
region on the long hydrographic section is shown in figure 2.
The structure of the temperature field is similar to that obtained
in 1987 in this section with the exception of the top 100 meters
or so where there is some effect of seasonal differences in the
two sections. The region of newly formed bottom water, indi-
cated by the water at temperatures below - 1 °C, along the
continental slope was, to our surprise, at about the same depths
as in 1987. This may be evidence that bottom water forms all
year long in the western Weddell Sea; however, we will need
the current-velocity and temperature records from the current-
meter moorings to prove this conjecture.

The field party consisted of Theodore D. Foster, Laura L.
Graham, Clarence Low, Nathaniel G. Plant. and Sergio
Sanudo-Wilhelmy from the University of California, Santa
Cruz; Douglas M. Masten and James A. Schmitt from the Uni-
versity of California, San Diego; Viviana A. Alder from the
Instituto Antartico Argentino; and Marion E. Barber from the
British Antarctic Survey. In general, the crew of the RIV Polar

Duke and the Antarctic Support Associates personnel provided
excellent support to our program.

This research was supported by National Science Foundation
grant DPP 89-15730.
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From mid-November through late December of 1990, ana-
lysts from our laboratory participated in the Summer Weddell
Gyre Study 1990 (SWGS 90) during RIV Polarstern cruise ANT
IX/2. In collaboration with French and German colleagues, we
measured the distributions of dissolved inorganic nutrients
along a section from the Antarctic Peninsula to Cape Norwegia.
The SWGS 90 program continued a multiyear study of the cir-
culation of the central Weddell Gyre. This cruise was the second
in a planned series of four hydrographic transects across the
Weddell Gyre which began with the Winter Weddell Gyre
Study 1989 (WWGS 89) in September and October 1989. Our
chemical observations shed light on the circulation of the Wed-
deli Gyre, its temporal variability, and the global budgets and
fluxes of nutrient elements. These topics are basic to assessing
the role of the Weddell Sea in reaction to and as a possible
moderating influence upon global climatic change.

Except for deviations caused by Polarstern's drift during ice
deformation studies during WWGS 89, the cruise tracks of
the WWGS 89 and SWGS 90 cruises were almost identical
(figure 1). In this article, we compare the surface mixed-layer
nutrient and dissolved-oxygen concentrations found during the
two cruises in an effort to assess its interannual and wintertime
variability. Despite its name, the SWGS 90 cruise took place in
early spring when the region was still covered with seasonal
pack ice. The ice-covered surface mixed layer in the Weddell
Gyre is quite homogeneous vertically in all chemical and phys-
ical properties throughout the winter and early spring (Gordon
and Huber 1990; Gordon and Jennings 1990). It remains ho-
mogeneous until solar heating and ice-melt dilution can estab-
lish the seasonal pycnocline and facilitate the summer phyto-
plankton bloom. Keeping in mind that mixing from below with

Warm Deep Water and some biological changes do continue
during the period of ice cover, we can examine and compare
the mixed-layer observations on the two cruises by a plot of
near-surface values vs. latitude or longitude as in figure 2. Our
objective is to estimate the typical interannual and spatial var-
iability of the chemical constituents of the surface winter water.

In an earlier work (Jennings, Gordon, and Nelson 1984), we
noted that winter water and winter mixed-layer properties in
the northeastern Weddell Gyre near the Greenwich Meridian
were virtually identical in data sets collected nearly a decade
apart. Our WWGS 89 and SWGS 90 data allow us to compare
the latitudinal differences observed on cruises separated by
only a year and located in the northeastern and central Weddell
Sea.

The chemical distributions were not necessarily meridionally
homogeneous in the winter, but the pattern of these distribu-
tions has been very similar in both summer and winter data
(Jennings et al. 1987; Gordon and Jennings 1990; Weiss et al.
1979). For example, the pattern of very high surface concentra-
tions of silicic acid at the northern extreme of the Weddell Gyre,
which decreases to the south and then increases at the southern
edge of the gyre, is typical of both summer and winter obser-
vations.

