 60ø-70øS (16.8 x 1016 cm 2) is de- 
termined for each of the ice concentration situations (Table 
4). Oceanic heat flux across 60øS estimated by Hastenrath 
[1980] is 13 x 1013 W. Hastenrath's heat flux estimate across 
53øS, which marks the mean circumpolar position of the polar 
front, is 35 x 1013 W (his Figure 9), similar to the value sug- 
gested by Gordon [1975]. It is surprising that his 60øS value is 
so much lower than his 53øS value. It implies large ocean heat 
loss in the 53ø-60øS zone (13 W/m 2) where other estimates 
[see Taylor et al., 1978] actually suggest a small annual heat 
gain by the ocean in this zone. His heat flux value across 60øS 
is low by a factor of 4 compared to the value given in Table 4 
for realistic ice cover, but is close to the full ice cover condi- 

TABLE 1. Meteorological Parameters Used to Calculate Sea-Air 
Heat Exchange Within 60ø-70øS 

Month T•, øC Ta, øC Ta, øC W, m/s C 

January I 0 -3 3 0.75 
February 1 - 1 -4 3 0.75 
March 0 -2 -5 3 0.75 

April 0 -5 -8 4 0.75 
May -2 -8 -10 4 0.75 
June -2 -10 -13 4 0.75 

July -2 -12 -14 4 0.75 
August -2 -12 -14 4 0.75 
September -2 -11 -13 4 0.75 
October -2 -7 - 11 4 0.75 
November -2 -4 -7 4 0.75 
December 0 -1 -5 3 0.75 

T•, sea surface temperature (summer values from historical data; 
values during sea ice months taken as nearest whole degree to freez- 
ing). Ta, air temperature (average at 65øS from Taljaard et al. [1969]). 
T•, dew point temperature (average at 65øS from Taljaard et al. 
[1969]). W, wind speed (average at 65øS from Jenne et al. [1971]). C, 
cloud cover (75% cover all year, from Table 2.2 of $asamori et al. 
[1972]). 

tion. Trenberth [1979], on the other hand, determines a 100 x 
10 •3 W flux across 60øS, closer to the open ocean value and 
about twice that for the realistic sea ice condition (Table 4). 
Newton [1972, Appendix C] gives 29.3 x 10 •3 W ocean heat 
flux across 60øS, approximately twice Hastenrath's value, half 
of the Table 4 value for realistic ice cover, and one third of 
Trenberth's values. 

The one order of magnitude range in heat flux estimates 
across 60øS indicates some of the difficulties in determining 
this important number. Before it is possible to identify the pri- 
mary mechanism responsible for meridional heat flux in the 
Southern Ocean, it is necessary to establish reliable sea-air 
heat flux estimates as a function of latitude for the Southern 

Ocean. In this present study the mode in which the heat flux 
into the 60ø-70øS zone is accomplished is important only in 
that it is assumed the annual heat loss of the surface water to 

the atmosphere is balanced by vertical heat transfer across the 
pycnocline, rather than lateral poleward heat transfer within 
the surface layer itself. Since the Ekman drift is directed to- 
wards the equator, this assumption is justified. 

3. DISCUSSION 

It is unlikely that the atmosphere-to-ocean heat flux given 
in Tables 2 and 3 is adequate to account for the massive ice 
melt from mid-November to mid-January. For the realistic 
ice cover the average heat gain for this period is 34 W/m 2, 
slightly over 50% of the required minimum heat flux. Even the 
higher estimate of 47 W/m 2 for a no-ice condition is not suf- 
ficient and the full ice cover value of 7 W/m 2 is grossly in- 
sufficient. This suggests two things: leads induced by the gen- 
eral Ekman divergence must be an important factor by 
increasing ocean warming to a point where atmosphere-to- 
ocean heat flux can play more than a minor role in the spring 
ice cover retreat and that an additional source of heat is 

needed to balance the surface water heat balance during the 
spring melting as well as on an annual basis (both values are 
about 30 W/m2). 

Heat flux into the surface layer from the sub-pycnocline wa- 
ter is the probable source of this heat. Sub-pycnocline water is 
significantly warmer than the surface water (Figure 2) and 
forms an effective heat (and salt) reservoir. Deep water heat 
can be introduced into the surface layer by the general up- 
welling of the pycnocline expected from the climatic Ekman 
divergence and by cross-pycnocline heat flux by turbulence 
and possibly convective processes, which can be parameter- 
ized by a K• (vertical mixing coefficient). 

