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Ocean sciences

Winter sea-ice cover
and ocean processes

ARNOLD L. GORDON and BRUCE A. HUBER

Lamont-Doherty Geological Observatory
Columbia University

Palisades, New York 10964

The report presents a summary of the conceptual view re-
garding the relationship of the southern ocean sea-ice cover
to oceanic processes that we have developed since the winter
and spring field programs of the Somov (Gordon and Saru-
khanyan 1982) and Polarstern (Schnack-Schiel 1987). A more
detailed account is given by Gordon and Huber (1984, in press);
also see Martinson (in press). Discussion with colleagues in-
terested in mixed-layer modeling (e.g., D. Martinson and P.
Lemke) have benefited this development.

Within the Weddell Gyre, there is a delicate balance between
the thin veneer of sea ice and entrainment of deep water, with
its relative warmth and saltiness, into the winter mixed layer
(figure 1). By mid-winter the entrained heat curbs ice thickness
and concentration so permitting a nearly equal amount of heat
to pass into the atmosphere. This mid-winter balance is achieved
with a sea-ice thickness near 50 centimeters and a concentra-
tion near 95 percent, agreeing with observations (Wadhams,
Lange, and Ackley 1987). While heat is of direct importance
to the sea-ice budget, it is really the salt that controls it. The
upward flux of salt from deep water to the winter mixed layer
tends to destabilize the water column. Deep-water heat that
melts ice counters this effect and inhibits the mixed layer from
becoming dense enough to initiate a complete breakdown of
the weak stratification that separates the thin ice cover from
the nearly limitless heat reservoir of the deep water. An equi-
librium is achieved in the mass balance of the mixed layer as
winter entrainment, which tends to deepen the mixed layer,
is compensated by the year-round wind-induced Ekman up-
welling. As deep water enters the surface layer, surface-layer
water must be removed elsewhere. This is accomplished at the
boundaries of the Weddell Gyre. The average residence time
of the surface water south of the Antarctic Circumpolar Current
is only 2 to 3 years.

The ice-covered winter mixed layer is significantly under-
saturated in dissolved oxygen. The oxygen deficit results from
incorporation of low oxygen deep water into the mixed layer.
Measurement of this deficit can be used to estimate the amount
of deep-water entrainment during the winter (Gordon and
Huber 1984, in press). The associated heat flux is calculated
from the temperature differential of the deep water to the sea
water freezing point (figure 2). Using the sea ice thickness and

concentration information of Wadhams et al. (1987) it appears
that the winter air temperatures, on average, are just sufficient
to remove the deep water heat flux, preventing significant
increase in ice thickness for the rest of winter. New ice growth
would be confined for the most part to formation within the
leads. In the spring, when air temperatures increase above the
critical "break-even" value, the sea ice quickly melts as the
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Figure 1. Representative profiles of potential temperature, salinity,
sigma-O, and oxygen for the upper 250 meters within the Weddell
cold and warm regimes and over Maud Rise. (mi/l denotes milliliters
per liter. CTD denotes conductivity-temperature-depth.)
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Figure 2. Average heat flux from the Weddell deep water into sur-
face mixed layer as function of latitude along the Greenwich Me-
ridian, from the initiation of winter period entrainment (estimated
to be about 40 days prior to ice formation by Gordon and Huber
in press) to the time of measurement of mixed-layer stratification.
The heat flux values are determined from the observed deficit of
mixed layer oxygen relative to full saturation. Measurements were
made during the cruise Ant V/2 of the Winter Weddell Sea Expe-
dition, 1986 of the Polarstern (from Gordon and Huber in press).
(w/m2 denotes watts per square meter.)

heat input from below cannot be removed rapidly enough by
the cold atmosphere.

The sea ice cover and ocean static stability are maintained
by salinity; this is referred to as the salinity mode. It represents
the normal condition (for today's ocean); however, the stable
salinity mode configuration can be upset. Such a breakdown
occurred in the Greenwich Meridian region near Maud Rise
in the mid-1970s when a large polynya formed for three con-
secutive winters (Carsey 1980). It is a dramatic example of
another stable mode (Martinson et al. 1981). In this mode, the
ocean stratification is destroyed and vigorous convection per-
sists, eliminating the sea-ice cover. This configuration is driven
by temperature and is referred to as the thermal mode. The
convection continues as the upwelled water is cooled by con-
tact with the atmosphere. The thermal mode can be shut down
only if enough fresh water is added to the surface layer. Tran-
sient polynyas, frequently observed over the deep ocean, are
examples of a thermal mode being shut down by an influx of
sea ice from the surrounding ocean. If the convective region
becomes large enough it essentially protects itself from inflow
of sea ice from the edges (Comiso and Gordon 1987).

The primary issue that must be addressed is this: What con-
ditions allow the salinity mode to be upset? The conversion of
the more common salinity mode to the anomalous thermal
mode requires the salinity of the winter mixed layer to become
sufficiently high to force free convection within the ocean. Sea
ice alone may not force the mode change because as the ice
forms, it drives more entrainment of deep-water heat into the
surface layer which limits further sea ice development. A lengthy
period of wind-induced strong sea-ice divergence might trigger
a change-over. The tendency for the transient polynyas, with
scales of 100 kilometers, to recur in the same area (Comiso and
Gordon 1987) points, however, to an oceanic control. It is likely
that circulation-bottom topography interaction acts to pre-con-
dition an area for polynya formation. As the horizontal flow
encounters a ridge or a seamount, upwelling is induced, forc-

ing a decrease in the pycnocline depth (an effective pre-con-
ditioner for polynya generation, Martinson et al. 1981) and a
greater input of salt into the mixed layer.

