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ABSTRACT

This report summarizes the results of investigation the oceanographic expedition aboard the F/S
METEOR in the South Atlantic Ocean including the Drake Passage (WOCE Section A-21), the northern
Weddell Sea and the eastern South Atlantic (WOCE Section A-12) during the austral summer of January

through March, 1990. The total CO, concen- tration in about 1300 seawater samples and CO, partial pres- ‘

sure (pCO,) in about 870 seawater samples collected at 77 stations were determined aboard the ship using a
coulometer and equilibrator/gas chromatograph system, The temperature, salinity, dissolved oxygen and
nutrient salt data presented in this report were delermined by other participants of the expedition including
the members of the Oceanographic Data Facility of the Scripps Institution of Oceanography, Argentine Hy-
drographic Office and German institutions,

' For each of the properties including temperature, salinity, potential density at 2000 db, total CO,,
pCO,, oxygen and nutrient salts, the data are presented in five sets of contoured sections; a N-S section
across the Drake Passage (56°S-63°S), a NW-SE section in the ncrthern Weddcll Sea (45°W-35°W), a E-W
section along the 58°W parallel (25°W- prime meridian), and two segmented S-N sections between the
northern Weddell Sea and Capetown. The atmospheric and surface water pCO, data show that the ocean
was a weak to strong sink for atmospheric CO, virtually over the entire tracks of the expedition. Across the
Drake Passage (WOCE Section A-21), the following water masses have been identified; the Circumpolar
Deep Water (CPDW), Southeast Pacific Low Oxygen Water (SPLOW), Southeast Pacific Deep Water
(SPDW) and Southeast Pacific Bottom Water (SPBW). In the northern Weddell Sea section, the Weddell
Sea Deep Water (WSDW), Weddell Sea Bottom Water (WSBW) and Antarctic Bottom Water (AABW)
have been identified. In the Capetown- Weduell section, the following four water masses have been ob-
served; the Antarctic Intermediate Water (AAIW), Upper and Lower Circumpolar Deep Waters (UCPDW
and LCPDW), North Atlantic Deep Water (NADW) and Cape Basin Bottom Water (CBBW). The chemi-
cal properties for these water masses are summarized and the total CO,, pCO, and alkalinity data have been
found to be helpful in identifying and assessing the extent of some of these water masses. On the basis of
property-property relationships between various properties, some regulatory processes and their relation-
ships with oceanographic environments have been identified. In the surface water of the Atlantic Southern
Ocean including the northern Weddell Sea, the total CO, concentration normalized to 35 o/0o salinity has
been found to be linearly related to water temperature. Assuming that the air-sea CO, flux is small, it has
been estimated that about 80% of CO, removed from surface water is by organic carbon production by pho-
tosynthesis and 20% by biogenic CaCO, production. The surface water data show that the CaCO, produc-
tion occurs mainly in the subantarctic and subtropical regions where water temperatures are above 3°C,
whereas the production of siliceous organisms dominates in the Antarctic and Weddell Sea areas, where

temperatures are less than 3°C,
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I. INTRODUCTION

The deep interior of the oceans exchanges dissolved gases directly with the atmosphere when
the deep water outcrops and becomes exposed to.the atmosphere during winter in high latitude oceans.
Thus, for our understanding of the CO, cycle in the global ocean-atmosphere system, it is important to
know various physical, chemical and biological processes controlling such exchange as well as the re-
sulting distribution of CO, in the high latitude oceans.

The high‘rlaﬁtude South Adantic Ocean occupies a unique place among the global oceans be-
cause of a number of major oceanographic features. Both the surface and deep waters enter into the
Atlantic from the west through a topographically well defined channel, the Drake Passage located be-

~ tween the southern tip of the South America and the northern tip of the Palmer Peninsula of the Ant-

arctic continent. The eastward flow in the sub-antarctic and antarctic areas constitutes the Atlantic
sector of the Circumpolar Current. While these waters are in the Atlantic sector, they are modified via
mixing with the more saline North Atlantic Deep Water, the outflow of the Weddell Sea and inflow
(e.g. Agulhas Current) from the Indian Ocean. Furthermore, the deep waters outcrop during the win-
ter and exchange gases and energy with the atmosphere in the sub-polar and polar regions. While
some portion of these waters thus modified is transported to the north in tie form of the Falkland (or
Malvinas) Current in the sea surface regime, the Antarctic Intermediate Water in the mid-depth (~1000
meters) regime and the Antarctic Deep Water (below about 3000 meters deep), the remainder flows
out of the Atlantic to the Indian Ocean through the broad area between the southern Africa and Antarc-
tic continents. The major objective of the present investigation is to determine the depth and geo-
graphic distribution of the total CO, concen- tration and pCO, in seawater over high latitude areas of
the South Atlantic Ocean including the Drake Passage (WOCE Section A-21), the northern Weddell
Sea and the eastern South Atlantic (WOCE Section A-12) areas. In addition, the distribution of tem-
perature, salinity and the concentrations of dissolved oxygen and three nutrient salts and their relation-

ships with CO, are presented.




1. SAMPLING AND EXPERIMENTAL METHODS
I1-1) Sampling Locations and Methods:

The Cruise No. 11/5 of the F/S METEOR of the Fcderal Republic of Germany started at
Ushuaia, Argentina, on January 21, 1990, and ended at Capetown, South Africa, on March 7, 1990,
During the 45-day expedition in the South Atlantic and the Atlantic sector of the Southern Ocean, 177
stations were occupied along the WOCE sections A-21 and A-12. The station locations are shown in
Fig. 1.

The water samples were collected by means of a 24-bottle rosette unit equipped with CTD. |
* Ten-liter capacity "Niskin" samplers made of PVC were used for water sampling. Four to six pairs of
protected and unprotected reversing thermometers were used for each cast for the purpose of calibrat-
ing the temperature and pressure sensors of the CTD. Water samples for the determination of total
CO, concentration and pCO, were drawn directly from the Niskin samplers to respective sampling‘
bottles after the water samples for the determinations of CFC's, Helium-3, and dissolved oxygen were
drawn from each sampler. A 500-ml Pyrex reagent bottle equipped with a standard-tapered ground
glass stopper (vacuum silicone grease as sealant) was used for the total CO, samples and a 500-ml
long-neck Pyrex bottle equipped with a plastic screw top with a plastic sealing cone was used for the
samples for pCO, measurements. The sample bottles were rinsed three times with sample waters be-
fore the filling. About 5 ml of head space was left in each bottle to prevent damages of botties by ther-
mal expansion of water during the storage. About 200 microliters of 50%-saturated mercuric chloride
solutions were added to each of these samples immediately after sample collection in order to prevent
biological alteration of the samples during temporary storage. Most of the samples were analyzed
within 24 hours, and all were done within 72 hours of collection, with the exception of surface water
pCO, samples in the Drake Passage section. The determination of pCO, in the water samples collected
in the Drake Passage were delayed several days after collection because of temporary malfunction of

the gas chromatographic system,
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I1-2) The Total CO, Concentration in Seawater:

The total CO, concentration (TCO,) in seawater samples was determined using a coulometric
system, which has been modified from the one described by Johnson et al. (1985).

For analysis, the seawater was introduced into the stripping chamber using fixed-volume sy-
ringes. The sample was acidified with 1 ml of 8.5% phosphoric acid while in the stripping chamber,
where the evolved CO, gas was swept from the sample and transferred with a stream of CO,-free air
into the electrochemical cell of the CO, coulometer (UTC-Coulometrics Model-5011). In the
~ coulometer cell, the CO, is quantitatively absorbed by a solution of ethanolamine in dimethylsulfoxide
(DMSO). Reaction between the CO, and the ethanolamine forms the weak hydroxyethylcarbamic
* acid. The pH change of the solution associated with the formation of this acid resuits in a color change
of thymophthalein pH indicator in the solution. The color change, from deep blue to colorless, is de-
tectcd by a photodiode, which continually monitors the transmissivity of the solution. The electronic
circuitry of the coulometer, on detecting the change in the color of the pH‘indicator, causes a current to
be passed through the cell generating hydroxyl (OH') ions from a small amount of water in the solu-
tion, The OH- generated titrates the acid, returning the solution to its original pH (and hence color), at
which point the circuitry interrupts the current flow. The product of current passed through the cell
and time is related by the Faraday constant to the number of moles of OH- generated to titrate the acid
and hence to the number of moles of CO, absorbed to form the acid.

The volumes delivered by the constant-volume syringes have been determined by repeatedly
weighing distilled water dispensed in the same manner as a sample, and the volume calculated from
the weight delivered, using the density of pure water at the temperature of the measurement and a
buoyancy correction for the air displaced by the water (which amounts to about 0.1% of the weight of
the water), The density of the seawater in the pipet was obtained at the temperature of injection using
the International Equation of State (Millero et al., 1980).

The coulometer was calibrated using research grade CO, gas (99.998%) introduced into the
carrier gas line upstream of the extraction tube, using a pair of fixed-volume sample loops on a gas
sampling valve and measuring the pressure of the gas in the loops by venting it to the ambient atmo-
sphere and determining the barometric pressure using the same el=ctronic barometer used with the
pCO, system; the loop temperature was measured to +0.05°C with a thermometer calibrated against
one traceable to the NBS, and tﬁe non-ideality of CO, was incorporated in the computation of the loop
contents. The volume of the calibration loop had previously been determined by weighing empty and
filled with mercury. The volumes of these loops have additionally been checked by comparing the

amount of CO, introduced by them with the amount derived from gravimetric samples of calcium car-



bonate and sodium carbonate, and found to be accurate to within 0.1%. During the expedition, the
coulometer was calibrated several times daily using the calibrated loop and pure CO, gas.

In order to evaluate the long term reproducibility and precision of the coulometric determina-
tion of CO, in seawater, a number of sample bottles were filled with a homogeneous sample of surface
water and deep water. Both Pyrex glass and PET plastic bottles (500 m! and 1000 ml respectively)
were used. These bottled samples were poisoned with mercuric chloride solutions (200 microliters for
each 500 ml water sample) and analyzed for total CO, during the expedition. The results are summa-
rized in Fig. 2. Forty four determinations of the surfacc water samples conducted over 39 days at sea
indicate a mean of 1965.2 uM/kg with a root mean square deviation of +1.0 uM/kg (see Fig. 2-A).
Sixteen determinations of the deep water samples conducted over 13 days show a mean of 2262.2

' uM/kg with a root mean square deviation of +1.0 uM/kg. Therefore, the precision for the total CO,

concentration values reported in this report have been estimated to be +1.0 uM/kg, However, as men-
tioned earlier, the water samples for total CO, analyses were collected from Niskin samplers after 1 to
2 liters of headspace was formed by the withdrawal of other water samples. Since marine air intro-
duced into the headspace had lower pCO, values than those for-the seawater in samplers, especially
after several degrees of warming occurred during hoisting, it is likely that CO, was lost from the sam-
ple waters to the headspace. During the South Atlantic Ventilation Experiment (SAVE) program, the
loss has been estimated by comparing the total CO, concentrations determined for those from the
10-liter Niskin samples with those from the 280-liter Gerard samplers. Because of its large mass, the
water temperature in a Gerard sampler changed little during hoisting from the sampling depth. In
addition, because of the height (about 1.5 meters), an water sample drawn frem the base of the sampler
was thought to be unaffected by the air introduced into the headspace. For these reasons, it was con-
sidered that little or no CO, had been lost from the water samples withdrawn from Gerard samples.
The results of nearly 40 pairs of comparison indicate that the deep water samples collected from the
Niskin samplers appear to have lost no more than 2 uM/kg of CO, before the seawater samples were

transferred into the sample bottles,
11I-3) Determination of pCQO, in Seawater:

A fully automated equilibrator-gas chromatograph system was used during the expeditioni ;.. ihe
determination of partial pressure of CO, exerted by the seawater samples. Its design and operation will
be outlined below. Figure 3 gives a scheinatic diagram of this system.

