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Thermohaline Stratification Below the Southern Ocean Sea Ice 

ARNOLD L. GORDON AND BRUCE A. HUBER 

Lamont-Doherty Geological Observatory 

The end of winter stratification within the cold cyclonic trough of the Weddell gyre near 60øS between 
5øE and the Greenwich meridian is resolved with the Mikhail Somov data set. The temperature maximum 
of the Weddell Deep Water (WDW) is, for the most part, less than 0.5øC, but warmer cells of WDW are 
found. These warm WDW cells have temperature, salinity, and oxygen properties similar to the WDW 
characteristic of the Weddell gyre inflow, which is situated to the southeast of the Mikhail Somov study 
region. The warm WDW cells are accompanied by domes in the pycnocline of 40 m amplitude over the 
surrounding pycnocline, while deeper isopycnals are depressed. Anticyclonic shear below the 27.83 a-0 
isopycnal within the warm WDW cells is compensated by the cyclonic shear associated with the pyc- 
nocline dome. The pycnocline domes are exposed to about 50% greater entrainment by the turbulently 
active winter mixed layer, relative to the regional entrainment rate. This entrainment can significantly 
erode the warm cells in a single winter season, introducing excess heat and salt into the mixed layer. 
While the heat is lost to the atmosphere, the excess salt is not necessarily compensated by increased fresh 
water introduction. It is hypothesized that the warm WDW cells within the Weddell gyre trough are 
derived from instability within the frontal zone which extends from Maud Rise to the northeast, separ- 
ating the Weddell warm regime from the cold regime. Greater than normal injection of warm WDW cells 
into the Weddell gyre trough would increase the surface salinity, which would tend to destabilize the 
pycnocline, increasing the probability of deep convection and polynya events. 

1. INTRODUCTION 

During October and November 1981 the joint U.S.-U.S.S.R. 
Weddell Polynya Expedition was carried out within the 
Southern Ocean sea ice, aboard the Soviet ship Mikhail $omov 
of the Arctic-Antarctic Research Institute of Leningrad 
[Gordon and Sarukhanyan, 1982; Gordon, 1982]. The objec- 
tives of the expedition were to obtain a comprehensive inter- 
disciplinary data set near the Greenwich meridian (0øE), well 
wRhin the seasonal sea ice zone and to investigate an active 
open ocean polynya. A polynya developed near 65øS and 0øE 
in the 1974-1976 winters [Carsey, 1980]; however, no poly- 
nya developed in 1981. The observations extend across the ice 
edge zone into the interior pack about 590 km from the mean 
position of the outer fringes of sea ice during the expedition. 

The Mikhail Somov hydrographic data set resolves the ther- 
mohaline stratification during the transition phase from 
waxing to waning of the Southern Ocean sea ice cover. Sea ice 
covers the region near 60øS between 0 ̧ and 5øE in June, 
reaching a maximum northward extent during September and 
October. The region becomes ice free in mid-December (Ant- 
arctic Ice Charts, Navy-NOAA Joint Ice Center, Naval Polar 
Oceans Center, Suitland, Maryland). In 1981 the ice edge 
overtook the region between June 18 and 25, remained near 
56øS from the end of July to early November, and retreated 
from the region during the third week of December. The Mik- 
hail Somov data set reveals the cumulative effects of the 1981 

austral winter and thus depicts the end of winter stratification, 
although the expedition took place in the austral spring. 

The positions of the CTD-O2/Rosette hydrographic sta- 
tions and the expendable bathythermograph (XBT) observa- 
tions [Huber et al., 1983], as well as ice core sites [Ackley et 
al., 1982] and the ice edge position at the time of entry and 
exit from the pac•k ice are given as Figure 1. 

2. OCEANOGRAPHIC SETTING 

Most of the Mikhail Sotnov hydrographic stations fall 
within the trough of the cyclonic Weddell gyre [Deacon, 1976, 
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1979' Gordon et al., 1981' Gordon and MolineIll, 1982, plates 
231-233]. This ?egio n is characterized by a relatively cold (less 
than 0.5øC) Weddell Deep Water (WDW) and is here designa- 
ted as the Weddell col•. regime (Figure 2). The northern sta- 
tions fall withinihe eastward flowing limb of the Weddell 
gyre, with stations 36 a0d 37 positioned north of the northern 
boundary of the Wedd•11 gyre. The boundary is marked by a 
slight increase in barOclinicity and a transition into deep water 
far too warm (well in excess of 1øC at the temperature maxi- 
mum' Figure 3) to have participated in the upstream segment 
of the Weddell gyre. This warmer deep water is called Circum- 
polar Deep Water (CDW). 