The Ekman induced upwelling in the 60ø-70øS band esti- 
mated by Taylor [1978] (also see Gordon et al. [1977], Taylor et 
al. [1978]) is 1 x 10 -4 cm/s. Since the deep water is approxi- 
mately 3øC warmer than the winter surface water, Ekman 
pumping could provide about 13 W/m 2. Since both the total 
annual as well as average mid-November to mid-January 
deep water contribution to the surface layer is expected to be 
31 W/m 2, about 18 W/m 2 must be derived from the vertical 
diffusive and/or convective heat flux (p CpK/X T/ A Z). This re- 
quires a pK, value of 1.5 cm2/s (Using a pycnocline thermal 
gradient of 3 x 10 -4 øC/cm). 

The annual average vertical flux of heat by Ekman pump- 
ing and vertical mixing effects would provide on a daily basis, 
about 50% of the required mid-November to mid-January 
heat. This amount together with the atmosphere to ocean heat 
flux can satisfy the heat required to explain the spring sea ice 
melting. 
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TABLE 2. Average Monthly Heat Flux Into Ocean 60ø-70øS for Ice-Free Conditions (Values in 
W/m 2 and cal/cm 2 d) 

Month Qs Qb Qn Qe Q,o 

January 162 [335] 35 [72] 7 [15] 39 [81] 81 [167] 
February 109 [225] 36 [74] 15 [31] 47 [98] 11 [22] 
March 56 [116] 36 [74] 15 [31] 44 [91] -39 [-80] 
April 21 [43] 36 [75] 50 [104] 72 [149] -138 [-285] 
May 12 [24] 36 [74] 60 [124] 63 [131] -148 [-305] 
June 4 [8] 36 [74] 80 [165] 66 [137] -178 [-368] 
July 2 [5] 36 [75] 100 [207] 72 [149] -206 [-426] 
August 38 [78] 36 [75] 100 [207] 72 [149] -171 [-353] 
September 76 [156] 36 [74] 90 [186] 68 [140] -118 [-244] 
October 106 [219] 36 [74] 50 [103] 69 [143] -49 [-101] 
November 128 [265] 35 [73] 20 [41] 60 [124] 13 [27] 
December 142 [294] 36 [75] 8 [16] 52 [107] 47 [97] 

Average 71 [147] 36 [74] 49 [102] 61 [125] -75 [-154] 
-56.2 kcal/cm 2 yr 

Q•, incoming solar radiation absorbed by ocean 60ø-70øS from values given by Sasarnori et al. [1972, 
Tables 2.6 to 2.9] interpolated to each month with an ocean surface albedo of 10% for the direct radiation 
and 6.6% for the diffuse radiation. Qt,, net back radiation where cloud cover (in tenths) is assumed to be 
middle level clouds (equation from Reed [1976]). Qn, sensible heat exchange (equation from Budyko 
[1963]). Qe, evaporative heat exchange (equation from Budyko [1963]). Qto, net sea-air transfer for ice- 
free ocean: Qto-- Qs- Q•- Qn- Q•. 

A pKz value of 1.5, though large for an oceanic main pycno- 
cline, may be appropriate for the weak stability characteristic 
of the Southern Ocean pycnocline south of the polar front. 
Sarmiento et al. [1976] using radon distribution within the 
abyssal ocean show that vertical mixing coefficient bears an 
inverse relationship to the buoyancy gradient, suggesting a 
constant buoyancy flux. The Southern Ocean pycnocline, 
while stronger than the vertical density gradient of the abyssal 
ocean, is markedly weaker than the main pycnocline of the 
world ocean. The maximum buoyancy gradient below the 
temperature minimum layer, which represents the base of the 
winter mixed layer, around Antarctica at 65øS (determined 
from the data given in the Southern Ocean Atlas by Gordon et 
al. [1981] falls in the range of 350 to 3400 x 10 -8 s -2 with an 
average of 1300 x 10 -8 s-'•. This range with a Kz of 1.5, plotted 
on the Sarmiento et al. relation (Figure 3) falls toward the 

TABLE 3. Average Monthly Heat Flux Into Ocean for Full and 
Partial Ice Cover (Values in W/m: and cal/cm: d) 

Month R Qti P Qt 

January 0.36 29 (60) 0.3 65 (135) 
February 0.28 3 (6) 0.1 10 (20) 
March 0.20 -8 (-16) 0.2 -32 (-67) 
April 0.23 -32 (-66) 0.4 -95 (-197) 
May 0.17 -25 (-52) 0.5 -87 (-179) 
june 0.12 -21 (-44) 0.6 -84 (- 174) 
July 0.12 -25 (•51) 0.7 -79 (-164) 
August 0.09 -16 (-32) 0.7 -62 (-128) 
September 0.07 -8 (- 17) 0.8 -30 (-62) 
October 0.15 -7 (-15) 0.7 -20 (-41) 
November 0.14 2 (4) 0.6 6 (13) 
December 0.27 13 (26) 0.4 33 (68) 

Average -8 (-16) -31 (-65) 
5.8 kca!/cm: yr -24 kcal/cm: yr 

R, ratio of heat flux with full ice cover to heat flux for no ice cover. 

