
shoals and surrounded by close or fast ice, forming ice penin-
sulas or islands. In combination with frequent light easterly
and northerly winds, these aggregations must contribute to a
slow ocean circulation on the shelf and to the maintenance of
some coastal polynyas. Observations during circumnaviga-
tion of the world's oldest iceberg (B-b) suggest that its
perimeter is afloat and melting at the bottom. High precipita-
tion in the Amundsen and Bellingshausen Seas may counter
the positive buoyancy imparted by subsurface melting, how-
ever, increasing the duration of iceberg grounding.

The Nathaniel B. Palmer crew and Antarctic Support
Associates technical support group assisted in making NBP94-
2 a productive cruise. J. Comiso, M. Horkey, J. Andrews, and K.
Wood provided helpful satellite sea-ice information, and the
Lamont Arctic group provided a Guildline salinometer. The
U.S. Coast Guard generously loaned a back-up CTD/rosette
system, from which the bottles and bottom-contact sensor
were heavily used. R. Guerrero and J. Albarracin assisted with
the CTD/ rosette/ computer operations, and S. O'Hara man-
aged an underway geophysics program for C. Raymond. This
research was supported by National Science Foundation
grants OPP 92-20009, OPP 94-12910, and OPP 94-08081.
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Sea-ice evolution in the Amundsen and Bellingshausen Seas
STANLEY S. JACOBS, Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964

S
atellite passive microwave data revealed a record decrease
in sea-ice extent in the Bellingshausen Sea (62-100°W)

through all seasons from mid-1988 through early 1991 (Jacobs
and Comiso 1993). Following a relatively high ice cover in
1986-1987, this retreat removed most of the typically perenni-
al icefield in the 1989-1991 summers, when monthly ice
extents were 30-60 percent below the 1973-1986 average. The
sea-ice changes were inversely correlated with annual average
surface temperatures along the west coast of the Antarctic
Peninsula (see also Weatherly, Walsh, and Zwally 1991); tem-
peratures reached a historic high in 1989 (figure 1). A mini-
mum ice extent in 1989 also coincided with greater cyclonic
activity and stronger southward winds, whereas the maxi-
mum extent in 1986 corresponded to more northward winds,
particularly during the winter months (figure 2).

This sea-ice retreat was one factor that led to the Febru-
ary and March 1994 Amundsen and Bellingshausen Seas
cruise on the Nathaniel B. Palmer. Underway observations of
ice extent and type were made by several groups aboard the
Palmer. Satellite imagery was obtained through the Antarctic
Support Associates (Wood 1993), assisted by individuals at the
National Aeronautics and Space Administration/ Goddard
Space Flight Center in Greenbelt, Maryland, the National Ice
Center in Suitland, Maryland, and the Antarctic Research
Center in La Jolla, California. Cryologists on the Polarstern
and at O'Higgins Station concurrently obtained ERS-1/SAR
(European Research Satellite/ synthetic aperture radar) data
and a number of sea-ice cores in the Amundsen and Bellings-
hausen Seas region (Haas and Vielhoff 1994). The ice and
ocean data sets have yet to be fully reduced, but in the inter-
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Figure 1. Left axis: Annual-average surface air temperature (heavy line)
and least squares regression (lighter line), from a composite of
Rothera and Faraday Station records on the west side of the Antarctic
Peninsula. Inverted right axis: Annual-average ice extent (in square
kilometrs) in the Bellingshausen Sea (dots with dashed line) for full
years of passive microwave data through 1990. From Jacobs and
Comiso (1993); update in preparation.

im, we can compare the early 1994 sea-ice cover with that of
previous years.

Antarctic sea-ice records have been available from sever-
al satellite sources since the beginning of 1973. Passive
microwave data, relatively little perturbed by clouds and
darkness, have provided the most quantitative information.
Substantial gaps exist between microwave sensor flight
times, however, and lengthy data processing has limited
access to very recent data. The National Ice Center's weekly
Northern Ice Limit charts offer a reasonable alternative.
Based on a combination of microwave, AVHRR (advance
very-high-resolution radiometer), and other data, these
maps provide a more continuous and current perspective on
the evolving sea-ice cover. One important aspect of these
records is the northern ice edge, a feature that is potentially
sensitive to climate change and that has been used by Jacka
and Budd (1991, pp. 63-70) to calculate a decrease in the cir-
cumpolar ice extent from 1973 to 1989. Evaluations over
shorter periods, using discrete microwave data sets and ice
coverage exceeding a specified percentage of the sea surface
(e.g., Gloersen and Campbell 1991), have not revealed signifi-
cant temporal changes in the total sea-ice extent of the
southern oceans.

