
also seen with the Polarstern 1986 data (Gordon and Huber in
press). This is a strong indicator of the WDW heat which enters
the mixed layer and is trapped below the insulating blanket
of sea ice. The relationship of the mixed layer temperature to
mixed layer oxygen reveals the mixed layer over the warm
WDW pool is low in oxygen, also a sign of WDW incorporation
into the mixed layer. Within the cluster of stations over the
warm pool of WDW, there appears to be some differences from
the 1986 data set: the warm mixed layer temperatures are cou-
pled to salinities that are not very high.

What does this mean? It is likely that in the region of the
warm WDW pool west of Maud Rise there is anomalously high
heat flux into the mixed layer. This flux melts sea ice that the
wind field forces to pass over the warm pool. The low salinity
characteristic is derived from meltwater. This process acts as
a powerful negative feedback, and prevents a runaway situ-
ation into a convective mode. The warm pools set up by Maud
Rise are "hot spots" which melt ice.

The combined Fedorov-Pola rs tern data provide a nearly syn-
optic view of the east-west spatial variability across the winter

Figure 3. A. Vertical temperature section from Fedorov stations 1-
24, Scotia Sea to 68°S. B. Vertical temperature section for stations
24-43, 680S to Maud Rise.

Weddell Gyre, including the gyre inflow in the east, the west-
ern boundary current, the central hub of the gyre, the down-
stream region from Maud Rise with the expected thermohaline
perturbations, and across the northern boundary of the gyre
in the Scotia Sea region. The entire 1989 data set, along with
the Greenwich Meridian observations obtained from the Win-
ter Weddell Sea Project-86 (WWSP-86), provides an excellent
full regional view of the winter Weddell Gyre.

We are grateful to our colleagues at the Arctic and Antarctic
Research Institute, Leningrad, for the opportunity to sail on
Akademik Fedorov. The R/V Polarstern is operated by the Alfred
Wegener Institute for Polar and Marine Research, Bremer-
haven. The Lamont-Doherty team was J. Ardai, R. Guerrero,
S. O'Hara, and M. Stern. Our thanks to them for so ably
meeting the challenges of winter work in the ice. This research
was supported by National Science Foundation grant DPP 85-
02386.
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Winter Weddell
Gyre Study 1989:
Nutrient, oxygen,

and biomass chemistry on
board F.S. Polarstern

Louis I. GORDON and JOE C. JENNINGS, JR.

College of Oceanography
Oregon State University
Corvallis, Oregon 97331

Information about the distributions of nutrients, biomass,
and oxygen content in the southern ocean is useful for tracing
and describing the circulation of water masses as well as for
studies of the resident ecosystems. The input to water mass
circulation studies helps physicists reach an understanding of
seasonal heat and salt transports, both of which influence re-
gional and global climate and carbon dioxide uptake. The effect
of the southern ocean ecosystem upon carbon dioxide uptake
is evident in the rate at which anthropogenic carbon dioxide
can be transferred from the atmosphere to the sea.

The Weddell Sea is one of the few oceanic regions with deep
vertical mixing. Approximately 70 percent of the Antarctic Bot-

tom Water is formed in the Weddell Gyre and its periphery.
The Winter Weddell Gyre Study 1989 (WWGS 89) was de-
signed as part of a continuing, multinational, multidisciplinary
study of this region (Huber, Gordon, and Manley 1987), un-
dertaken to provide a general hydrographic description of the
area.

The chemistry program of WWGS 89 was designed to pro-
vide an accurate, precise set of chemical data in order to quan-
tify the Weddell Gyre circulation and the heat, salt, and chemical
transports related to it at the end of the winter season, to
provide data on the rich algal blooms encountered on Polarstern
ANT/V2&3, and to improve chemical sampling and analytical
methods for studying the water chemistry associated with high
latitude, winter conditions. Sampling was conducted aboard
the icebreaking research vessel F.S. Polarstern operated by the
Aifred-Wegener-Institut, Bremerhaven, Germany. The ship
occupied a transect of hydrographic stations across the central
Weddell Gyre from the tip of the Antarctic Peninsula to Cape
Norvegia, then proceeded northeast to a rendezvous with the
USSR research vessel, Akademik Fedorov, and continued to the
northeast en route to Capetown, Republic of South Africa. (See
figure, Gordon and Huber, Antarctic Journal, this issue, for
cruise tracks of the Polarstern and Fedorov and a physical ocean-
ographic description of the expedition.)

Dissolved oxygen and nutrient (orthophosphate, nitrate, si-
licic acid, nitrite, and ammonium) samples were collected from
the conductivity-temperature-depth (CTD) rosette sampler. The
nutrients were analyzed with an ALPKEM 300 continuous flow
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analyzer. Dissolved oxygen concentrations were measured by
the familiar Carpenter-Winkler method (Carpenter 1965) using
a Radiometer TTT80 autotitration system.

Additional samples were collected for biogenic silica, nu-
trient concentrations in subsamples from ice cores and brine,
and algal culturing experiments. For biogenic silica, we col-
lected nearly 500 filtered samples at stations throughout the
cruise. Detailed sampling done in the marginal ice zones will
complement similar sections made during previous expedi-
tions and together with studies conducted by our German
colleagues provide an improved understanding of the seasonal
fluctuations of phytoplankton biomass in the Weddell Sea.

