
The Somov data are within the cyclonic trough of the Weddell
Gyre, in which the deep water is relatively cold, less than 0.5°C.
However, cells composed of warmer deep water were observed.
These warm cells have temperature, salinity, and oxygen prop-
erties similar to the Weddell deep water (wDw) characteristics of
the Weddell Gyre inflow, which is situated to the southeast of
the Sornov study region. The warm WDW cells are accompanied
by domes in the pycnocline of 40-meter amplitude over the
surrounding pycnocline, while deeper isopycnals are de-
pressed. The pycnolcine domes are exposed to about 50 percent
greater entrainment by the turbulently active winter mixed
layer, relative to the regional entrainment rate. It is hypoth-
esized 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 separating the Wed-
dell 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 de-
stabilize the pycnocline, increasing the probability of deep con-
vection and polynya events.

The Somov data also reveal that the surface mixed layer below
the sea-ice cover is undersaturated in oxyen by as much as 1.1
milliliters per liter. This deficit is believed to be a consequence of
oxgygen-poor (4.5 milliliters/liter) WDW entrainment by the
winter mixed layer. Assuming effective cut off of ocean-at-

mosphere oxygen exchange by the nearly complete snow- and
sea-ice cover with no net impact of oxygen content due to
biological factors, a mixing ratio of 1 to 3 for WDW to beginning-
of-winter surface water is required to explain the end-of-winter
mixed-layer oxygen content. Using this entrainment rate and
the assumption that vertical exchange in the non-ice-covered
period is only diffusive, a mean annual heat flux of 15 watts per
square meter is determined with an annual fresh water demand
of 46 centimeters per year.
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Distributions of dissolved calcium and
alkalinity in the Weddell Sea in winter

CHEN-TUNG A. CHEN

School of Oceanography
Oregon State University
Corvallis, Oregon 97331

In the late austral winter of 1981, from 9 October to 25
November, as part of the U.S.-U.S.S.R. Weddell Polynya Expe-
dition (Gordon 1982; Chen 1982a) we measured dissolved cal-
cium and titration alkalinity (TA) in the Weddell Sea. Our values
were the first winter data collected in the Weddell Sea and
probably represent the initial calcium and TA concentrations of
the deep Pacific waters. With this information we can now
calculate more accurately the in situ calcium carbonate (CaCO3)
dissolution rate in the Pacific.

Previous attempts for evaluating the in situ CaC0 1 dissolu-
tion, based on the measurements of dissolved calcium or TA in
seawater (Almgren, Dryssen, and Strandberg 1977; Brewer et
al. 1975; Chen 1978; 1-bribe, Endo, and Tsubota 1974; Tsunogai
and Watanabe 1981; Tsunogai, Yamahata, and Saito 1973;
Tsunogai, Yamazaki, and Nishimura 1971), frequently used
local surface calcium and TA values as references. This approach
leaves the erroneous impression that the differences between
the deep values and the references represent the vertical in-
organic carbon flux, whereas deep waters may simply have
higher calcicum and TA concentrations than the surface waters

when formed (Chen and Millero 1979; Chen, Pytkowicz, and
Olson 1982; Edmond 1974; Tsunogai and Watanabe 1981;
Tsunogai et al. 1973). The observed deep values, therefore,
should be higher even without the in situ CaCO 3 dissolution.

Chen, Pytkowicz, and Olson (1982) believe that a large por-
tion of the apparent calcium concentration increase reported
previously for the Pacific Ocean is probably not due to the in situ
CaCO 3 dissolution in the water column but rather due to the
transport by the water itself. This conclusion, however, was
reached from using data collected by various investigators [cal-
cium data of Tsunogai et al. 1973 and Horibe et al. 1974; TA data
from Horibe et al. 1974 and Geochemical Ocean Sections Study
(cEosEcs), Takahashi et al. 1980]. No comprehensive data in-
cluding both calcium and TA in the Weddell Sea, the source of
the antarctic bottom water (AABW), were available. As a result,
large arbitrary systematic adjustments of the different data sets
had to be made to make them comparable.

With the winter Weddell Sea data collected on the U.S.-
U.S.S.R. Weddell Polynya Expedition, we have now calculated
the in situ CaCO 1 dissolution rate in the Pacific. Both TA and
calcium seem to behave conservatively in the Weddell Sea, as
expected (Weiss, Ostlund, and Craig 1979), because the marine
organisms are mainly siliceous, and little production or dissolu-
tion of CaCO 1 occurs in this region. The normalized 1A (NTA)
(NTA = TA X 35.0 ) and normalized calcium (NCa) (NCa =

Salinity
calcium x 35.0 ) concentrations remain essentially constant

Salinity
(average NTA = 2,386± 10 microequivalents per kilogram; NCa
= 10,240 ± 15 micromoles per kilogram) and show little varia-
tion with depth or temperature (figure 1). These values compare
well with the average deep NTA values of GEOSECS (2,386 microe-
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quivalents per kilogram and NCa values of 10,234 micromoles
per kilogram of Tsunogai et al. (1971).
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The potential temperature vs. normalized titration alkalinity (NTA),
measured in microequivalents per kilogram, and normalized cal-
cium (NCa), measured in micromoles per kilogram, in the Weddell
Sea.

Our data in the northeast Pacific show an average NCa value
of 10,276 micromoles per kilogram below 2,000 meters, only 36
micromoles per kilogram higher than the Weddell Sea value.
On the other hand, the deep Pacific NCa values are 80 micro-
moles per kilogram higher than the local surface values. The
difference of 36 micromoles per kilogram reflects the true flux of
CaCo 3 relative to the source of the water. Dividing 36 micro-
moles per kilogram by the average replacement time (500 years)
of the deep Pacific water, also referenced to the southern ocean
(Stuiver, Quay, and Ostlund 1983), we obtain an inorganic car-
bon flux of 0.072 micromoles per kilogram per year, in good
agreement with the latest literature value of 0.09 micromoles
per kilogram per year (Tsunogai and Watanabe 1981).

It has been a common practice to estimate the CaCO 3 flux
using TA data. Our NTA values in the deep northeast Pacific
(largely unpublished but partially shown in Chen 1982b and
Chen et al. 1982) are, on the average, 55 microequivalents per
kilogram higher than the Weddell Sea values. We used the
relationship A Ca = 0.5 A TA 0.63 A NO, (Brewer et al. 1975;
Chen 1978) where A denotes the difference between the mea-
sured values and the references (in this case, the Weddell Sea
values) and NO 3 is, of course, nitrate. The coefficient 0.63,

instead of 0.53, is used to take into consideration the effect of
sulfur on TA. For the NO3 data, we used the Weddell Sea average
of 39 micromoles per kilogram and the deep northeast pacific
average of 32 micromoles per kilogram. We obtained a calcium
enrichment of 32 micromoles per kilogram in the deep north-
east Pacific Ocean, in good agreement with our direct calcium
results. This is also in good agreement with the value of 35
micromoles per kilogram obtained both by Fiadeiro (1980)
based on an elaborate three-dimensional modeling of the CEO-

SECS TA data and by Chen et al. (1982) based on the calcium
(Tsunogai et al. 1973) and the GEOSECS TA data.
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