The system consists of a pair of air circulation pumps (Spectrex Model AS-300-SS) plumbed to re-

circulate air through porous plastic gas dispersers which are immersed in two separate seawater sam-
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Fig., 2 - The results of repeated measurements at sea of the total COp
concentration in surface (A) and deep (B) water samples. About 50
sample bottles were filled with a homogenized surface water sample
and were analyzed over a 50-day period during the expedition. Only
20 bottles were filled with a homogenized deep water sample and
analyzed subsequently over a period of 13 days. The analyses of
these samples yield a mean value of 1965.2+1.0 for the surface wamples
and 2262.2+1.0 for the deep water samples,
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Fig. 3 - A schematic diagram showing the gas-water equllibrator
and gas chromatographlc system for the measurement of pCOy in

digcrete water samples,

Two gas-water equilibration vessels are

shown in this diagram. The electronic signals from the flame
inoization detector are fed into and processed by an integrator
(Shimadzu Chromatooac Model C-R6A) which is not shown,
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ples. Electrically driven Valco 4-port valves are used to isolate each of the equilibrators during the
initial equilibration prior to analysis of the equilibrated air. Manually operated 2-way and 3-way
Whitey valves allow part of the water in each equilibrator to be replaced with air of known initial CO,
concentration, to create the necessary headspace for equilibration, A drain line in each équilibramr in-
sures the ratio of water to air in each equilibrator will be constant, allowiﬁg accurate corrections (o be
made for the effect of the perturbation of the sample seawater by the headspace air, Diaphragms (thin
rubber balloons) are plumbed to each equilibrator to provide "soft walls" to the system, so that tire
pressure in the équilibrators will be kept close to the ambient laboratory atmospheric pressure which is
measured with a high precision electronic barometer, Since the partial pressure of CO, is strongly af-
fected by temperature changes, the equilibratioh flasks are kept immersed in a constant temperature
water bath, held at a temperature of 20.00°C. An electrically driven Valco 6-port valve allows the en-
tire equilibration system to be isolated, simultaneously connecting a calibration gas selection valve (al-
so electrically driven Valco, Model 45D, with 4 input ports but with an eight-position driver, so that
all gas flows will be blocked at the four intermediate positions). A 2-way normally-closed Skinner so-
lenoid valve on the output of the calibration selection valve allows the gas flows to be controlled by
the system controller, and provides a necessary sccond means of stopping the flow of the calibration
gases to prevent the accidental loss of calibration gases in the event of control malfunction,

The analysis of the CO, in the equiiibrated air or calibration gases is performed using a Shimadzu
Mini-2 gas chromatograph, which is equipped with a flame ionization detector. A one-ml sample
loop, a pre-colunin and an analytical column (both packed with Chromosorb 102 and 0.2 and 2.0) me-
ters long respectively) are attached to an electrically driven Valco 10-port valve within tk. 3 column
oven of the gas chromatograph. Ultra-high purity hydrogen gas (electrolytically generated by an Aad-
co hydrogen generator and purified by means of diffusion through a palladium foil using an Aadco hy-
drogen purifier) serves as the carrier gas for the chromatographic separation of CO, from the other
components of the air, The use of hydrogen for carrier gas also allows the CO, to be converted to
methane in an attached catalytic converter prior to quantification by the flame ionization detector, Un-
like the method described by Weiss (1981), our system uses a catalyst of ruthenium metal on Chromo-
sorb W support and does not require a palladium pre-catalyst to remove oxygen from the carrier gas
stream, Hydrocarbon-free air to support the combustion in the flame ionization detector is provided by
means of a chromatographic air purifier (Aadco Model 737).

Integration of the output signal from the gas chromatograph and control of the entire equilibration
and calibration procedure is provided by means of a Shimadzu Chromatopac (Model C-R6A) comput-

ing integrator,

L)
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The analytical procedure is as follows. Prior to analysis, the sample flasks are brought to 20.00°C
in the thermostated water bath, and about 45 ml of water is displaced with air of known CO, con-
centration. The air in the flasks and in the tubing connecting the flasks to the gas chromatograph sam-
ple loop is recirculated continuously for approximately 20 minutes, with the gas disperser about 1 cm
below the water surface providing large contact area between water and air bubbles. Ai the end of the
equilibration period, the circulation pump is switched off and the air pressure throughout the system is
allowed to equalize. A 1-ml aliquot of the equilibrated air is isolated from the equilibration subsystem
and injected into the carrier gas stream of the gas chromatograph by cycling the gas sampling valve to
which the sample loop is attached, After chromatographic separation, the CO, is converted into meth-

ane and water vapor by reaction with the hydrogen carrier in the catalytic converter. The methane pro-

" duced by this reaction is then measured with a precision of +£0.05 % (one standard deviation) by the

flame ionization detector. The concentration of CO, in the sample is determined by comparison with
the peak areas of known amounts of CO, from injections of three reference gas mixtures, which have
been calibrated against the World Meteorological Organization standards of C. D. Keeling. The ref-
erence gas mixtures are injected into the gas chromatograph using the same sample loop as that used
for the equilibrated air samples, and the pressure of the gas in the sample loop at the time of injection
is determined by venting the loop to atmospheric pressure and measuring that pressure by means of a
high-accuracy electronic barometer (Setra Systems, Inc., Model 270, accuracy +0.3 millibars, calibra-
tion traceable to the NBS provided by the manufacturer). The sample loop is located within the well-
controlled temperature environment of the column oven of the gas chromatograph, and hence all injec-
tions are made at constant temperature.

In order to demonstrate that the equilibrator yields an equilibrium pCO, value and that use of
gas bubbles does not affect the results, an experiment has been conducted. The equilibration vessel
was first filled with a seawater sample which has a higher pCO, than the carrier gas. The temperature
of water was kept at 20.0°C. While the water sample was gently stirred with a magnetic stirrer, the
carrier gas was circulated through the equilibration vessel without bubbles (i.e. the gas disperser was:
pulled above the water). After 2 hours, a steady state value of 824.8 uatin was obtained. The water
was then warmed by about a few degrees C, so that pCO, in the carrier gas was increased, while the
amount of CO, within the system remained unaltered. The water was then cooled to 20.0°C within
about 10 minutes, while the pCO, in the circulating carrier gas was monitored. As pCO, in the circu-
lating gas decreased gradually over 2 to 4 hours of quiet stirring of water, a steady state value of 8§29.9
vatm was obtained, suggesting that the equilibrium value shouid lie between these two readings, 824.8
and 829.9 vatm or 827.442.5 uatm. Next, the water was cooled by a few degrees C in order to lower
the pCO, in the gas and then its temperature was restored to 20.0°C while circulating carrier gas was
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Fig. 4 - Test for the COy equilibration between air and seawater, and
the effect of bubbles on equilibration. The equilibrium value is
bracketed by the value of 824,8 and 829.9 uatm, which respectively
represent steady state values approached from above and below after
2 hours of quiet stirring, The steady state value obtained
after bubbling is 827.6 uatm, which agrees well with the mean of
the quiet stirring values, 827.4 uatm.
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bubbled through the upper 1 cm of water column (i.e. by lowering the gas disperser head into the wa-
ter). Fig. 4 shows that the bubbling process greatly enhances the rate of CO, gas exchange between
the air and water and yields a steady state value of 827.6 vatm, This value is consistent with the mean
value obtained for the quiet equilibration (i.e. no bubbles) approached from high and low pCO,. Ac-
cordingly, the method used in this study appear to yield a thermodynamic equilibrium value without
introducing systematic bias in the final composition of the equilibrated air.

The equilibrated air samples are saturated with water-vapor at the temperature of equilibration and
have the same pCO, as the water sample. By injecting the air aliquot without removing the water va-
por, the partial pressure of CQ, is determined directly, without the need to know the water vapor pres-
sure (Takahashi et al., 1982). It is necessary to know the pressure of equilibration, which is done by

" having the equilibrator flask always at atmospheric pressure. The atmospheric pressure is, in tumn,

measured with the electronic barometer at the time each equilibrated air sample is injected into the gas
chromatograph. Corrcctions are required to account for the change in pCO, of the sample water due to
the transfer of CO, to or from the water during equiiibration with the recirculating air, The overall
precision of the pCO, measurement is estimated to be about +C.10% based on the reproducibility of

replicate equilibrations.
11-4) Determination of pCQ, in Air:

The air samples for pCO, analysis were collected in a 50 ml glass syringe equipped with a
plastic shut-off valve. A small column of desiccant (P,0,) was attached at the air intake for the remov-
al of water vapor. The syringe was flushed with several volumeé of air from a point at the ship's rail
facing into the wind, and the valve was closed to isolate the final volume of air. The syringe was then
connected to the sampling loop (about 1 ml) of the gas chromatograph, and the loop was flushed with
at least 40 ml of the sample air about 30 seconds before the loop contents were injected into the GC for
analysis. The over-all precision for the atmospheric CO, measurements, including the effects of the
sampling and analytical procedures, has been estimated to be about +0.2 ppm CO, mole fraction in dry
air.

The pCO, values in air have been computed assuming that the air is saturated with water va-

por at the seawater temperature. The following equation was used for this purpose:

(PCO,),, = (VCO,),, - (Pb - PW), oo )
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where (VCO,),, is the mole fraction concentration of CO, in dry air, Pb is the barometric pressure mea-
sured at each station and Pw is the equilibrium water vapor pressure at sea surface temperature and sa-
linity, The following empirical expression was used to compute the equilibrium water vapor pressure,

Pw:

Pw (atm) =(1/760)[1 - 5.3684x104.(Sal - 0.03)]. ‘
EXP{[0.0039476 - (1/TK)]/1.8752x104}......(3)

where Sal is salinity in o/oo (PSU), and TK is the temperature in °K.