As was the case in austral winter 1986 (WWSP-86, Jennings,

Gordon, and Nelson 1987), we found the surface mixed layer
to be nearly homogeneous vertically in oxygen and nutrient
concentrations. Dissolved oxygen was undersaturated below
the pack ice, but we saw no clear trend of increasing or de-
creasing undersaturation with location along the main transect
from the Antarctic Peninsula to Cape Norvegia. In the shallow
sections presented in the figure, the main body of the Weddell
Gyre is easily distinguished from the outflowing western
boundary current in the northwest and the inflowing coastal
current in the southeast. Each terminus of the transect was
characterized by very deep, mixed layers, and only in the
central gyre were there significant accumulations of nitrite and
ammonium.

WWGS - 89, WNW TO ESE Section
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In the northwestern end of the transect, we found extremely
cold and "fresh" Weddell Sea Bottom Water (WSBW) with
potential temperatures (theta) of less than - 1.0 °C. In this
very cold WSBW, the concentration of dissolved oxygen seems
inversely proportional to temperature while the unusually low
silicic acid concentrations were directly proportional to tem-
perature. Farther along the transect, in mid-gyre, increasing
variability in the silicic acid content of the WSBW and WDW
appeared, but the classical Antarctic Bottom Water (theta from
-0.1 to -0.4 °C) did not exhibit this variability. We found the
highest WSBW silicic acid concentrations at the southern end
of the long transect, where the variability was much less.

The analyses of nutrient concentrations in ice core subsam-
ples revealed considerable variability. Ammonium concentra-
tions were usually much higher than in the underlying surface
waters, and often higher than any normal seawater ammonium
levels. Phosphate exhibited greater variability than did the
other nutrients. As in the WWSP-86 data set, there did not
appear to be a strong correlation of nutrient concentration with
ice structure or texture.

An important part of the expedition was a comparison of
oxygen and nutrient measurements made by the analytical
groups aboard the two vessels. Several sets of nutrient samples
drawn on board Fedorov in duplicate from casts made prior to
the 17 October rendezvous were used as part of the basis for
comparison. Chemists aboard Fedorov immediately analyzed
one sample out of each duplicate set. They froze the remaining
nutrient samples immediately after sampling and kept them
frozen until they could be transferred to Polarstern during the
rendezvous. We subsequently thawed the nutrient samples
and analyzed them. While at the rendezvous the ships made
simultaneous CTD/rosette casts alongside an ice floe with the
ships no more than 200 meters apart. Multiple rosette bottles
were tripped at 2,500, 80, and 40 meters. We exchanged rep-
licate nutrient and dissolved oxygen samples drawn from these
casts for another comparison experiment, this time including
dissolved oxygen measurements.

Tables 1 and 2 present preliminary results of the comparison
(the results of the side-by-side casts in table 1 and in table 2
the results using frozen samples). The good agreement of the
phosphate and nitrite is encouraging, but there are, clearly,

Table 1. Mean values of replicate determinations of inorganic
nutrients and dissolved oxygen as measured in Polarstern (PS)
and Fedorov (AF), 17 October 1990. Total number of replicates

analyzed varied, but all values are means of at least three
replicate determinations. Concentrations are in micromoles per

liter for the nutrients, and in milliliters per liter for oxygen.

Phosphate	Nitrate	Silicate	Oxygen
Pressure PS AF	PS	AF	PS	AF	PS AF

	

2500	2.31 2.27 32.77 31.32 125.44 130.70 5.27 5.27

	

80	2.04 2.05 29.42 27.50	63.38	64.83 7.16 7.14

	

40	2.08 2.04 29.65 28.10	64.53	67.07 nlaa 7.10

a The flasks containing the samples drawn on Fedorov for dissolved
oxygen had necks too small to fit the electrode assembly of Polar-
stern's titration system

Table 2. Mean differences between nutrient measurements made
on Fedorov stations in the routine manner employed abroad

Fedorov and later on Polarstern on frozen replicates furnished by
Fedorov to the Polarstern laboratory. The results are expressed

as Fedorov values minus Polarstern values. Each station
consisted of 12 samples. All units are microcoles per liter.

Station	Phosphate	Nitrate	Silicate	Nitrite

161	 -0.02	-2.03	-6.18	-0.00164	-0.05	-2.38	-7.93	0.03
167	-0.00	-1.56	-6.89	-0.05
170	-0.00	-0.17	-10.95	-0.03
173	-0.01	_a	-14.19	-0.05
176	 0.02	-	-	-

a For these samples, final results were not obtained by one or the other
of the two vessels.

inconsistencies in the nitrate and silicate data. In the side-by-
side comparison (table 1), the silicic acid values determined
on Fedorov were all higher than those determined on Polarstern;
for the five profiles of frozen samples, however, all of the
Polarstern determinations were higher than the Fedorov values
(table 2). Nitrate plus nitrite values determined on Polarstern
were from 1 to 7 percent higher than the values reported by
Fedorov with the exception of the frozen samples from station
170.

Comparison of the dissolved oxygen measurements on sam-
ples drawn on Fedorov was complicated by an unforseen prob-
lem with sample bottle sizes. If we compare only the results
from replicate oxygen samples drawn on the Polarstern and
analyzed on both ships, the agreement is very good (table 1).

Our work at sea was made possible through the help of our
dedicated analysts, M. Consuelo Carbonell-Moore and An-
drew A. Ross. We are most grateful to our colleagues of the
Alfred-Wegener-Institut for the opportunity to participate in
this program, and to the officers and crew of the F.S. Polarstern
for their cooperation and assistance. Debra A. Meese of the
Cold Regions Research and Engineering Laboratory, Hanover,
New Hampshire, coordinated collection and transfer of the
frozen samples from Fedorov. We greatly appreciate her efforts
and the enthusiastic collaboration of our colleagues from the
Arctic and Antarctic Research Institute, Leningrad, aboard Fe-
dorov. This research was supported by National Science Foun-
dation grant DPP 88-16570.
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