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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.
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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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Figure 1. Station locations and difference between the partial pressure of CO 2 in surface water
and the overlying atmosphere (ApCO 2 in Ratm) during the WOCE S-4, NBP94-02, and USCG
Polar Sea 1984 (Takahashi et al. 1985, pp. 29-31) expeditions in February and March 1992 and
1994 and January and February 1984. The stipled areas have ApCO 2 values greater than 0.
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Figure 2. Zonal distribution of surface water properties along 67 0S, February and March 1992,
made during WOCE S-4 on board the USSR loffe. TCO2 and TALK are normalized to a salinity of
34.7, and pCO2 is at in situ temperature. (tM/kg denotes micromolar per kilogram; tEq/kg
denotes micromolar per kilogram.)

all TCO2 values referred to are salinity
normalized. Physical oceanographic
factors such as upwelling of deep
waters with elevated TCO2 and nutri-
ent concentrations also influence the
surface pCO2 (Takahashi et al. 1993).

Our study shows that the pCO2
values obtained for the surface ocean
in this region vary from 164 to 395
microatmospheres (iatm). The atmos-
pheric pCO 2 values were computed
from the measured mole fraction con-
centration [parts per million (ppm)] in
dry air and barometric pressure,
assuming that the air was saturated
with water vapor at sea surface temper-
ature. The measured atmospheric CO2
concentration of 352±1 ppm and a cli-
matological mean barometric pressure
of 990 millibars (mbar) were used to
compute a mean atmospheric pCO2
value of 342 lAatm. This, in turn, was
used to calculate ApCO 2 . Figure 1
shows that most of the surface water in
the area studied is undersaturated
(negative ApCO 2) with respect to
atmospheric CO 2 and is, therefore, a
CO 2 sink. Along 67°S between 70°W
and 160 0 E the ocean is a moderate
sink, with small source regions around
80°W, 125 0W, and 160°W (figure 2).
These source areas exist despite sur-
face temperatures below 1°C. The
source (positive pCO2) areas corre-
spond with areas of high concentra-
tions of TCO 2 and nutrients. These
areas may be created by local upwelling
of deep waters coupled with reduced
biological activity. Figure 1 also shows
that the coastal areas, except for the
region off Cape Adare on Victoria Land,
are strong sinks for atmospheric CO2,
with ApCO 2 as low as -175 tatm (or
more than 50 percent undersaturation).
These low pCO2 values are accompa-
nied by low TCO 2 and nutrient concen-
trations indicating intense photosyn-
thesis. The high biological activity
along the coast may be attributed to

observed nitrate change of 6 tmol/kg (figures 2 and 3), this
would, in turn, reduce the pCO 2 by about 35 percent in south-
ern ocean waters, which typically have the Revelle factor of
about 15. To separate the changes in CO 2 due to biological
uptake from those caused by mixing of water masses and
evaporation /precipitation effects, the TCO 2 and the total
alkalinity (TALK) are normalized to a constant salinity. Hence,

the presence of coastal polynyas, or
ice-free areas. Between the Amundsen and Bellingshausen
basins, small and weak positive ApCO 2 areas were present at
74.5°S and 71.5 0S (figure 3), in the area generally undersaturat-
ed with atmospheric CO2. Upwelling of high-nutrient deep
water—suggested by the high TCO2 and nutrient, by low oxy-
gen concentrations, and by low vertical-density gradients—is
the most likely explanation for these observations.
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appear slightly oversaturated in CO 2 to
the east. The results of this investiga-
tion, albeit limited to the austral sum-
mer, appear to show that the Pacific
sector of the southern oceans south of
65°S is an atmospheric CO 2 sink.
Whether the southern oceans are a net
annual CO 2 source awaits the results of
future studies.

We thank D. Breger for assistance
in the pCO 2 and TCO 2 analyses, D.
Masten for the nutrient measurements,
and the Scripps and Lamont oceanog-
raphy groups for temperature, salinity,
and oxygen determinations. The CO2
research was supported by grants from
the Department of Energy (DE-FG02-
92ER61397 and DE-FG02-94ER61758).
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It is important to determine the strength and direction of
the southern ocean CO 2 flux in gaining an improved under-
standing of the global CO2 cycle. To account for the observed
north-south atmospheric CO 2 concentration gradient, Tans,
Fung, and Takahashi (1990) postulated that the southern
oceans should be a net source for atmospheric CO2 . The
observations, however, indicate that the Atlantic sector of the
southern oceans is a moderate-to-strong sink for atmospher-
ic CO2 in the austral summer as well as winter months (Tans
et al. 1990). Murphy et al. (1991) observed in austral summer
that the south Pacific surface waters between 50°S and 60°S,
though moderately undersaturated in CO 2 in the west,
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Figure 3. Meridional distribution of surface water properties along 103°W, March 1994, made dur-
ing NBP94-02 on board the RN Nathaniel B. Palmer, in the eastern Amundsen Sea area. TCO2
and TALK are normalized to a salinity of 34.7, and pCO 2 is at in situ temperature. The location of
this section, A-A', is indicated in figure 1. (tM/kg denotes micromolar per kilogram; tEq/kg
denotes micromolar per kilogram.)
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