Since the variability of atmospheric CO, concentrations is expected to be small in the study
area, only six determinations were made during the expedition. The measurements yield a mean atmo-
spheric CO, concentration of 350.0+1.5 ppm (in mole fraction of CO, in dry air). This mean value has
been used to compute the atmospheric pCO, and the sea-air pCO, difference at each station. The mea-
sured atmospheric concentrations and computed atmospheric pCO, values are listed in the Data Tables

of this report.
11-7) Alkalinity:
The alkalinity of seawater has been computed using the observed values of pCO,, total CO,

concentration, phosphate concentration, temperature and salinity. For our computation, the total alka-

linity (TALK) in seawater is defined by:

TALK = Ac+ Ab+ Asi+ Ap+ AW .o, “)
where Ac = Carbonate alkalinity = [HCO;] + 2{CO,"]
Ab = Borate alkalinity = [H,BO,},
Asi = Silicate alkalinity = [H,SiO, ],
Ap = Phosphate alkalinity = [H,PO,] + 2[HPO,"] + 3[PO,"],
Aw = Water alkalinity = [OH-] - [H+].

The total concentration of borate (TB) has been assumed to be proportional to salinity: TB (uM/kg) =
410.6(Sal/35). The borate alkalinity ranges between about 40 ueq/kg for deep waters and 100 ueq/kg

Q

-
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for surface waters. Since the silicate concentration in surface watérs may be as high as 150 uM/kg in
deep waters, the silicate alkalinity is as high as 6 ueq/kg for deep water but it is negligibly small for
surface waters, The phosphate alkalinity ranges from 0.5 veq/kg for surface waters to about 5 ueq/kg
in deep waters. The following apparent dissociation constants of acid in seawater were used; Merh-
bach et al. (1973) for carbonic acid; Lyman (1956) for boric acid; Kester and Pytkowicz (1967) for
phosphoric acid; Ingri (1959) for silicic acid; and Millero (1979) and Culberson and Pytkowicz (1973)
for water. The expressions used to compute these constants as a function of temperature and salinity

and the computational scheme are described in Peng et al. (1987),

11-4) Measurements of Hydrographic Variables:

, The following hydrographic variables were measured by the staff of the Oceanographic Data
Facility of the Scripps Institution of Oceanography and by the members of the Hydrographic Group
from the Alfred Wagner Institute, Bremerhaven; temperature, pressure (depth), salinity, the concentra-
tions of dissolved oxygen, nitrate, nitrite, phosphate and silica. The temperature and pressure readings
of the CTD unit were corrected using 4 to 6 pairs of reversing thermometers, and the electrical conduc-
tivity readings were corrected using the salinity values determined aboard the ship for all of the 24 Ni-
skin samplers. A Guildline salinometer and the Wormley Salinity Standards were used for the
determination of salinity in the discrete water samples. The precision of measurements has been esti-
mated to be +0.002 °C for temperature and £0.002 o/00 for salinity. The potential temperature (@) and
potential density (o, o, and o,) values have been computed using the potential temperature algorithm
of Fofonoff (1977), the International Equation of State of Seawater (Millero et al., 1980) and Bryden's
(1973) formulation for the adiabatic temperature gradient.

The concentration of dissolved oxygen was determined using the Winkler titration method.
For the conversion of volume to moles of oxygen, a molar volume at STP of 22.385 liter/mole (Kester,
1975) was used. The Apparent Oxygen Utilization (AOU) value was obtained by subtracting the mea-
sured value from the saturation value. The latter has been computed at the potential temperature of
water and 1 atm total pressure using the following expression based on the data of Murray and Riley

(1969):

In (O, in uM/kg) = -173.9894 + 255.5907(100/TK)
+146.4813.In(TK/100) - 22.2040(TK/100)
+ Sal{-0.037362 + 0.016504(TK/100) - 0.0020564(TK/100)?],



where TK is temperature in °K and Sal is salinity in 0/c0.

The concentrations of nitrate, nitrite, phosphate and silicate dissolved in the seawater samples
were determined using the standard colorimetric methods with an "Auto-Analyser" generally within 6
hours of collection, The water samples were kept in a refrigerator at about 4°C during the storage peri-
od.

All the concentration values are expressed in "per kg of seawater” units, although analytical
samples were isolated by volumetric means, For the conversion from the volume to the mass of sea-
water sample, the density of each water sample was computed with the International Equation of Sate
for seawater (Millero et al., 1980) using the measured salinity and the temperature at which the volu-

metric measurement was made.



~17-

111, DISTRIBUTION OF OCEANOGRAPHIC PROPERTIES
I11-1) Distribution of Properties in Surface Waters:

The geographic distribution of temperature, salinity, pCO,, sea-air pCO, difference (apCO,),
AOU and the concentrations of dissolved oxygen, total CO,, nitrate, phosphate and silicate in surface
water is shown in Figs. 5, 6 and 7. Each of these properties is plotted along three sections: the Drake
Passage (WOCE A-21), the northern Weddell Sea and the Capetown-Weddell (WOCE A-12) sections.
The first and third sections are shown as a function of latitude and the second section is shown as a
function of longitude.

Across the Drake Passage (Fig. 5), the surface water temperature ihcreases northward from
about 1.5°C at 63°8 to about 10°C at 55.5°S, while the salinity remains nearly constant at about 33.9
0/00. On the other hand, all other properties tend to decrease northward. The pCO, data show that the
surface water is undersaturated with respect to atmospheric CO,, with an exception of the southern-
most area south of about 62.5°S, where the water is slightly supersaturated. The AOU values indicate
that the surface water is supersaturated with respect to atmospheric oxygen by about 3 to 6 % (or 10 to
20 uM/kg;, with an exception of the southernmost station (62.8°S), where it is undersaturated by about
20 uM/kg. A major feature observed is that the silicate concentration decreases rapidly northward
from about 45 uM/kg at 63°S to about 1.5 uM/kg at about 61°S and remains at this low value in surface
waters north of 61°S where the temperature exceeds 5°C. On the other hand, the concentrations of ni-
trate, phosphate, CO, and oxygen exhibit only a modest northward decrease across the Drake Passage.

The northern Weddell Sea section (Fig. 6) represents nearly a zonal section (58°S-60°S) along
the northern margin of the Weddell Sea with an exception of 4 stations located between 35°W and
40°W (Stations 128 through 131) deviating southward into the Weddell Sea. Along this section, the
surface water temperature and salinity are nearly constant at about 2°C and 33.6 0/o00 respectively.
The water along this section is undersaturated with respect to atmospheric CO, by 25 to 100 vatm or
about 50 uatm on the average. It is supersaturated with respect to atmospheric oxygen by as much as 7
% (or 25 uM/kg) near 45°W and 61°S, and it becomes closer (o saturation eastward becoming nearly
saturated or slightly undersaturated east of about 25°W (and 58°S). A major change in the silicate con-
centration occurs near 58°S and 23°W. The waters west of this location show silicate concentrations as
high as 70 uM/kg, whereas those east of 25°W contain less than 20 uM/kg. On the other band, the ni-
trate and phosphate concentrations change little along this section and remain nearly constant at about
20 uM/kg and 1.3 uM/kg respectively,
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Along the Capetown-Weddell section (Fig. 7), four types of waters marked by three major
boundaries were traversed. South of about 53°8, the temperature and salinity are uniformly low at
about 2 °C and 33.8 0/0o, whereas the concentrations of total CO,, oxygen, nitrate, phosphate and sili-
ca are uniformly high, The surface water is slightly undersaturated with respect to both atmospheric
oxygen (AOU ~ +3 uM/kg) and CO, (apCO, ~ -10 uatm). From 53°8 to 49°S, the temperature in-
creases from 2 to 7°C, while all other properties decrease: total CO, concentration from 2160 to 2100
uM/kg, oxygen concentration from 340 Ito 315 uM/kg, nitrate concentration from 25 to 20 uM/kg,
phosphate concentration from 1.7 to 1.5 uM/kg, silica concentration frqm 45 to 2 uM/kg and AOU
from ( to -5 uM/kg. North of 49°S, where the water temperature exceeds 7°C, the concentration of sili-
ca remains nearly zero. Between 49°S and 42°S, the temperature continues to increase from about 7 to
11°C, while other properties continue to decrease northward, North of 43¢5, the temperature, salinity
and alkalinity increase abruptly from about 11 to 17°C and from about 34.0 to 35.0 o/00, indicating the
Subtropical convergence. At the same time, the concentrations of nitrate and phosphate decrease re-
spectively from about 10 to 0 uM/kg and from 1.0 to 0.1 uM/kg. South of the convergence, between
43°S and 35°S, the surface water is undersaturated with respect to atmospheric CO, by about 50 uatm
whereas it is supérsaturated with respect to oxygen by about 10 uM/kg.
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I11-2) The Drake Passage (N-S) Section (Stations 102-121); -

Contoured sections across the Drake Passage for the following properties are shown below;
potential temperature, salinity, potential density at 2000 db, the apparent oxygen utilization (AOU) and
the concen- trations of total CO,, dissolved oxygen, nitrate, phosphate and silica. Since pCO, values
were obuiined at only one station, no section for pCO, is presented. All the éections shown in Fig. 8
through Fig. 61 are presented with the full X-axis span equaling to 800 nautical miles,

Fig. 8 shows potential temperature distribution across the passage, The tetnperature ranges
. from about 0.2°C at about 4000 meters deep in the southern extreme to about 8°C in surface waters
near the coast of South America, Isotherms dip northward and show vertically coherent wavy pattern,
This suggests that several bands of water flow zomilly through the Drake Passage (1. e, right angles to
the section), |

Fig. 9 shows that the ischaline contours also are tilted to the north with vertically coherent
wavy patterns above about 2000 meters deep, A salinity maximum which may be defined with the
34,73 o/oo contours coincides with the l.Oband 1.5°C isotherms (Fig. 8) and 190 ~ 200 uM/kg contours
for oxygen ’(Fig. 13). This salinity maximum represents the Circumpolar Deep Water which has tem-
peratures of 0.9~1.4°C with salinities of 34.68 ~ 34.72 0/00 and is commonly found in a depth range of
300 ~ 950 meters in the Southern Ocean (Jacobs et al,, 1985). The potential tcmperatu;e-salinity rela-
tionships observed in this section are shown in Fig, 10, There is a minor salinity maximum which is
centered around 3500 meters and outlined with the 34,70 o/oo isohalines in the sc athern extreme of
this section. Below the Circumpolar Deep Water lies a colder water layer (0.2 ~ 1,0°C) with a salinity
of about 34,70 o/oo. This has been identified as the Southeast Pacific Basin Deep Water (SPDW)
(Gordon, 1971-a), and is clearly depicted as a kink point at about 2.0°C and 34.71 o/oo on the e-8 plot
in Fig. 10, Below the depths exceeding about 3500 meters at the three southernmost stations, another
colder and less saline water mass (34,70 ~ 34,685 ofoo) is present (see Figs, 8, 9 and 10). This repre-
sents the Bottom Water of the Southeast Pacific Basin (SPBW) (Gordon, 1971-a).