South of the Mikhail Somov data set, historical (summer) 
data reveal the westward flowing limb of the Weddell gyre, 
with warmer WDW (temperature maximum of up to 1.1øC), 
here designated the Weddell warm regime. The warmer WDW 
is derived from the main mass of CDW in the vicinity of 
20ø-30øE [Deacon, 1979]. It appears as a wedge of warm 
WDW with its apex near Maud Rise (Figure 2). A rather 
abrupt transition to the Weddell cold regime occurs to the 
west of Maud Rise (Figure 4) and extends to the northeast 
from Maud Rise. The transition from cold to warm regimes 
occurs within a distance of 100 km (e.g., between lslas Orcadas 
stations 95 and 96; Figure 5). The increase in WDW temper- 
ature of over 0.4øC is accompanied by a decrease in depth of 
the temperature maximum from 425 m to 240 m and shallow- 
ing of the pycnocline by approximately 50 m. An lslas Or- 
cadas section along 20øE (Figure. 6) shows a similar transition 
occuring between stations 75 and76. 

Thus, there is a relatively sharp transition from warm to 
cold regime coinciding with southwest flow within the Wed- 
dell gyre (Figure 2). It is marked by the 0.6 ̧ to 0.8øC isotherms 
of the temperature maximum, extending from 58øS 20øE to 
63øS 2øE. The historical data set suggests that this is a climatic 
feature (e.g., see 350 m temperature section plate 23 of Gordon 
and MolineIll [1982]). 

The primary advective path of warm WDW into the west- 
ern hemisphere occurs south of Maud Rise, over the conti- 
nental slope where a relatively strong westward current exists 
(Figure 2) ITchernia, 1977; Foster and Carmack, 1976]. Out- 
side the :boundary currents the Weddell gyre is'sluggish with 
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Fig. 1. Cruise track and station sites of the Mikhail Somov during 
the U.S.-U.S.S.R. Weddell Polynya Expedition, October-November 
1981. 

characteristic velocity of only 1 cm/s [Gordon et al., 1981]. 
The hydrographic data along the two north-south sections 

obtained by Mikhail Sotnov (Figures 3 and 7) reveal three 
structures associated with lateral variations of WDW temper- 
ature and pycnocline depth. These structures are (1) the 
warmer deep water observed at CTD stations 36 and 37 and 
by the series of expendable bathythermograph (XBT) observa- 
tions north of the Mikhail Sotnov hydrographic station grid 
(Figure 8); (2) very cold WDW at station 35; and (3) isolated 
cells of warm WDW within the Weddell cold regime (above 
0.6øC at the temperature maximum). 

The warm feature from 57ø40'S to 58ø40'S on the 0 ø XBT 

section (lower panel of Figure 8) is apparently an eddy of 
CDW. The CDW characteristics within the eddy as revealed 
at CTD station 36 and 37 extend to 1100 m before yielding to 
a local oxygen minimum with WDW characteristics [Huber et 
al., 1983]. The primary transition from Weddell gyre to Cir- 

cumpolar Deep Water (CDW) occurs near 56ø45'S On both 
XBT sections. 

The anomalously cold WDW observed at station 35 (tem- 
perature maximum of only 0.19øC at 600 m) and at XBT 103, 
109, and 113 surrounds the CDW eddy. This cold deep water 
is probably an eastward extension of the Weddell-Scotia con- 
fluence [Patterson and Sievers, 1980]. 

3. WARM WDW CELLS 

The warm WDW cells have not previously been observed. 
within the Weddell cold regime, though the historical data set 
is too sparse to exclude the possibility of their existence during 
the summer. 

The warm cells are represented in temperature-salinity (0/S) 
space (Figure 9) as nearly isohaline extensions above the cold 
WDW. The WDW of the Weddell warm regime and CDW 
just north of the Weddell gyre have the same nearly isohaline 
0/S form above 0.4øC I-Huber et al., 1983; Gordon and Mo- 
linelli, 1982]. This indicates, as expected, that the source of the 
warm WDW cells is the deep water surrounding the Weddell 
cold regime. The warm cells appear within or to the south of a 
trough in dynamic topography as determined from the Mik- 
hail Sotnov data and have characteristics similar to the WDW 

of the Weddell warm regime found east of Maud Rise. 
The Mikhail Sotnov potential temperature-oxygen (0/02) 

points (Figure 10) within the warm cells follow the 0/02 trend 
of both the South Atlantic CDW and Weddell warm regime. 
Oxygen levels within the cells are higher than those within the 
cold WDW temperature maximum. While it is possible that 
the warm cells are spawned at the Weddell gyre-CDW front, it 
is probable that the source is the Weddell warm regime which 
is closer to the observed warm cells. The warm cells represent 
a transfer of properties across the transitional zone separating 
the Weddell cold from the warm deep water regimes. 

