Tellus (1991), 43B, 1-11

Distribution of carbon dioxide partial pressure in surface
waters of the Southwest Indian Ocean

By C. GOYET!, C. BEAUVERGER?, C. BRUNET?, and A. POISSON?, !Laboratoire de Physique et
Chimie Marines, Universite Pierre et Marie Curie, 4 Place Jussieu, Tour 24-25, 5éme étage, 75252 Paris
Cedex 05, France; Present address: Woods Hole Oceanographic Institution, Woods Hole, M A 02543, USA;
2Institut Océanographique, 195 rue Saint Jacques, 75005 Paris, France; *Laboratoire de Physique et
Chimie Marines, Université Pierre et Marie Curie, 4 Place Jussieu, Tour 24-25, 5éme étage, 75252 Paris

Cedex 05, France

(Manuscript received 28 December 1989; in final form 6 July 1990)

ABSTRACT

Using data from different seasons (July 1984 and February-March 1985), we describe the
geographical, annual, and seasonal variability of the partial pressure of carbon dioxide (pCO,)
in sea surface waters of the Southwest Indian Ocean. In Subtropical regions, we observed pCO,
values almost 45 yatm higher in summer than in winter. This variation is produced principally
by the seasonal change of sea surface water temperature. In contrast, in the Subantarctic region,
pCO, values 25 patm lower in summer than in winter in response to the predominant seasonal
biological activity were observed. This characteristic phase change of the seasonal oceanic
surface pCO, signal with latitude appears to be a global phenomenon and is mirrored in the
northern hemisphere. A comparison with GEOSECS data shows good agreement between
our total CO, profiles and the earlier observations. In the southern region of the Antarctic
convergence, both the measured and calculated pCO, values agree with those of the GEOSECS
program, and confirm that this region of the ocean is probably a source of CO, to the atmo-

sphere throughout the year.

1. Introduction

One of the most important societal problems
that will confront us in the next few decades will be
the increase in atmospheric temperature and
related effects resulting mainly from the fossil fuel
induced increase in atmospheric carbon dioxide
concentration. Many studies are presently under-
way to document this process, and to predict its
future course.

A model developed by Pearman et al,, (1983)
shows that a large amount of CO, from fossil fuel
combustion processes is taken up by the ocean,
especially in high latitudes. This model also
indicates that the amount of CO, penetrating the
ocean has increased by a factor of two during the
last forty years. Though many estimations of the
carbon cycle parameters have been reported
(Salomon at al., 1985), CO, exchanges across the
air-sea interface need to be measured with greater
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accuracy in order to quantify the efficiency of the
ocean to CO, absorption.

On a global scale, one would expect an increase
of CO, penetration in seawater when moving from
the equator towards the poles (Wattenberg, 1933;
Takahashi, 1961; Keeling, 1968; Takahashi et al.,
1980a; Sundquist and Plummer, 1981); this is
globally shown in the model calculation of Pear-
man et al., (1983). The geographical variation of
CO, penetration in the ocean is mainly due to the
increase of CO, solubility with decreasing tem-
perature (Weiss, 1974) and to the advection of sur-
face water into the deep ocean. The CO, penetra-
tion into the deep ocean is usually produced by
three mechanisms: convection in region where
deep water is being formed, diffusion through the
thermocline, and sinking of particulate matter. The
relative contribution of these processes, however,
is still difficult to quantify.

Only two relatively small areas on the ocean
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surface are at the origin of deep waters; in the
North Atlantic Ocean and in the Antarctic Ocean
in the Weddell sea and along the Antarctic conti-
nent (Tchernia, 1980; Broecker and Peng, 1982).
Recent studies suggest that CO, penetration in the
North Atlantic Ocean, as well as in high latitudes
in the Southern Ocean, is quite small (Brewer,
1978; Minas, 1979; Weiss et al., 1979; Chen, 1982;
Brewer et al., 1989; Tans et al,, 1990). For exam-
ple, the Weddell Sea, an active zone of deep water
formation, does not seem to be a strong sink for
CO, (Poisson and Chen, 1982 and 1987). On the
other hand, north of the antarctic convergence,
the observed low pCO, values suggest that very
strong CO, penetration occurs there. Thus, the
subantarctic zone is possibly one of the most
important regional oceanic sink for atmospheric
CO,.

Unfortunately, the Southern Ocean is par-
ticulary poorly documented with regard to the
details of the CO,/carbonate system. The reason
for this poor description is not the lack of interest
but mainly the lack of winter data and paucity of
accurate summer CO, data for this region.

In this paper, we present a first study of the oce-
anic CO,/carbonate system focused on the varia-
tions of pCO, in the upper layer of the southwest
Indian Ocean during July 1984 and March 198S.

2. Location of the samples

All the samples were collected during two
cruises aboard the R/V MARION DUFRESNE in the
southwest Indian Ocean from latitude 23°S to
53°S and from longitude 50°E to 76°E. The tracks
of the cruises and stations location are shown in
Fig. 1.