The distribution of the total CO, and oxygen concentrations (Figs. 12, 13 and 14) show addi-
tional features: a CO, maximum layer (outlined by the 2260 and 2270 uM/kg contours in Fig. 12) and
an oxygen minimum layer (outlined by the 170 and 180 uM/kg contours in Fig. 12), Both of these
features are located above the salinity maximum layer of the Circumpolar Deep Water and are cen-
tered around 2000 meters deep against the continental slope of the South Amcriéa. They slope upward
to the south and reacfl at & depth of about 500 meters near the Antarctic Peninsula, Thesc features thus

observed for the oxygen distribution (Fig. 13) are consistent with that obtained by Gordon and Moli-
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Fig. 10 - Potential temperature-salinity relationships abserved
in the Drake Passage section. CPDW = Circumpolar Deep
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F/S Meteor Cruise 11/5
Drake Passage Section, Stns. 102 - 121
5 ’ T B m o o S B NN B e SR AL IUNLELELES NLELRLRMES BUEMELELEE B
' 0 = Depth <= 100 m
I x = 100 < Depth <=800m
! += Depth > 800 m
4
. Subantarctic g
Intermediate Water % -3
+ L
' + R g
* + + vg 3 B ‘
% x § oot 23 A
X+ 4+ N 7] 6 4
x* P AT 1
xx x 2 ¥ §+* *, l
x * X ® kol £ l
X i S
1F - x '
X South Pacific
Deep Water
0 South Pacific
I Bottom Water
- ....I..Anl....l.-..l...‘l....I..;_.l....l-...l.n.;
34.3 34.4 34.5 34.6 34.7




VI a

—06-

06003
-005¢S
> W
3 : Qo 0005
H =
& =
B >
roosy
P 37 13 =
M A 3 —~
i = 3
= ~ _ ) 0007
— S P f
= LE . . Il P [ 44 Lty
7] £1-Le 4 \
c zU-LE ZTLE L 00SE
IS £ £TLE ZTLE . gp.,. TTTLESBOTLE .
= zreLe Rig3 R - .
Le ) cote . e 607 (NG, .
TLETILE TTLE gy om0 LE St oo Y007 /€
SN o o ‘L Lo-1t 80-LE 10- A e Loooe
3 v1-rezt pfeo-Le © 50°LE 80°LE LO"LE BOTLE LO°LE o
YT ORLTLE 4 0y ....nw
Biic oo B tecare sovLe ovie sotie 907LE 38°tE vorre /25§ - o
BT so- L€ ds-sc 7 005z =
(00/0) L€ 2T LETT-f60°LESO"LE 90°LE SO°LE E£6°LE POTLE POTLE TOTLP 56794 ) -
139G €0°LE ]
- .01 2 . . ; ¢ 767 9E55-g . =
1 €0-LEL0°LEEOTLE POTLE €0°LE TO°LE TOTLE Jo 4f”h6°S€ 25° 94
4p 0002 IV __. e : P67 9¢
I ST L¢ Mm.ww.t..hm 80°LE90" LEOG g Z0LE 00 % 9c 86°9€ 86°9€ 9679 AB-9eg879¢ ~000T
ALISNAQ 80" LE . "9¢
TVTIN v-ae-fao-mo- £38 #6co- fis-se 869t L69¢ v6-se se e $6°9F pefyc ca9eiiS 08 650
4104 S0°LE £6° 98 LLo9€ ’
T #0120 00" LEC0LEOY LEEE9E P67 IE T679E QEdemads € 78 32 (L7 SE o L 9¢ F00ST
01 L€ €0°Lg - 88°9€ 5 -9¢
607 20" 120 MBI #9695 56 9879¢ ga°9¢ £879€ €879 18 ILASL M €9°9895-9¢ R qef °L Q¢
c0- 90" fs- 55" 9c88 3Erefbera g o sg s Tl 9e 9L 9¢ PT. 5% 9e L000T
co-pefras a5 9c28 3o o5efoe LL-3€_TLobeTo 9€ 9979€ 35 SE o getet9esT e ¢
20° #h-1t6 55 stz era Ao 5L 69 9€ £9°9¢ 6579E LSTIE Toe 1zESTISC 98
10/t - 986 " 228 ser #o9 9¢ £9°9€ £5°9€ T579¢ TIS79 8E-9¢ ST°9EST9¢E
d o 9€ S €5°9€ 0£°9€ TT 9€TIT 9€E F0CS
R - 9EEEeT 3¢ 6£°9€ TPI9E 69°9€ 0z 3c £0°9C60°SE
18 198 2£19F ¢ “m 82°9¢ gr-ge S0°9€80°9¢
mmwm g st mym“ m W um W 5 wmmm yI-5¢ 867SE€£079¢ er s
_ gdtfciob BE:3F fuidt COI3F Eeieh Iy §R3p fEisEIRER MYIGE ez 14
! ! ) : ™1 ¢ T T
L3- 99-  G9- 5] Jos) Jesd Jss Jig Joes- ) ss-
PO A SN R & & S L aeas
epnaT3R]

(s3tun ewbIS) (000Z TWHTIS) SISIBW (00Z 3B A3TsSusd TeTITDI0L
0ZI-ZOT ®3S UoT3DesS a6esSseg ayexd - 98TNID S/TIT TOSISH - 1 “314a

[T I RN

A

|

g “W LR R T TR T TR

[ L T TR T/ ‘M" LA TR

BRI

uw ey em



27

0009
Z ®
= e 0055
5 =3
2 =
a3
= : 2 L0005
- =
= o
= g L005T -
= o
) . k ‘ 3 L0007
. B ) PRy 1922 g \ \
124 & 2522 2z P . €922 .Hmmm
6527 927 B
m..w_. 09CC1szz H sszz X.. Aoz QNN \ 00s¢t
.‘ N 9szT  \ @9 Y
292 322 8822 05 1972 ,
i... J92z ™y enf 000€ —
- z Lszz 8sTz  8S2T  (PIT I =
3y /7 NOU.H. §sz 09z e ) =
(/) sz 34 PT 2977 B3 ,W
z F00ST
85cZ . =
: L2, TR GLTT =
19, . -
0927 mm o
LSZ{SIT
LSTESTZ s A -00ST
0001
1744 005
0577 =
0
79- €9 ) Ss°
0. JA.. 7
(aa13ebaN ST nusomu mmuuﬂumg
(6 /WD) ZTODL .
IZT-Z0T ®3S UOT3ID9s abessrd ayeId - 28TNID G/IT IO0SIBH - 71 Ta
@ & e ] ® ® @ 9

o , . G o0 a0 [ RIS T AR QTR N1}



~28~

(31/mn)

NEDAXO

0009

F00SS

Fr000s

roosv

VOTYHWY HLNOS

0007

VINSNINId OTIOYVINV

F00SE

r000¢

Fr00sc

-000¢

+00ST

-000T

wn
@
-
o
«
-
wn,
NN
«n
oo

14

[5

v

S0€

T 8L, / SET 6£Z 8¢l [1£4

062
6§67
L8

r00S

62

Tt [n ]

g g P e

89—

L T

9 09

97 w& 97

(aaT3ebeN ST Yinos) apnirie]
(B3 /Wn) UWILAXO

G/1T 98TNID JOSISH - 9Sessed ayexd - €T *3Ta

N4
"N
i
EN
v frvr

(u) yadaq

RV |



i

J”\].’ [

i

ha

-29-

TABLE - 1 Summary of the physical and chemical characteristics of various water masses observed during

the Meteor 11/5 expedition in the South Atlantic and northern Weddell Sea areas. The values represent

extreme values observed during the expedition, but do not uecessarily indicate the values for the "pure" end
members of water mass. CPDW = Circumpolar Decp Water; SPLOW = South Pacific Low Oxygen Water;
SPDW = South Pacific Deep Water; SPBW = South Pacific Bottom Water. (+) and (-) signs indicate that the

values listed comprise a local maximum and minimum respecitvely.

Water Masses CPDW SPLOW SPDW SPBW
Sections Drake Pass. Drake Ppass. Drake Pass. Drake Pass.
Stations 112-117 103-104 116-119 116
Depths (meters) 300-900 2000-2500 3000-3500 >3500
Pot. Temp. (°C) 0.9-1.4 1.8-2.1 0.2 0.1
Salinity (o/oo0) 34.68-34.73(+) 34.64-34.69 34,705 34,685
Density (a,) 27.78-27.82 27.55-27.71 27 .85 27.85
Density (o,) 36.95-37,05 36.88-36.92 37.10-37.15 37.16
TCO, (uM/kg) 2255-2260 2270-2275(+) 2260 2255
pCO, @ 20°C (uatm) 1080-1100 1140-1190 No Data No Data
0, (uM/kg) 190-200 160-170(~) 210 220

AOU (uM/kg) 140-150 165-170 (+) 135 130

NO, (uM/kg) 31-33 34-35(+) 32.8 33.0
PO, (uM/kg) 2.2-2.3 2.4-2.5(+) 2.2 2.2
Si0, (uM/kg) 110-125 95-105 135-140 >140
TALK (uEq/kg)* 2365-2370 2365 No Data No Data
Pot .ALK (uEqg/kg)** 2418-2423 2418-2420 No Data No Data

¥/ Total alkalinity

(TALK) values computed using the total CO, concen-
tration and pCO, @ 20°C data at observed salinities.
**/ Potential alkalinity (Pot.ALK)
normalized to a salinity of 35.00 o/oo.

computed as

[ (TALK) + (NO,-)]

and
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nelli (1982) (see their Plate 185). Based upon the geometry of this oxygen minimum/CO, maximum
zone, it appears that this water was originated in the southeastern Pacific by the oxidation of falling
biogenic debris and advected southward along the South American continental slope into the Drake

Passage.

In the southern half of the Passage, the oxygen concentration increases monotonically with
depth reaching 220 uM/kg near the bottom (Fig. 13). The AOU value decreases to 130 uM/kg (Fig.
14) at the southern extreme indicating influx into the Drake Passage of a relatively young water mass
present near the bottom of the Southeast Pacific Basin.