The temperature and salinity results (figure 2, A and B)
clearly indicate that along the entire tracks there were meas-
urable differences at the same location in salinity and often in
temperature. Salinity was lower in 1990 by 0.05 to 0.15 practical
salinity units. Dissolved oxygen (figure 2C) was generally
higher, but remained undersaturated as was observed in 1989
(Gordon and Jennings 1990). The distribution of silicic acid in
the mixed layer does not exhibit the same degree of variability
apparent in the salinity and other nutrients (figure 2D). Note
that nutrient concentrations shown in figure 2 have been nor-
malized linearly to a salinity of 34.5 to minimize the effects of
dilution with melt water or addition of brine having regional
surface-water salt composition. Along much of the cruise track,
the silicic acid concentrations observed during SWGS 90 were
nearly identical to those observed in WWGS 89. In contrast,
the SWGS 90 mixed layer appeared to be measurably lower in
phosphate (figure 2E) and nitrate plus nitrite (N + N) (figure
2F) along most of the cruise track. For both phosphate and
N + N, between 66.5°S and 67.5°S, concentrations were nearly
identical in the 2 years. This location is very close to the center
of the Weddell Gyre identified by Fahrbach, Knock, and Ro-
hardt (in press).

991991 REVIEW



-1	40W
	 30W

fill

	441

	

\
60	65

	

/	

20

\	\	160\
	A	 69 86

\	16	 9

1 J,5	95

100
8	 105

189	115

Figure 1. Station positions for WWGS 89 (squares) and SWGS 90 (triangles). Note the close geographic juxtaposition of the two tracks over
most of their extent. The offsets between the two tracks in the early part of the cruises arose from ship drift during ice experiments.

All of the nutrient differences were minimal in the northwest
part of the transects. The water just east of the Antarctic Pen-
insula had been under heavy ice cover for several months as it
flowed northward, and ice cover generally persists in this
northwestern region of the Weddell Gyre for most of the year
(Zwally et al. 1983). Because the SWGS 90 cruise started in mid
November, seasonal differences should have been smallest in
the earliest part of that cruise. There were differences in the
salt content of the SWGS 90 mixed layer even in the north, but
they were less than those farther along the cruise track. While
the nutrient differences were roughly constant along the cruise
track, the salinity values in the SWGS 90 cruise dropped stead-
ily along the track to the south.

The overall pattern, ignoring small variations, is one which
suggests that significant primary production in the austral
spring (SWGS 90) began while there was still considerable ice
cover. The differences in salinity, dissolved oxygen, phosphate,
and N + N (figure 2) were all consistent with initial melting of
the pack ice and increased productivity in the SWGS 90 mixed
layer. The average difference in salinity was about 0.1 practical
salinity units, or less than 0.5 percent, while the phosphate,
nitrate, and dissolved oxygen differed by 4 to 6 percent so
dilution of the mixed layer by melting pack ice cannot account
for the changes in the nutrients or oxygen. Some of the differ-
ence in the two data sets probably is interannual variability, but
production by phytoplankton would reduce the nutrient con-
centrations while increasing the dissolved oxygen in the mixed
layer, consistent with our observations. Once the pack ice be-
gins to break up and retreat, increased air-sea exchange also
causes the dissolved oxygen concentrations to rise to levels near
or greater than saturation (Gordon and Huber 1990). In the

1989 September/October cruise, the mixed-layer temperatures
were below - 1.8 °C at all but a few stations. In contrast, the
temperature of the November/December, SWGS 90, mixed
layer was mostly above - 1.8 °C, indicating that ice melting had
begun. The insolation providing the heat for ice melting also
causes depletions in nutrients and increases in oxygen by stim-
ulating phytoplankton growth consistent with what we ob-
served. Thus, our results reflect not only interannual variability
but also the effect of some early spring phytoplankton growth
as well.