The other major characteristic of the warm cells is doming 
of the pycnocline above the cells (Figures 7 and 11). Within 
the warm cells, where the potential temperature maximum 
(O-max) is above 0.5øC, the top of the pycnocline (marked by 
the depth at which the density increases by more than 0.01 
sigma-0 units in 10 m) occurs at an average depth of 74 m. At 
sites of the cold WDW (O-max of less than 0.5øC) more typical 
of the region, the top of the pycnocline occurs at 114 m. 

/ 

Vl/eatlell 
Worm 

Fig. 2. Schematic of the Weddell gyre. Dashed lines show the isotherms 0,.6 ø and 1.0øC within the oxygen minimum 
core layer [Gordon and Molinelli, 1982, plate 206) which is coincident with the temperature maximum core layer within 
the Weddell gyre. Solid lines show the 0/2500 dbar isopleths 0.65 and 0.70 dynamic meters [Gordon and Molinelli, 1982, 
plate 230). The Mikhail Somov sections (line a) and schematic representation of the warm WDW cells (solid circles) 
appear north of Maud Rise (large open circle near 65øS and the Greenwich meridian). 
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Potential temperature, salinity, and potential density along the meridional hydrographic sections obtained by 
Mikhail Somov (Figure 1). 

Similarly, the depth of the 0øC isotherm increases by about 50 
m as the O-max temperature is reduced from 0.7 ø to 0.4øC. The 
same relation is found in the regional Islas Orcadas data set. 

The warm WDW cells (represented by station 28 and 32) 
contain an excess of 20.5 Kcal/cm 2 of heat (49 Joules/m 2) and 
2.3 gm/cm 2 (23 kg/m 2) of salt relative to the Weddell cold 
regime water column (represented by stations 31 and 33) 
above 500 m (Figure 11). 

The isopycnal interval 27.82 to 27.83 near 200 m, which 
coincides with the O-max, is nearly horizontal, while deeper 
isopycnals dip below the warm cells (Figure 7). This induces 
anticyclonic geostrophic shear below 27.83 and cyclonic shear 
above 27.82. The baroclicity is not great. A maximum geo- 
strophie velocity of only 0.5 cm/s relative to 1900 decibars 
(dbar) occurs in the 27.82 to 27.83 sigma-0 interval. A second- 
ary velocity maximum of the same magnitude but of opposite 
sign occurs at the sea surface. The geostrophic velocity at 1900 

dbar relative to 5000 dbar (Mikhail Somov station pair 29-32) 
is 0.4 cm/s in the same sense as the O-max velocity maximum; 
thus the surface current relative to 5000 dbar is close to zero. 

Hence, the pycnocline dome effectively compensates the baro- 
clinicity of the rest of the water column. This situation is 
similar to, though substantially less energetic than, the pyc- 
nocline eddies observed in the Arctic [Newton et al., 1974; 
Manley, 1981]. The shear reversal within the upper layer of 
the Arctic is believed to be induced by secondary Ekman 
circulation in the ocean boundary layer below the sea ice 
cover [Manley, 1981]. 

The secondary Ekman circulation associated with the warm 
WDW cell is extremely weak, inducing a maximum pyc- 
nocline upwelling of 10-5 to 10 -6 cm/s. This assumes a circu- 
lar form of the warm cells, a drag coefficient at the sea ice- 
water interface of 5 x 10 -3 [Langleben, 1982; Andreas, 1983], 
and a tangential anticyclonic velocity within the cell of 0.5 to 
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Fig. 4. East-west potential temperature section (line b of Figure 2) from lslas Orcagas cruise 12 [flubet e• al., 1981]. 

1.0 cm/s as determined from the geostrophic velocity relative 
to 1900 and 5000 dbar, respectively. During the ice-covered 
period this would induce a pycnocline dome of only a meter 
or two, not the 40 m pycnocline relief observed. It is more 
likely that the shallow pycnocline associated with a warm 
WDW cell is a characteristic transferred into the region from 
the Weddell warm regime. 