We extended through early 1994 a portion of the Jacka
data set, which comprises the mid-month northern ice edge
at 100 longitude intervals. This subset spans 65-135°W,
encompasses most of the Amundsen and Bellingshausen
Seas, and uses all weekly values, for which a full-year compar-
ison with the abbreviated Jacka compilation showed no sub-
stantial differences. The 21 years of data prior to 1994 were
divided into septennials of average latitude for each month
(figure 3). It is readily apparent from this index that the north-
ern ice edge has moved southward in the Amundsen and Bel-
lingshausen Seas during the satellite era. In all months but
June, the ice edge was farthest south in the most-recent 7-
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Figure 2. Southern Hemisphere (40-90°S) vector winds during winter
months for years with average (1985), high (1986), and low (1989) sea
ice extents in the Bellingshausen Sea (260-300°E). From unpublished
B. Huber analyses of Australian Bureau of Meteorology compilations.
Latitude arcs at 100 intervals; vector thickness proportional to wind
strength.
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Figure 3. Annual cycles of the latitude of the northern ice
edge in the Amundsen and Bellingshausen Seas
(225-2950E) averaged over septennials. Based on a compi-
lation reported in Jacka and Budd (1991) and extended
through early 1994 from the weekly Northern Ice Limit
charts of the National Ice Center.

year period. The 1994 summer ice edge did not attain the high
latitude of the recent record minima but remained below the

21-year average. In both January and April 1994, the ice edge
was farther south than during 18 of 21 prior years. Our rela-
tively easy access to the Amundsen and Bellingshausen Seas
coastlines suggests that the apparent northern ice-edge
retreat was not simply caused by stronger southward winds
compacting the sea-ice cover.

This work is supported by grants NAGW-3362 from the
National Aeronautics and Space Administration and OPP 92-
20009 from the National Science Foundation.

References

Gloersen, P., and W.J. Campbell. 1991. Recent variations in arctic and
antarctic sea-ice covers. Nature, 352, 33-36.

Haas, C., and T. Vielhoff. 1994. Sea ice conditions in the Bellingshau-
sen/Amundsen Sea: Shipboard observations and satellite imagery
during ANT X113. Berichte aus dem Fachbereich Physik (report 51).
Alfred-Wegener-Institut.

Jacka, T.H., and W.F. Budd. 1991. Detection of temperature and sea
ice extent changes in the antarctic and southern ocean. In G.
Weller, C.L. Wilson, and B.A.B. Severin (Eds.), Proceedings of an
International Conference on the Role of the Polar Regions in Global
Change (Vol 1). Fairbanks: University of Alaska.

Jacobs, S.S., and J.C. Comiso. 1993. A recent sea-ice retreat west of the
Antarctic Peninsula. Geophysical Research Letters, 20(12),
1171-1174.

Weatherly, J.W., J.E. Walsh, and H.J. Zwally. 1991. Antarctic sea ice
variations and seasonal air temperature relationships. Journal of
Geophysical Research, 96(C8), 15119-15130.

Wood, K. 1993. New data collection network improves USAP ship
operations. Antarctic Journal of the U.S., 28(4), 4-6.

Carl on dioxide partial pressure in surface waters in the Pa
sector of the southern oceans during austral summers

1992 and 1994

cific

STEPHANY RUBIN, JOHN GODDARD, DAVID CHIPMAN and TARO TAKAHASHI, Lamont-Doherty Earth Observatory of Columbia
University, Palisades, New York 10964

I
n the austral summers (February and March) of 1992 and
1994, the partial pressure of carbon dioxide (pCO 2) and

concentration of total carbon dioxide (TCO 2) dissolved in sea
water were determined for surface and deep waters along the
two cruise tracks (WOCE S-4 in 1992, NBP94-02 in 1994) in the
Pacific sector of the southern oceans. These expeditions
included sections across the continental shelf areas of the
Bellingshausen and Amundsen Seas. The station locations are
shown in figure 1. Most of this area has not been previously
studied for carbon dioxide and nutrients such as nitrate
(NO3j, phosphate (PO4 ), and silicate (SiO3=). During the two
cruises, discrete surface-water samples were analyzed for car-
bon dioxide and nutrients at approximately 260 sites. The
pCO2 and TCO2 contents of discrete sea-water samples were
measured using a gas chromatograph and coulometer,
respectively (Chipman, Marra, and Takahashi 1993). Atmos-

pheric CO2 concentrations in dry air were obtained with an
infrared CO2 analyzer. The dissolved nitrate, phosphate, and
silicate were measured using standard colorimetric methods,
by personnel of the Ocean Data Facility of the Scripps Institu-
tion of Oceanography.

The direction and amount of net transfer of CO 2 are
determined by the difference between the pCO 2 in surface
water and the overlying atmosphere (ipCO 2). Variations in
the global CO2 fluxes are primarily attributed to changes in
the surface ocean pCO2, since the atmospheric pCO2 is rela-
tively uniform. Several factors control the pCO 2 in ocean
water. Sea water exhibits a large temperature effect on the
pCO 2 of 4.2 percent per degree Celsius under isochemical
conditions: a 16°C increase will double the pCO2. If photosyn-
thesis lowers the TCO 2 concentration in the water by 40
micromoles per kilogram (tmol/kg), corresponding to the
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