
than about 2 kilometers were marked by high freon con-
centrations (F-li >0.2 picomoles per kilogram) reflecting the
admixture of recently ventilated Weddell Sea Bottom Water.
South of Maud Rise, in the region of warmer and more saline
deep waters, the bulk of the water below the 2-kilometer depth
showed freon concentrations less than half of those to the
north, reflecting much less-ventilated Warm Deep Water of
circumpolar origin. Close to the continental slope, freon con-
centrations are again elevated, with F-li concentrations >0.2
picomoles per kilogram throughout the deep-water column and
a core of high-freon water (F-il equals approximately 0.5
picomoles per kilogram) apparently moving westward at a
depth of about 5 kilometers along the base of the continental
slope. The implications of the deep-water freon data with regard
to convective processes in the open ocean and water mass
modification along the continental shelf and slope regions must
await a complete evaluation in the context of the final hydro-
graphic data and the other tracer observations.

The freon measurements in the winter surface layer below the
sea-ice cover showed marked undersaturation, reflecting the
balance between the entrainment of low-freon deep water from
below and the effective impedance of air-sea exchange by the
ice. The degree of undersaturation ranged from about 20 per-
cent near the ice edge in the north, to about 50 percent near the
southern edge of the pack ice, where the greatest degree of
deep-water entrainment was found (c.f, Huber, Gordon, and
Manley, Antarctic Journal, this issue). In the immediate coastal
region, mean undersaturations were about 30 percent, com-
pared to the much greater undersaturations found further off-
shore. This difference is apparently the result of greater air-sea
exchange in the open waters of the coastal polynya system.

The surface-water partial pressures of carbon dioxide and
nitrous oxide, and the atmospheric concentrations of these en-
vironmentally important trace gases, were measured along the
entire ship's track of ANT V/2 and ANT V/3 by automated ship-
board gas chromatography (Weiss 1981). A total of approx-
imately 15,000 measurements, divided equally between the sur-
face water and the atmosphere, was made. Whereas surface
waters of this region in the summertime (Weiss unpublished
data AJAX expedition data) are generally undersaturated in car-
bon dioxide (due principally to photosynthetic removal and
summer stratification) and near saturation in nitrous oxide (due

to air-sea exchange and summer stratification), the wintertime
distributions show the effects of deep-water entrainment, low
photosynthetic activity, and the impedance of air-sea exchange
by ice cover. Because both carbon dioxide and nitrous oxide are
produced metabolically at depth, deep-water entrainment leads
to supersaturation of the ice-covered winter layer in both of
these gases. For carbon dioxide, this effect ranges from about 15
parts per million (approximately 4 percent) supersaturation
near the ice edge to about 40 parts per million (approximately 12
percent) near the continent, and for nitrous oxide the range is
from about 10 parts per billion (appro),"imately 3 percent) super-
saturation near the ice edge to about 40 parts per billion (approx-
imately 13 percent) near the continent. Thus, the surface-water
distributions of carbon dioxide and nitrous oxide showed the
same general effects of entrainment and ice cover as were
shown by the freon and oxygen distributions (c.f., Jennings,
Gordon, and Nelson, Antarctic Journal, this issue). In the at-
mosphere, carbon dioxide and nitrous oxide showed the
characteristic tropospheric concentrations for this latitude and
time.

The generous assistance of the Alfred-Wegener-Institute for
Polar and Marine Research, chief scientists E. Augstein and C.
Hempel, the officers and crew of the Polarstern, and the other
scientific participants in WWSP 86 is gratefully acknowledged.
U.S. researchers who participated in this project are supported
by National Science Foundation grant DPP 85-05631.
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Drifter/modeling program of the Winter
Weddell Sea Project 1986

DOUGLAS G. MARTINSON

Lamont-Doherty Geological Observatory
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Department of Geological Sciences
Columbia University

Palisades, New York 10964

Overview. The objective of the drifter/modeling program of
the Winter Weddell Sea Project 1986 (wwSP 86) is to study the

seasonal evolution of the upper ocean, in response to a sea-
sonally varying atmospheric forcing and sea-ice distribution.
This upper ocean evolution is directly related to ocean/at-
mosphere fluxes of heat, salt, and momentum under a variety of
air/sea/ice conditions and the magnitude of deep-ocean ventila-
tion. The understanding of these processes represents funda-
mental goals of WWSP 86.