The sections for nitrate and phosphate (Figs, 15 and 16) do not add further information to
' those already discussed above. This is due mainly to mbch smaller dynamic ranges available for these
two properties; the nitrate and phosphate concentrations change only from 30 0 33 uM/kg and from
2.2 to 2.4 uM/kg respectively, while the estimated precision of these measurements for the Drake Pas-
sage section is about £0.5 uM/kg for nitrate and £0.05 uM/kg for phosphate. Therefore, the small
variations observed in deep waters below about 2000 meters do not appear to be significant, and the
contour lines presented for the depths below about 2000 meters in Figs. 15 and 16 should not be reli-
able. On the other hand, the silica concentration (Fig. 17) varies from about 20 to 140 uM/kg. The
lowest values are found in the shallow northernmost waters and the highest values located in the south-
ernmost arca near the sea floor. Its distribution parallels with that of potential temperature and exhib-
its the vertically coherent wavy patterns. The silica concentration ranges from about 80 to 100 uM/kg
for the oxygen minimum layer and from about 105 to 120 uM/kg for the salinity maximum Circumpo-
lar Deep Water, The characteristic chemical properties for the three water masses found in this section

are summarized in Table 1.
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[11-3) The Northern Weddell Sea Section (Stations 122-131);

This section runs more or less NW-SE direction cutting across the northern edge of the east-
ward out-flow of the cyclonic Weddell gyre. The X -axis scale has & full span of 800 nautical miles
which is same as the Drake Passage section, Since the nitrate data at Stations 122 through 125 appear
to be in error, no contour lines for nitrate are prosented for the western half of this section (Fig. 26),

Fig. 18 shows the distribution of potential temperature. While the lowest temperature ob-
served across the Drake Passage section is 0.2°C, temperatures as low as -0.88°C are observed in thiy
section. The salinities in these cold waters below (°C range between 34,66 and 34.64 o/oo (Fig. 19)
~ and are much lower than those (34,70 ~ 34.73 0/60) found in the deep waters in the Drake Passage sec-
tion, indicating a dominating influence of the Weddell Sea Bottom Water (Carmack and Foster, 1975)
in the sub-zero temperature regime, The potential temperature-salinity relationships observed in this
section are shown in Fig. 20. At the southernmost station (Stn, 131, located at 63°10'S and
34°45'W)), both the temperature and salinity decrease to -0,88°C and 34.64 o/oo toward the sea floor
about 5200 meters deep. At this station, the total CO, concentration and pCO, (at 20°C) decrease to
2240 uM/kg (Fig. 22) and 1025 vatm (Fig. 23) near the bottom, while the oxygen concentration in-
creases to about 260 uM/kg (Fig. 24) and AOU decreases to about 100 uM/kg (Fig. 25). The con-
centrations of nitrate, phosphate and silica also decrease to about 32 uM/kg, 2.25 uM/kg and 113
uM/kg respectively (Figs, 26 and 27). All these values indicate the presence of recently ventilated
water in the abyssal water in the Weddell Sea. The chemical properties of the Weddell Sea Bottom
Water (WSBW) as observed in this section are listed in Table 2,

In the northern (or western) extreme of this section near Station 122, two layers of warmer
(0.5 ~ 1.0°C) and more saline (34.67 ~ 34,70 o/oo) waters are found between about 300 and 2500 me-
ters (Figs. 18 and 19). The salinity maxima are centered around about 700 and 1800 meters respec-
tively and these appear to represent the upper and lower Circumpolar Deep Waters, which were
observed by Reid et al, (1977) along the Scotia arc. These layers have o, densities of about 36,95 and
37.10 respectively, but cannot be clearly resolved using other properties than salinity, although a weak
maximum in AOU and a weak minimum in oxygen appear to be associated with the vpper layer and a
weak TCO, minimum appears in between these two layers,

In the southern half of this section (Stations 126 through 131), a layer of cooler (0 ~ 0.5°C)
water with similar salinities is present in a depth range centered around 500 meters between 300 and
1500 meters, Although these northern and southern layers are found at similar depths, the southern

layer has a greater o, density of 37.13 at the salinity maximum than the o, densities of 36.95 and 37,10
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TABLE - 2 Summary of the physical and chemical characteristics of various water masses observed during

the Meteor 11/5 expedition in the South Atlantic and northern Weddell Sea areas, 'The values represent

extreme values observed during the expedition, but do not necessarily indicate the values for the "pure” end
members of water mags, WSDW = Weddell Sea Deep Water; WSBW = Weddell Sea Bottom Water, AABW =
Antarctic Bottom Water; AAIW = Antarctic Intermediate Water, (+) and (<) signs indicate that the values

listed comprise a local maximum and minimum respecitvely,

Water Masses "W WSBW AABW AATW
Sectionys Observed N. Weddell N. Weddell 5809 Cape-Weddell
Stationg 126-131 130-131 132-149 149-164
Depthg (meters) 500-800 >4000 3000-4000 300-900
Pot. Temp. (°C) 0.2-0.5(+) <~=0.75 -0,25--0.50 2.5-3.0
galinity (o/oo) 34.67-34.68(+) 34.64-34.69 34.65-34.68 34,0-34.3
Denisty (o,) 27.82-27.84 »27.85 27.85 27.20-27.60
Dengity (o,) 37.10-37,13 »37.225 37.17-37.20  36.4-36.6 i
TCO, (UM/kg) 2260-2270(+) <2245 2250-2255 2150-2200
pCo, @ 20°C (uatm) 1160-1120(+) <1040 1075-1100 800-1000

0, (uM/kg) 200-210(-) >260 230-240 210-250

AQU (uM/kg) 140-150(+) <100 110-120 50-100

NO, (uM/kg) 33.5-34.5(+) <32.0 33 28-34

PO, (uM/kg) 2.35-2.39(+) <2.25 2.35 1.9-2.3
sio, (uM/kg) 125-132(+) <110 125-130 20-50

TALK (uBg/kg)* 2350-2360 2355 2360 2290-2310
PolL. ALK (ubiq/kg)** 2410-2415 ’2410—24]8 2415-2418 237%5-2390

X/ Total alkalinity (IALK) values computed using the total CO, concen-
tration and pCO, 8 20°C data at observed sallnitilies.

X*/ Potentlal alkallnity

(Pot . ALK)

computed ag

normalized to a salinity of 35.00 o/oo.

[ (TALK)

(NO,"} 1 and
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Fig - Potential temperature-salinity relationships observed
in the northern Weddell Sea section. WSDW = Weddell Sea
Deep Water; WSBW = Weddell Sea Bottom Water.
F/S Meteor Cruise 11/5
Northern Weddell Sea Section, Stns. 122 - 131
1 .O LU INLAL R A AL S AL AN A ML R A NN AN LA BRI BN AL IR AL IR LR | ]
" + 1
08 » 0 = Depth<=100m .
[ x = 100 < Depth <=800 m + ]
s + = Depth > 800 m * x Mk, ]
P 0 6 - I X -
. L E
O "  x 1
@) « x %,
o 04 F . .
et [ ¥ wsDW |
= ,. ) o e J
Eg ()'22 3 X X §x‘tf 1
8 3 x " Xx% ‘:_;*&. .
3 1
e 0.0 F . g :
) - .
= 02} SN ; .
CU . ! x b
= s ) |
- L ) ]
G-04F - ,< £ :
+— i o
o ¥ :
-0.6 | N g 7
+
9 N % . E
y § i ]
0.8 - Antarctic § ]
I Surface Water WSBW ]
__"I O P . il o N M s

34.3 34.4

34.5
Salinity (%co)

34.6 34.7




~40-

&
spnitbuocy
0°SE- [V} Al 0°GVv-
2pniIie] ¢£9- 55= o005
« F00SS
u r000s
1 r00S?
| FO007%
] otzie zideie Loose
181 .
t Loz NE 5
| FO00E
86T LE )
es1-z . _58%-rE BTL
i ST L
761" LE ocz
00/0 .
(00/0) B
P 0007 IV g ooz
AIISNIQ — ———mTliestuc
L LE 9T L€
I HQHHZWHOM 3T L€ 091 L€ st
ssT-LE
1 r000T
; TETLE ZZTTTLEOTT L
JELLLE © 8II LEYOI"LE
| r00s
ezrreg SRIILET
ayioce STIIELE
T . c
Q08 agL €09 00s y
A

. &

(S3TTH TedTaneN) (- .p- BuoT -§5- 3] WOIJ soUR3IST]

0002 ©wbTS
TET-ZZT TUlg - ®I5 TISPPaEM UIIYIION -

S/TIT |8TNID IOIIBN

{3

(w)



A

spnatbuo]

0°s€- 0" 0%~ 0S¥~
: . : FT 0009
o9pPNITI®T £9- a9- =
i Fooss
L Looos
N 0057
- L0007
- FooSE
L L000¢E —
.Alnj.m
B -
" (B/m) +00SE -
Coo1
- -0002
L vszz FOOST ~
0922 sz
i Geze Vm-ooﬁ
0527
L9l
- €2z +H0OS
: 255
e (VO “.\\‘Lﬂml
Tie 6 953052 ommmu wmw fo
008 00L 009 00S 007 Qbe 09z 0gT J 0
fm/m orf& & oe».& n..#\c Fa”nL &V&a.n.\e ref@ e.rf\. =1s
) (SSTTH TeSTaneN) (- Lp- Buol 05— 8] WeId 2oumasid
(B3 /W) ZODL
1€1-zZT ©3S ©oS TTSDPeM UISUIION - @8TRID S/TT IOSIMW  — 7¢ 814

® ® ° e & e e

e



‘MN v

42—

at the respective salinity maximum for the northern layers. Furthermore, the distributions of pCO,
(Fig. 23), phosphate (Fig. 27) and silica (Fig. 28) appear to indicate that the southern features have
separate origins from the warmer layer to the north, The southern layer appears to represent the Wed-
dell Deep Water, which circulates at intermediate depths within the Weddell gyre and is derived from

the Circumpolar Deep Water (Jacobs et al., 1985). Since it receives fresh water and is cooled during

its circuit around the Weddell Sea, it has lower salinity and temperature but higher pCO, and greater

concentrations of total CO,, silica and phosphate than its parent Circumpolar Deep Water. The charac-

teristic chemical properties for these water masses are summarized in Table 2.

U T N T
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111-4) The 58S Scction (Stations 132-149);

This section represents a E-W zonal section along approximately 58°8 between the longitudes
of about 25°W and the prime meridian, The temperature and salinity values indicate that this section is
dominated by the Circumpolar Licep Water in the upper 1500 meters and the deep and bottom waters
from the Weddell Sea below about 1500 meters, ‘The potential temperature-salinity relationships ob-
served in this sccdon are shown in Fig, 31, Wavy patterns of the contour lines ate found all the depths
in every property including temperature (Fig, 29), salinity (Fig. 30), density (Fig. 32), oxygen (Figs,
35 and 36) and silica (Fig. 39). In a depth range from about 300 and 1000 meters (i.e. Circumpolar
| Deeb Water), strong lateral variations are observed, Warmer waters outlined by the 1.0 and 1.5°C iso-
therms (Fig. 29) not only have higher salinity values which are outlined by the 34,69 and 34,70 o/oo
contours (Fig. 30), but also contain lower oxygen (see the 200 uM/kg contour for oxygen in Fig, 35
and the 140 uM/kg contour for AOU in Fig. 36). These features indicate dynamically active flow of
water across this section.