4. ENTRAINMENT OF THE WARM WDW CELLS 

The pycnocline dome of the warm cells is exposed to more 
intense entrainment by mixed layer turbulence than is the 

surrounding deeper pycnocline. Within the warm cells the 
pycnocline intensity is stronger (Figure 11), which may be 
taken as evidence for enhanced entrainment [Phillips, 1977]. 
Niiler and Kraus [1977], in a review of one-dimensional mixed 
layer models, offer the following equation for mixed layer 
deepening rate, WE (cm s- 1) in a two layer system: 

2m pU, 3 npB o 
WE - • (1) 

h gap gap 

where U, is the friction velocity defined by U, = (CdU2) 1/2, p 
is the water density, Ca is the drag coefficient at the ice-water 

98 97 96 95 93 

0 • k V • L.__•c V 
i.o 

IOO 

92 91 90 89 88 
V V ! V V 

20O / 

---- _._ // 
• --'•o.•_• • .// / I I 

x / / 
/ / 
I // 

/ 
I / 

/ 

3OO 
I 
I 

400 

60øS 61 

/ 

\ I I 
\\k // 

\\ i 

\\ /I 

I 

/ 
i 

i 
i 

/ 

// 
/I 

/ 
I 

/ 
/ 

/ 
/ 

/ 
/ 

/ •--•-o,•• [ k /// 
' ' ' 65 ø 68" 69 ø 70øS 

D,stance (km) 

Fig. 5. Potential temperature section along 10øE (line c of Figure 2) from Islas Orcadas cruise 12 [Huber et al., 1981]. 
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Fig. 6. Potential temperature section along 20øE (line d of Figure 2) from Islas Orcagas cruise 12 [Euher et M., 1981]. 

interface (a value of 5 x 10 -3 is used [Langleben, 1982; An- 
dreas, 1983]); U is the magnitude of the ocean current relative 
to the ice; h is the mixed layer thickness, taken as 74 m for the 
warm cells and 114 m for regional value; Ap is the density 
difference across the pycnocline, taken as 0.2 a-0 units; Bo is 
the buoyancy flux into the ocean (at the ice-ocean interface 
Bo - g[/•SF] where/• is the expansion coefficient for salinity, 
S is the salinity of the mixed layer, F is the freshwater input to 
the ocean); g is the acceleration of gravity. The coefficients m 
and n are proportionality factors. The value of m is taken as 
1.25, given by Kato and Phillips [1969] though a range of 
0.9-2.8 has been suggested [Cushrnan-Roisin, 1981]. The 
factor n is proportional to the loss of convective energy to 

dissipation and ranges from 0 to 1 (approaching zero as the 
mixed layer deepens). 

A maximum negative Bo value would occur if all the ob- 
served 75 cm of sea ice [Ackley et al., 1982] were formed 
locally. Using n = 0.036 (Farmer [1975] for frozen lakes mixed 
layer) the entrainment induced by the second term on the 
right of equation (1) is 2.8 x 10 -5 cm s -•. It is likely that 
much of the sea ice is transported into the region, rather than 
formed locally (by the end of winter there may be net melting 
[Gordon et al., 1983]); thus, this represents a maximum value. 

From the first term on the right of equation (1) and the 
relief of the pycnocline over the warm cells the entrainment 
rate at the pycnocline dome is expected to be 1.54 times larger 
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Fig. 7. Expanded scale hydrographic section of the stations within the southeast corner of the Mikhail $omov station 
array (Figure 1). 
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Orcadas cruise 12 and Drake Passage station from FDRAKE-75 data 
[Nowlin et al., 1977]. 



GORDON AND HUBER: STRATIFICATION BELOW SOUTHERN OCEAN SEA ICE 647 

200 --- '" T mperature Potenhal 

(eøc) ___ 

- o 2 3 

•-- 200-- 
b 

• Sa li n •ty (%0) 
• 400 

600 i i i i I I 
34.25 34 35 34 45 3455 34 65 34 75 

200 

__ _ Density (or e) ], 
. 

400 

600 
:>74 275 276 277 278 279 
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per meter. 

than .the region.al rate. Using a value for U of 17 cm/s, based 
on a 6 hour Soviet current meter record at 60 m [Huber et al., 
1983], an estimate of the entrainment rate at the dome is 
32.1 x 10 -'• cm/s (82 m/month) versus 20.1 x 10 -'• cm/s (54 
m/month) for the regional deeper pycnocline value. 

However, this U value is most likely not representative. In 
addition, the relative ocean-ice motion at a depth of 1 m, 
within the logarithmic boundary layer, would be the appropri- 
ate value to use with Ca values [Langleben, 1982]. Such a 
value would be significantly less than U at 60 m. For example, 
calculating U from the winter entrainment rate determined 
from Mikhail Somov oxygen data [Gordon et al., this issue] 
yields a value of 8 cm/s. 