Specifically, three prototype, ice-locked drifters (figure 1)
with temperature-conductivity chains to 155 meters depth,
were to be deployed to monitor the tipper ocean and at-
mosphere for 1 year. The resulting time-series data, the first of
their kind for the Antarctic, would supply fundamental obser-
vational evidence pertaining to the interactive nature of the air/
sea/ice system while providing a foundation against which to
test, evaluate, and improve existing models addressing the
ocean/sea-ice coupling. These data would be collected at 10-
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Figure 1. Schematic of ice-locked drifter. Buoy hull contains sensors
for measuring atmospheric temperature, pressure, wind speed, ab-
solute magnetic direction, and hull temperature. It also includes
Argos satellite transmitter for relaying data via satellite and provid-
ing position tracking. Sensors on the 155-meter cable include those
for measuring temperature, conductivity, and pressure (as noted in
figure).

meter depth intervals and at 1-hour sampling times. The drift-
ers would be deployed in the sea-ice field north of Maud Rise
where the horizontal property gradients are small, and thus the
potential of contamination by lateral effects is minimal.

The time-series data would be supplemented by con-
ductivity-temperature-depth (cTD) data collected from several
CTD station sites to be re-occupied during both the first (winter)
and second (spring) legs of the WWSP 86 field program. These
data, together with atmospheric and sea-ice data collected si-
multaneously, would provide a more complete description of
the entire air/sea/ice system, though at a much coarser resolu -
tion in time.

The modeling component (involving a one-dimensional cou-
pled upper-ocean/sea-ice model), in conjunction with the col-
lected data, was to advance our understanding of the air/sea/ice
system beyond a basic conceptual level and the observed state.
It would explicitly address the role of ocean/sea-ice interaction
in ocean/atmosphere fluxes, the extent and mechanisms of
water mass conversion, and the seasonal distribution of sea-ice.

Drifter program results. The drifters were built by the Polar
Research Laboratory, Carpenteria, California, (PRL) based on
previous PRL buoys with modifications to the buoy hull (re-
designed as a spar to minimize the risk of mechanical destruc-
tion by ice) and by the addition of conductivity sensors to
provide salinity data. The first drifter was deployed on 28 July
1986 at a position of 62°S l ow. Unfortunately, it proved to be
defective and on-board testing revealed the problems to be
common with the remaining two drifters. Corrective pro-
cedures were unsuccessful so the remaining drifters were re-
turned to the factory for repair, and later deployment (austral
summer of 1988). The deployed drifter was tracked via Argos
satellite for 19 days (figure 2) after which time the drifter stop-
ped transmitting for unknown reasons (its failure did coincide
with the onset of an intense storm of hurricane force).

The supplemental conductivity-temperature-depth data col-
lection was tremendously successful (Huber, Gordon, and
Manley, Antarctic Journal, this issue) with the re-occupation of
several stations during both wwsi 86 legs. These data provide
observational constraints against which to gauge the model
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Figure 2. Drifter track for 19 days of operation.
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results. Further, atmospheric and sea-ice data collected during
both legs have provided characteristic model parameter values
and ranges and representative atmospheric forcing. The data
have also helped resolve unknown parameterizations (e.g.,
lead parameterization). These have allowed the continuation of
the modeling component.

Modeling program results. To date, preliminary model results,
using representative atmospheric forcing, simulate the ob-
served slow growth/rapid decay of the sea-ice, the maximum ice
thickness and the length of the ice-covered season. For the
upper ocean, the model simulates the observed winter equi-
librium mixed layer depth (110-125 meters) and shows that
most of the expansion of the winter mixed layer occurs during
the first couple months of the cooling/ice-growth period--con-
sistent with initial data analyses. It also indicates that the mixed
layer depth and depth of convection are sensitive to the depth of
injection of meltwater. Finally, the model simulates two short-

lived deep convective events followed by a re-stabilization of
the surface mixed layer during the ice-covered period. This is
consistent with mooring data recently recovered from the Maud
Rise area as a component of Peter Koltermann's WWSP 86 pro-
gram. This may indicate a significant mechanism of deep-water
ventilation in the region.