It is noted that the coherent wavy patterns are not observed in the contour lines for the pCO,
and the concentrations of total CO,, nitrate and phosphate. In the sections for total CO, and pCO,
(Figs. 33 and 34), it is seen that the measurements were made in deep waters at every other station or
only at the even numbered stations. This is because the measurements could not be made fast enough
to accommodate the samples taken at every station, Since the wavy patterns observed in the castemn
(or right) half of the section, the temperature, salinity, density and oxygen values (see Figs. 29, 30, 32
and 35) tend to exhibit a wave length of two station-distances (or about 2° in longitude), the CO, data
were obtained only near the bottom of waves but not hcar the top of waves. Accordingly, the lateral
distributions observed for total CO, and pCO, have been inadvertently smoothed due mainly to under-
sumpling for lateral distances. For future expeditions in this area and other highly dynamic areas,
closer station distances must be achieved,

The distributions of nitrate and phosphate shown in Figs. 37 and 38 are not consistent with
those for oxygen and silica particularly in waters below about 1000 meters, This is due mainly to the
small dynamic range for these two properties, Below 1000 meters, the nitrate and phosphate con-
centrations vary bclwcen 33.5 and 34.0 uM/kg for the former and between 2,30 and 2,35 uM/kg for the
latter. The precisions of measurements attained for these quantities during this expedition were not

refined enough to resolve the variations satisfactorly,
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In this section around 3000 meters deep, there is a layer of water with a typical temperature
(-0,25 ~ -0.50) and salinity (34.65 ~ 34.67 o/oo) range for the Antarctic Bottom Water (AABW, This
is commonly found in abyssal depths throughout the western basin of the South Atlantic Ocean, As
seent in Fig, 31, the temperalure and salinity vatues for the AABW fall botween the warmer Weddell
Sea Deep Water and the colder Weddell Sea Bottom Water, This suggests that the AABW consists
roughly of a 1:1 mixture of the WSDW and WSBW, The characteristic chemical properties for the

AABW are listed in Table 2,
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111+ §) The Capetown-Weddell Section (Stations {49-179):

This section represents a near-meridional section from the northeastern Weddell Sea (58°8
and the prime meridian) to Capetown (35°8 and 18°B). In order to provide a better lateral resolution
for the large distances covered by this section, it hag been divided into two segments; the southern seg-
ment consisting of Stations 149 to 164 (47°8 and 81%) and the northern segment consisting of Stations

164 to 179,
111-5-a) Southern Capetown-Weddell Section (Stations 149-164);

This segment represents o meridional section for a latitudinal range from about 59°8 (o 46°S,
In the area south of about 51°S, a well defined temperature minimutn layer with sub-zero temperatures
(about 100 meters thick, outlined by the 0.0¢C contour in Fig. 40) s present around 200 meters deep.
This appedrs to reprcscm remnants of cold winter mixed layer water, which is, in turn, underlain by a
warmer and more saline layer, The temperature minimum deepens north of about 52¢8 and disappears
totally north of 50°S (see Fig. 40) as described by Gordon (1971-b), In the area north of about 51°8,
the surface and intermediate waters are both several degrees warmer and the deep waters by 1°C com-
pared to the southern half, The transition in surface water temperature takes place between 5108 and
528 representing the polar front separating the subantarctic and antarctic waters (Gordon, 1971-b), A
lhycr of warm (2.3 ~ 3.0°C) and less saline (34.0 ~ 34.3 0/00) water is found between 300 and 800 me-
ters deep in the area north of 508, This appears to represeot the Antarctic Intermediate Water
(AALIW), which is formed in this latitudinal range and spreads northward eventuatly beyond the equa-

tor. The potential temporature and salinity relationships are shown in Fig, 42,

In the southern half of this segment, there is a well defined temperature maximum which is
centered around about 300 meters deep and outlined by the 1.0, 1.5 and 2.0°C isotherms (Fig, 40),
This temperature maximum layer is located above the salinity maximum layer (Fig, 41), which ap-
pears to be derived from the high salinity NADW depicted by the 34,75 and 34,78 o/oo isohalines in
the northern half of this section between 2000 and 3000 meters deep. The temperature maximum wa-
ter has a o, density of about 36,95 and also is associated with a local maximum in the total CO,, pCO,,
AOU, nitrate and phosphate and with a local minimum in the oxygen concentration, On the basis of
the density, temperature, salinity and other chemical values (Tables 1 and 3), this water appears to rep-

resent the upper Circumpolar Deep Water (Reid et al,, 1977). Immediately below this, the saline
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TABLE - 3 Summary of the physical and chemical characteristics of various water masses observed during

the Meteor 11/5 oxpedition in the South Atlantic and northern Weddell Sea areas, The values represent

extreme values observed during the expedition, but do not necessarily indicate the values for the "pure” end
members of water mass, UCPDW = Upper Circumpolar Deep Water; NADW = North Atlantic Deep Water,
LCPDW = Lower Circumpolar Deep Water, CBBW = Cape Basin Bottom Water, (+) and (-) signs indicate

that the values listed comprise a local maximurn and minimuom respecitvely,

Water Masses

UCPpw

" NADW

LCPDW

CHBW

SGétions Observed

Cape-Weddell

Cape-Weaddell

Cape-Weddell

Cape-Weddeall

Stationg 158-161 177118 152-154 176-179
Depths (meters) 1000~1500 2000-3000 1200-1700 »4400
Pot. Temp., (°C) 2.0-2.5 2,0-2.5 2~0.3 <0.6
Salinlty (o/o00) 34.5-34,7 34.,80-34.85(+) 34.,68-34.70 <34.73
Denisty (a,) 27.74-27.80  27.80-27.84 27.82-27.84 >27.85%
Denisty (o;) 36.7-36.9 36.95-37.05 37.07-37.13  >37.13
TCO, (uM/kg) 2220-2250(+) 2200-2210(-) 2260 (+) >2250
pPCo, @ 20°C (uatm) 1100-1180(+) 850-900(~) 1100-1125(+) »1010
0, (uM/kg) 180-200(-) 220~230(+) 210-220 <219
AOU (uM/kg) 140-150 (+) 100-110(-) 135 125
NO, (uM/kg) 34-35(+) 25-26(~) 33-34 >31
PO, (uM,/kg) 2.4-2.5(+) 1.7-1.8(-) 2.3 2.1
510, (uM/kg) 70-80 50~-60(-) 120-127 >108
TALK (uBd/kg)* 2335-2340 2335-2340 2360 >2370
Pot. (ALK (uligq/kg)** 2400 (+) 2378 (=) 2415-2417 »2420

X/ Total alkalinlty (TALK) valueg computed uslng the total CO, concen-
tration and pCoO, @ 20°C data at observed salinities,

**/ Potential alkalinity

(Pot . ALK)

computed asu

normallzed to a wgallnlty of 35.00 o/oco,

[ (TALK) + (NOy )|

and
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~ Potentilal temperature-salinlty relationships observed
in the Capetown-Weddell Sea sectlon (southern segment).
AIW = Antarctic Intermedlate Watarj NADW = North Atlantilc
Deep Water; CPDW = Clrcumpolar Deep Water; AABW = Antarctile
Bottom Water; WSBW = Weddell Sea Bottom Water,

F/S Meteor Cruise 11/5
Capetown - Weddell Sea Section (South), Stns. 149 - 164
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North Atlantic Deep Water (NADW) is found. It appears to intrude southward as indicated by the long
upward extension of the 34.70 and 34.69 o/o0 isohaline contours (Fig. 41). At the northernmost sta-
tion, Stn. 164, in this section, the NADW has a o, density range of 36.96 to 37.05 (Fig. 43) and is
characterized by a minimum in TCO, (about 2230 uM/kg, Fig. 44), pCO, (980 to 1000 vatm, Fig. 45),
AOU (130 uM/kg, Fig. 47), nitrate (29 ~ 30 uM/kg, Fig. 48) and phosphate (2.0 uM/kg, Fig. 49).
Because of the similarity in densities, it appears that the NADW mixes with the Circumpolar Water
and thus is responsible for the high salinity values of the latter.

Below the NADW, a layer of colder and lower salinity water is present. This gives an appear-
ance of the NADW wedging itself between the two layers of the Circumpolar Deep Water. This fea-
ture can be best illustrated in Figs. 44 and 45 by the TCO, and pCO, contours seen between 300 and

2000 meters deep in the southern (i.e. left) half of this section. Based upon the distribution of oxygen

and phosphate in the western South Adantic and Scotia Sea, Reid et al. (1977) observed splitting of
the Circumpolar Deep Water into two branches above and below the NADW and named the Upper and
Lower Circumpolar Deep Water. The chemical characteristics of these water masses are summarized
in Table 3.

The waters below about 3000 meters in the southern half of this segmert is dominated by the
Antarctic and Weddell Sea waters, i.e. as cold as -0.71°C and as fresh as 34,65 o/oo. They are charac-
terized by relatively low TCO, (2245 uM/kg), pCO, (1050 vatm), AOU (105 uM/kg) values and high
oxygen values (255 uM/kg), indicating strong influence of the Weddell Bottom Water,
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111-5-b) Northern Capetown-Weddell Section (Stations 164-179):

This segment covers a latitudinal range from 4608 to 37°8 in the eastern South Atlantic Oceun,
‘The temperature and salinity both continue to increase northward ranging from about 0.5°C and 34,7
0/00 near the southernmost sea foor to 200C and 35,5 o/oo for the northernmost surfuce waters, In the
upper 1000 meters, the Antarctic Intermediate Water (AAIW) is shown with a salinity minlmum which
is clearly outlined with the 34.3 and 34.4 o/ o tsohalines centered around 500 meters deep near 4508
and 1000 meters deep near 37.5°8, The temperature for the AAIW ranges from about 3 to 5C, How-
ever, this water mass does not exhibit Jocal minima or maxima in other propertics besides the salinity,

Immediately below the AAIW, there exists a layer of water with a temperature of about 2,5°C
and a salinity of 34.6 0/00 at a depth of about 1500 meters. It has a o, density between 36.8 and 36,9
(Fig, 54). While this layer does not show a local maximun or minimum in salinity or {emperature, it
exhibits a clear minimum in the oxygen condentration (see the 180 and 190 uM/kg contours in Fig,
57) and a clear maximum in the total CO, concentration (see the 2230 and 2240 uM/kg contours in
Fig. 55), pCO, (see the 1100 and 1150 vatm contours in Fig, 56), AOU (sec the 140 uM/kg contours
in Fig, 58), nitrate (see the 33 and 34 uM/kg contours in Fig, 59), phosphate (see the 2.2 and 2.3
uM/kg contours {n Fig. 60). On the other hand, the silicate concentration (Fig. 61) does not exhibit
an extremum at these depths, and ranges between 68 and 73 uM/kg. Since these features match with
those for the Upper Circumpolar Deep Water (UCPDW) listed in Table 3, this layer is identified as
UCPDW,. In the eastern basin of the South Atlantic, this water mass has been traced as far north as
208 or equatorward of the Rio Grande Rise) (see page 70 in Reid et al,, 1977). Our study in the east-
arn Atlantic shows that the UCPDW also extends further north beyond 37¢S,

The deep regime is dominated by the North Atlantic Deep Water NADW) which is charac-
tertzed by a salinily maximum outlined with the 34,80 and 34.85 o/oo contours, The NADW exhibits
a maximum in the oxygen concentration (see 220 and 230 uM/kg contours in Fig, 57) and & minimum
in the total CO, concentration (see 2210 contour in Fig. 55), pCO, (sce 850 and 900 vatm contours in
Fig. 56), AOU (sce 10 and 110 uM/kg contours in Fig. 58), nitrate (see 25 and 26 uM/kg contours),
phosphate (see 1,7 and 1.8 uM/kg contours in Fig, 60) and silica (see 60 and 70 uM/kg contours in
Fig. 61). These chemical properties are summarized in Table 3 and the potential temperature-salinity

relationships observed in this section are shown in Fig. 53,
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IFlg, 53 = Potentlal temperature-salinlty relatlonships observed

in the Capetown-Weddell Sea section (northern segment).