Determined from data presented• in Figures A-8 and A-10 of Fletcher 
[1969]. (See section III-B of Hibler [1979] for a discussion of the ther- 
mal processes in sea ice.) Qti, net sea-air heat transfer for full sea ice 
cover. P, proportion of 60ø-70øS covered with sea ice (estimated from 
the Na•/Y-NOAA charts). Qt, net sea-air heat flux for realistic sea ice- 
open ocean ratio or the 60ø-70øS belt. 

high end of the envelope, but in view of the greater shear ex- 
pected within the shallow Southern Ocean pycnocline relative 
to the abyssal ocean, the 1.5K• value is not unreasonable, par- 
ticularly if convective events occur [Gordon, 1978; Killworth, 
1979]. 

The above calculations suggest that sea ice melting in the 
mid-November to mid-January period is facilitated by Ekman 
layer generation of leads which act as radiative heat collectors 
and by deep water to surface water heat flux due to Ekman 
upwelling and cross-pycnocline mixing processes. While it is 
possible, in view of the uncertainty in the sea-air heat ex- 
change calculations that the lead generation mechanism alone 
is sufficient to account for the melting, the possibility of a sig- 
nificant role of cross-pycnocline heat flux must be considered 
particularly since the required K• value is not unreasonable. It 
is expected that cross-pycnocline processes would be most im- 
portant at the end of the ice growth period when (1) the cu- 
mulative effects of winter sea ice formation induce the yearly 
maximum in surface water salinity (and density), and (2) the 
insulating effect of the sea ice may act to trap the deep water 
heat flux in the surface layer [Welander, 1977]. 

Parkinson and Washington [1979] require a substantial 
ocean to ice heat flux to induce spring melt back. They use a 
value of 25 W/m 2, about one order magnitude higher than the 
value used in the Arctic. Use of the Arctic value for the South- 

ern Ocean did not result in the spring melt back. Use of a 
value of 40 W/m: did not allow for winter sea ice formation 
(C. Parkinson, personal communication, June 1980). Thus 
modelling attempts have difficulty in producing the intense 
seasonality of Southern Ocean sea ice, without resorting to 
vertical flux of the deep ocean heat. 

TABLE 4. Annual Average Heat Flux Across 60øS to Balance 60 ø- 
70øS Ocean Heat Loss to the Atmosphere 

Condition Watts Cal/s 

1. Ice free 130 X 1013 31 X 1013 
2. Total ice cover 13 X 1013 3 X 1013 
3. Realistic ice cover 54 X 1013 13 X 1013 
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Fig. 2. An example of thermohaline stratification in the seasonal 
sea ice zohe of the Southern Ocean. The plot shows the mean tempei'- 
a{ure (degrees Centigrade), salinity (per mil), and sigma-t (density 
anomaly) versus depth at 65øS, 20øE. The envelope around the cen- 
tral curve indicates range in parameters. This plot is taken from the 
microfiche supplement to the Southern Ocean Atlas by Gordon et al. 
[1981]. 

Stommel [1980], using vertical t•mperature-salinity curves 
between Australia and Antarctica (35ø-60øS) and the esti- 
mates of meridional 11gat and fresh water flux [Hastenrath, 
1980; Baumgartner and Reichel, 1925], determines the required 
water mass flux across latitudes, as well as the spreading pat- 
tern. Across 60øS Stommel finds a required poleward flux of 
warm, salty deep water of 18 x !06 rn3/s, with a circulation 
pattern similar to that proposed by Deacon [1937]: deep water 
converted by sea-air enchange into antarctic surface water re- 
tums northward at depths shallower than the deep water pole- 
ward migration. Using the larger 60øS heat flux value pre- 
sented in this paper (about 2.5 larger than the value used by 
Stommel), the required deep water flux would increase corre- 
spondingly and the mode of the exchange would be more iso- 
pycnal. It is noted that the southern end of the Deacon pat- 
tern, in which the altered deep water spreads northward as 

K;= (cm2/sec) 

I0,000 I0 I00 I000 

I000 I i ] 
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Fig. 3. Relation of the Kz to buoyancy gradient. The dots are 
taken from Sarmiento et al. [!976], based upon Radon measurements 
in the abyssal ocean. The mean value for Kz determined for the 
Southern Ocean pycnocline is given by the large dot with the range of 
buoyancy gradient along 65øS given by the vertical line. 

antarctic bottom water are not included in Stommel's results. 
Perhaps use of the hydrographic data south of 60øS, particu- 
larly in the Weddell region, might have revealed this regime. 