A reasonable conclusion of the entrainment estimates is that 

the 40 m pycnocline domes of the warm WDW cells would be 
expected to be significantly attenuated within a single ice- 
covered season, introducing much of their heat and salt anom- 
aly into the mixed layer. Warm cells that survive the winter 
would be subject to much less intense entrainment during the 
summer, when the density difference across the seasonal pyc- 
noelinc increases to greater than 0.5 a-0 units. 

5. DISCUSSION 

As the warm cells are entrained, injecting excess heat and 
salt into the mixed layer, some impact on mixed layer charac- 
teristics is expected. The average mixed layer temperature and 

salinity observed from Mikhail Somov was -1.844øC and 
34.2879/oo, respectively, which is 0.035øC above the freezing 
point (Figure 9). Pre- and post-cruise calibration of the CTD 
and independent calibration of the reversing thermometers 
[Huber et al., 1983] support the significance of the above- 
freezing mixed layer temperature, which is believed a product 
of the upward flux of deep water heat. The excess heat would 
either be lost to the atmosphere in leads and thin ice or be 
used in the melting of sea ice [Gordon, 1981; Gordon et al., this 
issue]. Presumably, local sea ice production occurs only when 
the atmosphere removes heat faster than deep water heat is 
entrained into the mixed layer. 

The excess salt introduced to the mixed layer initially may 
be diluted with sea ice melt, but since all the sea ice melts 
regionally each spring anyway, the excess salt of the warm 
WDW cells must ultimately be compensated by an increase in 
atmospheric water and glacier melt or by net convergence of 
sea ice. If the salinity anomaly of the warm WDW cells is 
introduced into the overlying mixed layer within 1 year, then a 
67 cm increase in the yearly fresh water input is required 
locally to produce the mean annual surface water salinity of 
34.259/0o [Gordon et al., this issue]. This would more than 
double the normal annual fresh water input of 45 cm [Gordon, 
1981]. 

Naturally, the area over which extra fresh water is required 
to maintain static stability depends on the degree to which the 
salinity anomaly spreads laterally within the mixed layer. It 
may spread rapidly into the entire regional mixed layer, in 
which case the required extra fresh water demand is not sig- 
nificant, though this ultimately depends on the number of 
warm cells. It is more likely that the excess salt introduced 
into the mixed layer is confined to the cell scale of tens of 
kilometers. Thus the local requirement for fresh water is large 
and may not be met. In this situation, the warm cell might 
convert to a convective chimney [Gordon, 1978; Killworth, 
1979]. This interesting possibility deserves further attention. 

What relation might the warm WDW cells have to the 
polynya? The normal route of warm WDW into the Weddell 
cold regime seems to be by way of a westward flow over the 
continental slope [Foster and Carmack, 1976]. Instability of 
the frontal zone from Maud Rise to the northeast would inject 
warm WDW directly into the axial trough of the Weddell cold 
regime (to the 0.65 dy m isopleth; Figure 2) where it would be 
advected directly into the deep ocean west of Maud Rise, thus 
transfering salt into the central region or "hub" of the Weddell 
gyre. An increase in the transfer of warm WDW cells into the 
central region of the gyre would increase the salinity of the 
surface water and decrease the pycnocline stability, unless an 
increase in fresh water flux accompanies the c•ep water trans- 
fer. This is unlikely since these two processes are not coupled. 
The decrease of pycnocline stability increases the probability 
of convective events and the initiation of an open ocean poly- 
nya. 

What would induce instability and generation of warm 
WDW cells ? An increase in the curl of the wind stress would 

spin-up the Weddell gyre [Gordon et al., 1981] which would 
draw more warm saline CDW into the gyre thus increasing 
the frontal zone intensity between the Weddell warm and cold 
regimes. Perhaps this would make the front more prone to 
instability, increasing warm WDW cell generation. 

6. CONCLUSION 

Instability of the frontal zone separating relatively warm 
deep water of the Weddell gyre inflow from colder deep water 
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of the Weddell gyre outflow injects WDW cells into cyclonic 
trough of the Weddell gyre. The excess heat and salt of these 
cells eventually (of the order of 1 year) enters the surface 
water. Any increase in the injection rate of these cells, perhaps 
due to spinup of the Weddell gyre, would force more heat and 
salt into the central region or hub of the Weddell gyre, which 
ultimately would enter the surface layer. The excess heat 
would be lost to the atmosphere, but the excess salt would 
accumulate unless a commensurate increase in fresh water 

input occurs, which is unlikely. Thus greater production of 
warm WDW cells would tend to lower the pycnocline stability 
making the central region of the Weddell gyre more suscep- 
tible to complete pycnocline break down and polynya oc- 
currence. 
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