AIW = Antarctic Intermedlate Water; NADW = North Atlantic

Deep Water; AABW = Antarctlce Bottom Water,
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Potential Density at 2000 Meters (Sigma 2000}

Meteor 11/5
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- Northern Part of Rasterm N/S Secticn Sta 164-179

Phosphate Concentration (PO4) (uM/kg)

Meteor 11/5 Cruise
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V1. PROPERTY-PROPERTY RELATIONSHIPS

The oceanographic data obtained during this expedition have been analyzed using property-
property relationships in order to show processes controlling various biologically mediated quantities as
well as their relationships with water masses and other oceanographic features such as the polar front and

meridional temperature distribution,

Fig. 62 shows the potential temperature-salinity relationships observed during this expedition and
includes all the data, which have been presented in parts in Figs. 10, 20, 31, 42 and 53. Among surface
waters, the South Atlantic subtiopical waier is warmest and most saline (23°C and 35.5 o/00), whereas the
least saline water (33,3 o/00) was observed close to the South American coast in the Drake Passage. The
winter Antarctic surface water as cold as -1.8°C has been identified as the near-surface sub-zero tempera-
ture minimum layer. This represents remnants of cold surface waters of the previous winter season. The
densest water mass observed in this study is the Weddell Sed Bottom Water (WSBW), which is character-
ized by temperatures lower than about -0.75°C indicating contributions from cold ice-shelf waters (-1,9°C)
of the southern Weddell Sea. The North Atlantic Deep Water (NADW) which originated in the high lati-

tude North Atlantic is clearly depicted by the salinity maximum at temperatures in the vicinity of 2°C,

Fig. 63 shows the relationships between the partial pressure of CO, (at 20°C) and the total CO,
concentration. Natural logarithm of these quantities are used, so that the slope of trends indicate the Rev-
elle factor (y= (3 In pCO,/0 In TCO,)). The mean trend observed for surface waters (indicated by open
circles) of the subtropical and subantarctic regions shows a typical value of 8 for the Revelle factor. 1t in-
creases to 10 for thc thermocline water and to 17 for the surface and deep waters of the Antarctic origin,
The observed increase in the Revelle factor with depth suggests that the concentration of CO, increases
with depth faster than the alkalinity. Increases in CO, may be attributed to the oxidation of organic debris
and/or mixinig with waters with greater CO, concentrations; and increases in alkalinity to the dissolution of

CaCQ, and/or mixing with waters with higher alkalinity values,

Fig. 64 shows the relationships between the total C(), concentration and potential temperature.
The former is normalized to a salinity of 35.00 o/oo. A linear trend is observed for the surface waters (in-
dicated by open circles) of the subtropical, subantarctic and antarctic regions: (TCO,), s (uM/kg) =
-11.5 T («C) + 2227. Although the data points scatler more widely around this mean line in the Antarctic
waters (south of the Polar Front Zone), the mean deviation for the waters warmer than about 3°C is about

10 uM/kg. The highest total CO, concentrations observed during this cxpedition are associated with the
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fig., 62 - Potentlal temperature-salinlty relatlonships
observed during the /S Meteor 11/5 Ixpedlition
in the South Atlantlc Ocean and northern Weddell
Sea, January- March, 1990, NADW = North Atlantic
Deep Water; AABW = Antarctilc Bottom Water;
WSBW = Weddell Sea Bottom Water.
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Mg, 63 - Relatlonshipbs between pLO, at 20°C and the total
€0, concentratlon (normuliZed to a sallnlty of
35700 o/oo) observed during the /8 Meteor Expedi-
tion in the South Atlantlic and northern Weddell Sea.
Natural logarithm of the quantities is plotted, so
that the slopes of the regression lites Indlcate
the Revelle factor.
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Total COp-potential temperature relatlonshlps
observed during the 1/8 Meteor BExpedition,
Jan,-March, 1990, in the South Atlantle Ocean

and northern Weddell Sea. LCPDW and UCPDW =

Lower and Upper Clrcumpolar Deep Water; SPLOW =
Southeast Paclfic Low Oxygen Water; WSBW = Weddell
Sea Bottom Water; NADW = North Atlantlc Deep Water;
AASW (Winter) and AASW (Summer) = Winter and Summer
Antarctic Surface Waters.
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Lower Circumpolar Deep Water (1LCPDW) und Southeast Pacific Low Oxygen Water, ‘The former iy
found in the Northern Weddell Sea und South Atluntle (Table 3) and the latter is found in the Drake Pag-

sage (Tuble 1),

Fig, 65 shows the relutionships between the concentrations of oxygen und total CO, dissolved in
seawater, Warmer surface waters have lower oxygen and CO), concentrations, whereas colder surface wa-
ters have greater oxygen and CO, concentrations, This may bo atteibuted mainly to the effect of tempera-
ture on gas enlubilities. The Antarctic winter sueface water, which is represented by the sub-zero
temperature minimum layer near the surfuce, tends to have the oxygen and CO, values closer to the deep
water values, This may be due elther to the oxidation of organic debris occurred since the previehy winter,
or to the mixing with deep water caused by deep winter convection,

The Southeast Pacific Low Oxygen Water (SPLOW, Table 1), which was presumably originated
in the high productivity areas along the Chilean const, has the highest totat CO, and lowest oxygen values,
Among the Antarctic waters, the Weddell Sea Bottom Water (WSBW) has the highest oxygen concentra-

tion indicating contributions of young waters from ice-shelf,

Fig. 66 shows the relationships between the concentration of nitrate and total CO2 in scawater,
The subtropical and subantarctic surface waters exhibit two separate treads due mainly to large salinity dif-
ferences, These two trends, however, collapse into one when the total CO, concentrations normalized to
35.00 o/oo salinity are used, Such a relationship is illustrated in Fig, 67 with the phosphate-total CO. data.

‘The Upper Circumpolar Deep Water (UCPDW) has the highest nitrate concentration, and the
Southeast Pacific Low Oxygen Water (SPLOW) has the highest total CO, concentration observed during
this study. The North Atlantic Deep Water (NADW) shows as a nitrate minimum in the vicinity of 2220
uM/kg in the tolal CO, concentration,

Fig. 67 shows the relationships between the phosphate concentration and the total CO, concentra-
tion normalized to a salinity of 35.00 o/oo. The surface water values exhibit three trends: the subtropical
trend for temperatures warmer than about 12°C has a aACO2/aP ratio of 150, the subantarctic water has the
ratio of 93 and the Antarctic (mostly summer surfuce waters in the Weddell Sea) the ratio of 63, The
ACO,/4P ratio is influenced by the lateral and vertical water mixing, biological assemblage and air-sea CO,
flux. However, presently the regional differences observed in the ratio can not be quantitatively accounted

for.
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Relatlonshlps between the concentratlons of oxygen

and total COy observed during the 1'/8 Meteor Expedi-
tlon, Jan.-March, 1990, 1in the South Atlantic Ocean
and northern Weddell Sea.
Water; AABW = Antarctlce Bottom Water; WSDW = Weddell
Sea Deep Waterj LCPDW and UCPDW = Lower and Upper
Clrcumpolar Deep Water; SPLOW = Southeast Pacifilc
Low Oxygen Water; NADW = North Atlantilc Deep Water;
AAIW = Antarctilc Intermedimate Water,
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66 -~ Relatlonshlips between the concentratlons ol nltrate
and total €0y observed during the /9 Meteor Bapedl-

tdon, Jan,-March, 1990, in the South Atlantlc Ocean
and northern Weddell Sea, UCIDW and LCPDW = Upper
and Lower Clrcumpolar Deep Water; SPLOW = Southeast
Antarctle Bottom

NADW = North

Pacdfic Low Oxypen Water; AABW =
Watery; WSBW = VWeddell Sea Bottom Water;
Intermedfate

Atlantlc Deep Watery; AAIW = Antarctilc

Water,
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ig. 67 =~ Relatilonships b~tween the concentrations of phosphate
and total CO, normalized to a salinity of 35.00 o/oo,
observed dur%ng the F/S Meteor Expedition, Jan.-March,
1990, in the South Atlantic Ocean and northern Weddell
Sea. UCPDW and LCPDW = Upper and Lower Circumpolar
Deep Water; SPLOW = Southeast Pacific Low Oxygen Water;
WSBW = Weddell Sea Bottom Water; AABW = Antarctic
Bottom Water; AAIW = Antarctic Intermediate Water;
NADW = North Atlantic Deep Water.
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Fig. 68 shows the relationships between the natural 'logarithm of pCO, at 20=C and the concentra-
- tion of phosphate. The data for surface waters in the antarctic (winter and summer), subantarctic and sub-
tropical regioné exhibits a linear trend: In ('pCO2 at 200C) = 0.52 (PO,) + 5.70. As shown in Fig. 67, there
are three distinctly different trends observed for the total CO,-phosphate concentrations in surface water,

In addition, a linear relationship is observed for the logarithmic plot for pCO, and totai CO, concentration
(Fig. 63) in surface waters. Therefore, in order to have a linear trend for In pCO, and phosphate, the alka-
linity of surface water must change regionally in such a way to offset changes in the total CO,-phosphate

trends.

- Fig. 69 shows the relationships between the potential alkalinity and total CO, concentration. Both
of these quantities are normalized to a salinity of 35.00 o/oo, The potential alkalinity is defined as [(Total
Alkalinity) + (Nitrate)] (Brewer and Goldman, 1976). It is changed by dissolution and precipitation of
CaCO;, but remains constant for the photosynthetic utilization of CO, and nutrient salts or the oxidation of
biological debris. The surface water data (see open circles) exhibits a linear trend with a slope of 0.423,
The observed trend may be interpreted as floows, the surface water formed by the winter upwelling of deep
waters loses CO, and potential alkalinity by photosynthesis and biogenic production of CaCO, shells as it is
transported northward and incorporated eventually into the subtropical gyre water. If the air-sea CO, flux
is neglected (normally less than 10% of the biological CO, utilization), the slope of the surface water trend
gives a (organic carbon fixation)/(CaCO, production) ratio of about 4 or 80% of carbon removal by organic
carbon formation and 20% by calcareous shell production.