4. ROLE OF PRECIPITATION 

.. The weak Southern Ocean pycnocline is a consequence of 
ß surface water due to the the relatively high salinity of tlie 

small fresh water input. Estimates of precipitation •minus 
evaporation (P- E) summarized by Newton [1972, Figure 
9.14] for 60ø-70øS are 0.075 cm/d, or 27 cm/yr. Bau•ngartner 

. 
and Reich'el• [1975] arrive at a value of 32 cm/yr. Coatmental 
runoff (in thee form of icebergs) contribution to the 60 ø to 70øS 
ocean area can be taken as 10 cm/yr (since t•e ocea•n area is 
about 15% larger than Antarctica; which has • mean precipi- 
tation of 11 to 19 cm/yr [Van Loon, 1972]); so the total fresh 
water fiui (F) is taken about 40 cm/•r. This value, when used 
with estimates 9f ocean heat loss to the atmosphere, 31 W/•n 2 
(Table 3), can be used to determine the path followed in tem- 
perature-salinity space by a parcel of • water exposed to the at- 
mosph•re. The AT/AS slope is given by (so is the initial salin- 
ity of the water pa:rcel) 

AT_ Qr/pC v = 18.0oc/% ø 
AS SoF 

Since the AT/AS slope of an isopycnal in the -2 to +2øC 
temperature range is •5.4øC/%o, the thermohaline alteration 
of deep water which becomes incorpoi'ated into the surface 
layer would follow a. T/S path which would increase its den- 
sity with time. Therefore, thermohaline alteration in the 60 ø•- 
70øS belt induces an unstable boundary between deep water 
and surface water or, at best, a marginally stable stratification. 

It is possible that fresli water input would be further in deficit 
if sea ice is removed from the 60ø-70ø•1 bfind at a more rapid 
rate than the surface water by Ekman drift. 

In view of the errors associated with the heat and fresh •va- 
ter flux, it cab be concluded that low stability of the S0ut.h6rn 
Ocean pycnocline is a consequence of a •'elatively low fresh 
water input which nearly balances the thermal buoyancy flux. 
This is in str0ng.contrast to the high fresh water input i•to the 
Arctic, which induces a strong pycnocline: ' 

Variations in P- E have a strong impact on the pycnoclin6 
stability and hence on the K, value and vertical heat flux. 
creased P - E would lead tO higher vertical stability with less 
spring ice melt, while decreased P - E would increase vertical 

processes and lead to more rapid ice removal in the spring. 
Thus the seasonality of Southern Ocean sea ice may depend 
on precipitation in addition to the obvious dependence on the 
heat budget. Perhaps the significant variations in the degree of 
seasonality of the Southern Ocean sea ice which have oc- 
curred in the geological past [Cooke and Hayes, 1980] are 
consequence of pycnocline stability variations. 

Another manifestation of the cross-pycnocline heat flux is 
the Weddell Polynya. The polynya is most likely the con- 
sequence of enhanced vertica. l heat flux by convective events 
induced by a severe weakening or complete break-down of 
the pycnocline [Gordon, 1978; Killworth, 1979; Martinson et 
al., 1981]. In this way.it represents a more dramatic form of 
the processes which initiate the rapid spring melt of the 
Southern Ocean sea ice. 

Stability of the Southern Ocean pycnocline would be in- 
creased if cross-pycnocline heat and salt flux is influenced by 
the diffusive case of double diffusion [Turner, 1973]. In this 
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process less salt is transferred upward than would be the situa- 
tion for a conservative exchange process, Middleton and Foster 
[1980] using observed fine structure in the Weddell Sea pycno- 
cline and results from laboratory experiments for double dif- 
fusion find the ratio of salinity to heat flux is 0.048. A value of 
0.166 is expected for a conservative exchange process. Thus, a 
double diffusion process will supply only 29% of the salinity 
flux expected for a conservative mixing process. However, the 
magnitude of the double diffusive fluxes determined by Mid- 
dleton and Foster are about one order of magnitude less than 
the required annual sea-air heat and salt flux. 

5. CONCLUSIONS 

Upward heat flux into the 60ø-70øS surface water is re- 
quir•d to balance not only the annual sea-to-air heat transfer, 
but also to account for the rapid decrease of the sea ice cover 
during the mid-November to mid-January period. The verti- 
Cal heat flux is accomplished by both upwelling induced by 
Ekman divergence of surface water and cross-pycnocline mix- 
ing. T.he latter is significant because of the low input of fresh 
•ater into the surface layer. Tlius it is probable that the 
Southern Ocean sea ice seasonality can be attributed to the 
Ekrnan divergence (which also influences sea-air exchange) 
an• to an inherently weak pycnocline 
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