This is our hypothesis. During periods when the large scale
wind field spins up the barotropic circulation, upwelling over
topographic features increases and the vulnerability for a switch-
over to the thermal mode is enhanced. If the topographic in-
duced upwelling is extensive as would be the case for a vig-
orous spin-up of the ocean circulation, the convective region
may be sufficient to form a self-protective barrier to fresh water
influx from the sides. This apparently occurred in the Weddell
Gyre in the mid-1970s over Maud Rise. An eventual shutdown
occurred as the general circulation advected the convective
region into the western Weddell where strong sea-ice conver-
gence was able to overwhelm the thermal mode, returning to
the salinity mode (Martinson et al. 1981). Should the wind
field increase for an extended period, then the baroclinic field
would also become more energetic and the pycnocline would
shallow, which would have to be balanced by more vigorous
entrainment and vertical heat/salt fluxes. In this situation, the
entire region is sensitized to polynya generation.

The two modes of stratification and sea-ice cover may have
an impact on the flux of carbon dioxide between ocean and
atmosphere. Deep water is exposed to the atmosphere would
vent excess carbon dioxide. In the salinity mode, the sea-ice
cover prevents free access of the deep-water-contaminated
winter mixed layer to the atmosphere. In the spring, when it
becomes exposed to the atmosphere, rapid primary production
uses the excess carbon dioxide, preventing it from entering
the atmosphere. For the thermal "polynya" mode, the deep
water is exposed to the winter atmosphere without active pri-
mary productivity, and the excess carbon dioxide can be vented
directly to the atmosphere. Presumably during periods of more
vigorous wind-stress curl, the thermal mode would be more
common and there would be more venting of deep-ocean car-
bon dioxide to the atmosphere. Might the glacial/interglacial
variations of atmospheric carbon dioxide be due to changing
of the predominant stratification mode in the southern ocean?

This work is supported by National Science Foundation grant
DPP 85-02386.
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Dissolved chiorofluorocarbon
studies in the Weddell Sea
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Measurements of atmospheric and dissolved chlorofluoro-
carbons (CFCs) were made in the Weddell Sea as part of the
ANT V/4 expedition on the West German research vessel Po-
larstern. Detailed water column profiles of the concentrations
of two dissolved CFCs, CC1 3F (F-il) and CC12F2 (F-12), were
obtained along a section crossing the Weddell Gyre and at
stations along the southern margin of the Weddell Sea in the
region near the Filchner Ice Shelf. Detectible levels of these
anthropogenic compounds were present in all seawater sam-
ples analyzed during this expedition. The observed distribu-
tions of these dissolved CFCs can be used to study the exchange
of atmospheric gases with the ocean, and the rates and path-
ways by which dense surface waters in this region are mixed
into the interior of the ocean.

During the January to March 1987 expedition in the Weddell
Sea (see figure 1), more than 1,000 seawater samples were

Figure 1. Cold, dense waters are formed along the southern margin
of the Weddell Sea on the continental shelf and slope. These waters
sink to abyssal depths and are transported northward through the
Weddell Sea as bottom currents. The currents carry dissolved CFCs
from near-surface layers to the deep Weddell Sea.

collected for analysis of a number of components including
salinity, dissolved oxygen, nutrients, oxygen isotopes, helium-
3 and helium-4, carbon-14, and CFCs. Continuous vertical pro-
files of salinity, temperature, and depth were obtained during
each hydrocast using a conductivity-temperature-depth in-
strument. Air samples were analyzed at least twice daily for
F-il and F-12 concentration. All CFC samples were analyzed
using electron-capture gas chromatography (Bullister and Weiss
1988).

The concentrations of F-li and F-12 in the atmosphere have
increased monotonically since production of these compounds
began in the 1930s. More than 90 percent of the production
and release of F-il and F-12 occurs in the Northern Hemi-
sphere. Due to the low reactivity of these gases and rapid
mixing processes in the troposphere, the concentrations of F-
ii and F-12 are relatively uniform over the Earth's surface.
Figure 2 shows a model of the increases of F-li and F-12 in
the troposphere over the Weddell Sea for the period 1930-
1987. This model is based on industrial production and release
estimates (CMA 1985) for these compounds during the period
1930-1975, and a time-series of measurements of F-il and F-
12 made at the South Pole during the period 1975-1986 (Ras-
mussen and Khalil 1986). The industrial production and release
estimates are corrected for stratospheric photolysis losses, and
the entire time-series is normalized to the air measurements
made in the Weddell Sea during 1987 using the Scripps Insti-
tution of Oceanography calibration scale (Bullister 1984).

F-il and F-12 can cross the air-sea interface and dissolve in
surface seawater. At equilibrium, the concentrations of these
compounds in the surface layer of the ocean is a function of
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Figure 2. Model of the increases of F-il and F-i 2 in the troposphere
over the Weddell Sea. These compounds dissolve in the surface
ocean, and the transport of CFCs into the interior of the ocean can
be used to study ocean circulation and mixing processes.

200

100

142	 ANTARCTIC JOURNAL