The highest potémia! alkalinity values were observed in the near bottom water in the Cape Basin,
north of the Adantic-Indian Ridge. The Cape Basin Bottom Water (CBBW) has a potential temperature
and salinity of about 0.6°C and 34.73 0/o0, and hence is warmer and more saline than the Antarctic Bottom
Water (AABW) and the Weddell Sea Bottom Water (WSBW). However, it contains as much oxygen as
the AABW, but distinctly less silica. Its total CO,, pCO,, oxygen, nitrate, phosphate and silica concentra-
tions are similar to those for the WSBW. Accordingly, it appears to represent a portion of WSBW, which
entered into the Cape Basin through a fracture across the Atlantic-Indian Ridge system and received addi-
tional alkalinity by the dissolution of CaCO, sediments on the Cape Basin floor. Since the GEOSECS al-
kalinity data for the Indian Ocean do not show the presence of high alkalinity abyssal waters, the high

alkalinity values in the CBBW do not appear to be derived from the Indian Ocean.

Fig. 70 shows the relationships between the concentrations of nitrate and phosphate. A linear re-
gression of the entire data set yields a mean slope of 15.47 (+0.04) with a root mean square deviation of

+0.9 uM/kg NO,. This slope is consistent with the Redfield N/P ratio of 16.

®
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Relationships between pCO, at 20°C and the concen-
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tration of phosphate observed during the F/S Meteor
Expedition, Jan.-March, 1990, in the South Atlantic
Ocean and the northern Weddell Sea. UCPDW and LCPDW
= Upper and Lower Circumpolar Deep Water; AABW =
Antarctic Bottom Water; WSBW = Weddell Sea Bottom
Water; NADW = North Atlantic Deep Water; AAIW =
Antarctic Intermediate Water.
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Fig. v9 - Relationships between the potential alkalinity and
the total COp concentration observed in the South
Altantic Ocean and the northern Weddell Sea. Both
quantities are normalized to a salinity of 35.00
o/oo. CBBW = Cabe Basin Bottom Water; LCPDW and
UCPDW = Lower and Upper Circumpolar Deep Water;
WSDW = Weddell Sea Deep Water; WSBW = Weddell Sea
Bottom Water; NADW = North Atlantic Deep Water;
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Fig. 70 =~ Relationships between the concentrations of nitrate
and phosphate in seawater observed during the F/S
Meteor Expedition, Jan.-March, 1990, in the South
Atlantic Ocean and northern Weddell Sea. A linear
least-squares fit to the data yields a mean Redfield
N/P ratio of 15.5.
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Figs. 71 and 72 show respectively the changes in the nitrate and phosphate concentrations with po-
tential temperature. The surface water values (open circles) for the both quantities appear to decline linear-
ly northward in the subantarctic regime (between the Antarctic polar front and the northern edge of the
subtropical convergence) (o near-zero values in waters warmer than shout 18°C. On the other hand, in the
areas south of the Antarctic front (less than 2°C), another trend is observed indicating a different biological
regime in the Weddell and Antarctic waters.

The Upper Circumpolar Deep Water (UCPDW) has the highest nitrate and phosphate values ob-
served during the expedition. The North Atlantic Deep Water (NADW) is clearly depicted by a minimum

in nitrate and phosphate in the vicinity of 2°C.

Fig. 73 shows the relationships between the silica concentration and potential temperature, Unlike
the concentrations of nitrate and phosphate shown in Figs. 71 and 72, the silica concentration in surface
water is reduced to near-zero values north of the Antarctic polar front and remains low through the suban-
tarctic and subtropical regions,

The highest silica concentrations are found in the Southeast Pacific Bottom Water (SPBW), which
is present in the Drake Passage section. The Weddell Sea Deep Water (WSDW) has the second highest
silica concentration exhibiting a maximum at about -0.5°C whereas the Weddell Sea Bottom Water

{(WSBW) is shown with a sharp silica minimum in the vicinity of -1.0°C.

Fig. 74 shows the relationships between the silica concentration and salinity. In this plot, the rela-
tionships between various deep water masses are well resolved. The Southeast Pacific Bottom Water
(SPBW) and the Weddell Sea Deep Water (WSDW) are depicled by two high peaks up to 143 uM/kg and
136 uM/kg respectively. In contrasi, the North Auantic Deep Water (NADW) exhibits a sharpvminimum at
a salinity of about 38.0 o/o0. The Upper and Lower Circumpolar Deep Water (UCPDW and LLCPDW), be-
tween which the NADW has been shown to intrude (see Figs. 41 through 48), are depicted as a kink point.

Fig. 75 shows the relationships between the nitrate and silica concentrations. The surface water
data (open circles) indicate that the silica concentration is reduced to near-zero values while the waters still
contain 15 to 20 uM/kg nitrate.

The Upper Circumpolar Deep Water (UCPDW) and Southeast Pacific Low Oxygen Water
(SPLOW) exhibit the highest nitrate values, while the Southeast Pacific Deep and Bottom Waters (SPDW
and SPBW) show the highest silica values.




-101-

- Relationships between the nitrate concentration and
potential temperature observed during the F/S Meteor
Expedition, Jan.-March, 1990, in the South Atlantic
Ocean and northern Weddell Sea. UCPDW and LCPDW =
Upper and Lower Circumpolar Deep Water; WSDW = Weddell
Sea Deep Water; AABW = Antarctic Bottom Water; WSBW =
Weddell Sea Bottom Water; NADW = North Atlantic Deep
Water; AASW = Antarctic Surface Water.
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Fig. 72 -

Relationships between the phosphate concentration
and potential temperature observed during the F/S
Meteor Expedition, Jan.-March, 1990, in the South
Atlantic Ocean and northern Weddell Sea. UCPDW and
LCPDW = Upper and Lower Circumpolar Deep Water;

AABW = Antarctic Bottom Water; WSBW = Weddell Sea
. Bottom Water; NADW = North Atlantic Deep Water;
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AASW = Antarctic Surface Water.
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Potential Temperature (°C)

Fig. 73 - Relationships between the concentration of silica
and potential temperature observed during the F/S
Meteor Expedition, Jan.-March, 1990, in the South
Atlantic Ocean and northern Weddell Sea.
SPBW = Southeast Pacific Bottom Water; WSDW =
Weddell Sea Deep Water; WSBW = Weddell Sea Bottom
Water; AABW = Antarctic Bottom Water; NADW = North
Atlantic Deep Watery AASW = Antarctic Surface Water;
SbAASW = Subantarctic Surface Water.
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74 = Relationships between the concentration of silica
and salinity observed during the F/S Meteor Expedi-
tion, Jan.-March, 1990, in the South Atlantic Ocean
and northern Weddell Sea. SPBW = Southeast Pacific
Bottom Water; WSDW = Weddell Sea Bottom Water;
WSDW = Weddell Sea Deep Water; AABW = Antarctic Bottom
Water; LCPDW = Lower Circumpolar Deep Water;
NADW = North Atlantic Deep Water; AAIW = Antarctic
Intermediate Water; UCPDW = Upper Circumpolar Deep
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Fig. 75 =~ Nitrate and silicate relationships observed during

the F/S Meteor 11/5 Expedition in the South Atlantic
Ocean and northern Weddell Sea, January-March, 1990.
UCPDW and LCPDW = Upper and lower Circumpolar Deep
Water; SPLOW = South Pacific Low Oxygen Water; SPDW
= Southeast Pacific Deep Water; SPBW = Southeast
Pacific Bottom Water; NADW = North Atlantic Deep
Water; AAIW = Antarctic Intermediate Water.
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Fig. 76 shows the relationships between the potential alkalinity and salinity. The potential
alkalinity has been computed by [(Total Alkalinity) + (Nitrate)] (Brewer and Goldman, 1977) and has been
normalized to a salinity of 35.00 o/oo, The potential alkalinity values for the summer and winter Antarctic
surface waters are nearly constant, whereas the total CO, (Fig. 67), nitrate (Fig. 71), phosphate (Figs. 67
and 72) and silica (Fig. 74) concentration indicate substantial reductions from winter (o summer. This sug-
gests that little production of CaCO, occurred during the year in the Antarctic and Weddell Sea surface wa-
ters. On the other hand, the potential alkalinity values decrease rapidly in the subantarctic and subtropical
surface waters, suggesting production of calcareous: shells.

As mentioned earlier, the Cape Basin Bottoin Water (CBBW) has the highest potential alkalinity

values, whereas the NADW is depicted as a sharp minimum in the vicinity of 34.8 0/oo salinity.

Fig. 77 shows the relationships between the potential alkalinity and the silica concentration. The
potential alkalinity values are normalized to a salinity of 35.00 o/oo. In the Antarclic surface waters, it is
observed that the potential alkalinity values are nearly constant with a slight decline to lower silica values
during the summer and winter seasons and that these surface water values are only slightly smaller than the
deep water values (see "x" and "+" signs). This indicates that only a small amount of CaCO, is removed
from the Antarctic and Weddell Sea surface water, while the silica concentration in these waters is reduced
to near-zero values by the growth of silica secreting organisms. The potential alkalinity is reduced only
after silica concentrations reach near-zero values. This suggests that the production of biogenic CaCO, oc-

curs mainly in the subantarctic and subtropical surface waters.
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Relationships between the potential alkalinity and
galinity observed during the F/S Meteor Expedition,
Jan.~March, 1990, in the South Atlantic Ocean and
northern Weddell Sea. Potential alkalinity is
computed by (Total Alkalinity) + (Nitrate), and is
normalized to a salinity of 35.00 o/oo. The highest
potential alkalinity values were observed near the
bottom of the Cape Basin, southeasterin Atlantic.
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Flg. 77 - Relationships between the potential alkalinity and
the concentration of silica in seawater. The former
is normalized to a salinity of 35.00 o/co. UCPDW =
Upper Circumpolar Deep Water; SPBW = Southeast Pacific
Bottom Water; WSDW and WSBW = Weddell Sea Deep and
Bottom Waters; and NADW = North Atlantic Deep Water.
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IV. DATA TABLES

Because of the agreements made by the participants of WOCE expeditions, the numerical data for
the expedition will not be released to the public domain until two full years will be passed after the end of
the expedition. Accordingly, the data will be released in the end of March, 1992. All the data obtained
during the expedition have been submitted to the Carbon Dioxide Information and Analysis Center at the

Oak Ridge National Laboratory for archiving and for the distribution to the public after March, 1992.

The data are presented in two sections. The first is to summarize the chemical data for surface
waters as well as the atmospheric CO, concentration and the sea-air pCO, difference. The second is to list
the total CO, concentration and pCO, data as well as the associated bydrographic data. The latter data set
was obtained by the participating members of the Oceanographic Data Facilities of Scripps Institution of

Oceanography, and the members of the University of Bremen and other German scientific institutions and

the Argentine Hydrographic Office.
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