The cooperation and assistance of the scientists, officers, and
crew onboard the Polarstern are gratefully acknowledged. This
research was supported by National Science Foundation grant
DPP 85-01976.
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Some biogeochemical results of the
Winter Weddell Sea Project 1986
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The chemistry program during the Winter Weddell Sea Pro-
ject 1986 (wwsP 86; Polarstern cruises ANT V/2 and ANT V/3) was
designed to interact with and complement the physical and
biological investigations which were undertaken. An austral
winter chemical data set along the Greenwich Meridian where
there had recently been summer geochemical and physical
investigations offered an excellent opportunity to measure the
summer/winter changes in the mixed layer and underlying
Warm Deep Water (wDw). The unique interdisciplinary nature
of the wwsi' 86 cruise data should help us understand the
interaction of biological and physical processes in determining
the distributions of the dissolved inorganic nutrients and dis-
solved oxygen and to continue our studies of the cycling of
biogenic particulate silica in the southern ocean.

On both WWSP 86 cruise legs ANT V/2 and ANT V/3, the Oregon
State University AutoAnalyzer was used to measure nitrate,
nitrite, phosphate, and silicate concentrations both throughout
the water column and in ice core samples. Dissolved oxygen
samples were collected from the conductivity-temperature-
depth rosette and titrated using a Radiometer TTT80 autotitra-
hon system. During the northbound transect on ANT V/2 and
throughout the ANT V/3 cruise, samples were collected for filtra-
tion and subsequent analysis of particulate biogenic silica and
particulate carbon. Our West German colleagues performed
chlorophyll analysis at most of the stations where the biogenic
silica samples were collected.

One of the primary motivations of both the physical and
geochemical programs in WWSP 86 was to quantify the very
substantial seasonal changes in the surface mixed layer ob-
served during a limited penetration into the seasonal pack ice in
1981 (Jennings, Gordon, and Nelson 1984; Gordon, Chen, and
Metcalf 1984). The austral winter nutrient concentrations were
found to be substantially higher than in the summer, while the
wintertime concentrations of dissolved oxygen under the pack
ice were considerably lower than the saturation values observed
in the summer surface layer (Anonymous 1985).

The figure shows near-surface values of silicate and dissolved
oxygen along the Greenwich Meridian for the wwsi' 86 and
summer 1984 AJAX (Anonymous 1985) cruises to illustrate the
magnitude of the observed seasonal changes. As was the case in
1981, the surface mixed layer below the pack ice was vertically
homogeneous and varied in thickness from 60 to 100 meters.
The silicate values are some 15-25 percent higher in the winter
while the dissolved oxygen values under the pack ice decrease
from north to south to approximately 80 percent of the saturated
summer values at the extreme southern end of the section.
Gordon, Chen, and Metcalf (1984) observed this trend in the
1981 winter data and suggested that the undersaturation was
caused by mixing of the surface layer with the oxygen-poor WDW

which underlies it. The ice cover effectively blocks oxygen ex-
change with the atmosphere, so the extent to which the under-
ice surface layer is undersaturated with dissolved oxygen
provides a measure of the percentage of WDW which has been
mixed into the surface layer. This mixing acts to increase the
nutrient, salt, and heat content of the surface mixed layer.

The undersaturation of dissolved oxygen in the surface mixed
layer can be explained as a result of physical processes, and the
return to a saturated condition in the spring and summer is due
to both air-sea exchange and biological processes. Only uptake
by phytoplankton, which eventually sink or are removed from
the surface layer by herbivores, can explain the net loss of
nutrients in the summer relative to the winter surface mixed
layer. Our earlier work on this phenomenon (Jennings, Gor-
don, and Nelson 1984) was limited by the lack of high-quality
summer data and the incomplete winter transect made by the
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