This research was supported by National Science Foundation
grant DPP 88-16570. Additional assistance with logistic costs
was provided by the Alfred Wegener Institute for Polar and
Marine Research. We thank A. Ross and M.C. Carbonell who
assisted J.C. Jennings, Jr., with the nutrient and oxygen anal-
yses and data processing during WWGS 89 and J. Krest who
with A. Ross carried out the shipboard analyses during SWGS
90. Chief scientist E. Fahrbach and A. Wisotzki of the Alfred -
Wegener-Institute provided the preliminary temperature,
salinity and dissolved oxygen data from SWGS 90. We thank
H. Garcia for helpful suggestions with the manuscript.

RefeEences

Fahrbach, E., M. Knoch, and G. Rohardt. In press. An estimate of
water mass transformation in the southern Weddell Sea. Marine
Chemistry. Symposium volume, Circulation and Biogeochemistry of
the Southern Oceans, Brest, France, July 1990.

100 ANTARCTIC JOURNAL



•

E F

-J
'::::-	35
0
E

30

rn
+

25
Z

4T
4

—J

0
E
3 2.000

0a-

-1.200
—1.300
-1.400
-1.500

01-1.600
-1.700

Ld -1.800
-1.900
-2.000

Lu
I-
0a- -2.200

-2.300
60

9i-

8
—J

—J
E

7
Lu
C.)
>-
><
0

6

5-I-
60

2.500

34.550

34.500

,-. 34.450
0

o 34.400

34.350

34.300

	

34.250
	 B

34.200
60	 65	 70	 75

95

90

'	85

80

75

70

65
D60

55
60	 65	 70 

40i-

A

65	 70	 75

C

65	 70	 75

	

1.500 I	 i	 1	 201	 I	 -	 -I

	

60	 65	 70	 75	60	 65	 70	 75
LATITUDE (DECIMAL DEGREES)	 LATITUDE (DECIMAL DEGREES)

Figure 2. Hydrographic and chemical variables along the cruise tracks, A temperature, measured in degrees Celsius; B salinity, measured
in parts per thousand (%o); C dissolved oxygen, measured in milliliters per liter (mL/L); D silicic acid (Si(OH)4) measured in micromoles
(uM); E phosphate, measured in micromoles; and F nitrate plus nitrite (N + N), measured in micromoles. Data from WWGS89 are denoted
by filled symbols and from SWGS90 by open symbols. To minimize the effects of dilution by ice-melt water or precipitation or of brine
addition, the nutrient concentrations have been normalized to salinity 34.5.

Gordon, A.L., and B.A. Huber. 1990. Southern Ocean winter mixed
layer. Journal of Geophysical Research, 95(C7), 11,655-11,672.

Gordon, LI., and J.C. Jennings, Jr. 1990. Winter Weddell Gyre study
1989: Nutrient, oxygen, and biomass chemistry on board F.S. Polar-
stern. Antarctic Journal of the U.S., 25(5), 113-115.

Jennings, J.C. Jr., L.I. Gordon, and D.M. Nelson. 1984. Nutrient deple-
tion indicates high primary productivity in the Weddell Sea. Nature,
308(5963), 51-54.

Jennings, J.C., Jr., L. Gordon, and D.M. Nelson. 1987 Some biochem-

ical results of the Winter Weddell Sea Project, 1986. Antarctic Journal
of the U.S., 22(5), 102-103.

Weiss, RE, H.G. Ostlund, and H. Craig. 1979. Geochemical studies of
the Weddell Sea. Deep-Sea Research, 26, 1093-1120.

Zwally, H.J., J.C. Comiso, C.L. Parkinson, W.J. Campbell, F.D. Carsey,
and P. Gloersen. 1983. Antarctic sea ice, 1973-1976: Satellite passive-
microwave observations. NASA SP-459. Washington, D.C.: Scientific
and Technical Information Branch, National Aeronautics and Space
Administration.

1991 REVIEW	 101