The first cruise (INDIVAT I) was performed in
July 1984 during the austral winter; it departed
from Réunion Island, went by Crozet, Kerguelen
and Nouvelle Amsterdam islands, and returned to
Réunion Island. Sea surface water samples were
collected at 1-h intervals when the ship was under-
way. This was done using a sea water intake
located at the bow about 4 m below the surface.
Temperature and salinity were recorded during the
entire cruise at the intake by a thermosalinograph
and measurements of pCO,, total alkalinity (TA),
total inorganic carbon (TCO,), salinity and
oxygen were performed directly on board. Deep
samples were also collected at two hydrographic
stations using a CTD-Rosette system. These
stations, at positions 27°S 57°E and 47°40'S
57°50’E, match the G427 and G429 stations of the
GEOSECS program, respectively. The corre-
sponding data from the GEOSECS program
provides us with a data set with which to compare

Fig. 1. Station location and tracks of the cruises (a) July 1984; (b) February—March 1985.
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our results, in order to investigate the seasonal and
interannual evolution of these waters.

The second cruise (INDIVAT III) was per-
formed during the southern summer. The R/V
MARION DUFRESNE departed from Réunion Island
on 23 February and returned on 30 March 1985
(Fig. 1). At each of the 23 hydrographic stations
between 23°S and 53°S, samples of seawater were
collected at 36 different depths from the surface to
the sea floor using a CTD-Rosette system. Stations
3,7, 11 and 25 match with the G427, G428, G429
and G454 stations of the GEOSECS program,
respectively. Several physical and chemical
parameters were measured at each depth (Poisson
et al., 1988); only the parameters of the surface
CO,/carbonate system will be discussed here. Sea
surface samples were also collected between
Nouvelle Amsterdam and Réunion islands. The
following parameters: TA, TCO,, pCO,, pH,
oxygen, nutrients, and salinity were measured on
these samples. Temperature and salinity were
recorded as during the INDIVAT I cruise.

3. Experimental

Analytical techniques used to measure each
parameter have already been described in detail in
Poisson et al., (1988). For the sake of clarity, we
present here a brief reminder of the analytical
techniques used in the determination of TA, TCO,
and pCO,.

3.1. Total alkalinity and total inorganic carbon
measurements

A potentiometric method derived from the one
first described by Dyrssen (1965) and by Dyrssen
and Sillén (1967), and modified by Bradshaw
etal., (1981) was used to determine both TA and
TCO,. These latter were computed from the raw
data using the Gran (1952) method, and the poly-
nomials of the apparent dissociation constants of
carbonic acid computed by Dickson and Millero
(1987) and recommanded by the Joint Panel on
Oceanographic Tables and Standards (UNESCO,
1987). To avoid CO, exchanges with atmosphere,
titrations were performed in a closed cell. In order
to keep the ionic strength of the sample
approximately constant during the course of a
titration, the ionic strength of the acid (HC1 0.1N,
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PROLABO Normadose) was adjusted to 0.7 N
with NaCl. We used solutions of Na, CO, with the
same ionic strength as primary standards (Goyet
etal., 1985). Water circulating around the cell
maintained the sample at a constant temperature,
to within 0.1°C. Measurements were carried out
on board within 24 h following the sampling. The
precision of the method was better than 0.2%
for TA (+3ueqkg™) and 03% for TCO,
(6 umol kg™1).

During March 1985, duplicate samples were
collected in order to measure TCO, by two
methods; potentiometric titration on board by us
and the manometric technique on shore at SIO by
C. Keeling. The results, described along with the
rest of the data from this cruise (Poisson et al.,
1988), show a mean difference of 6 umol kg ' for
the sea surface waters, with corresponds to a dif-
ference of almost 12 patm in pCO,. This disagree-
ment is smaller than in the North Atlantic ocean,
but is still significant.

3.2. Partial pressure of carbon dioxide

Oceanic and atmospheric pCO, was measured
by gas chromatography. The measuring system
derived originally from Weiss (1981), consisted of
a gas chromatograph DELSI, IGC 122, an equi-
librium cell and a microcomputer Commodore,
CBM 4032 (Beauverger and Lemarchand, 1988).
The cell 250 ml plexiglass cell was filled with the
seawater sample and closed after overflowing. A
standard gas (Air Liquide, 350 patm CO, in air)
was used to flush all the tubes joining the cell to the
gas chromatograph, before filling the headspace
(approximately 15 ml) surmounting the water
sample. The headspace was created by a piston
connected to the cell. Fig. 2 shows a simplified
diagram of the equilibration cell. Measurements
were conducted in wet air at atmospheric pressure
and the temperature was maintained constant by
water circulating around the cell. Standard gas and
seawater samples were equilibrated for 5 min, both
by magnetic stirring and gas phase bubbling in the
liquid phase. The aliquot of the gas phase
contained in the calibrated loop was then injected
into the gas chromatograph. The CO, gas was
separated by a column of porapack S and reduced
to methane using a nickel catalytic column at
400° C before being analysed by a flame ionisation
detector (FID). Each measurement in atmospheric
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air or in seawater was flanked with a couple of
appropriated standard gas (Air Liquide, 251, 320,
380 and 450 + 0.25 patm CO, in air). Temperature
corrections on seawater samples were calculated
with the polynomial developed by Copin-Mon-
tegut, (1988). The pCO, results are given at the
local atmospheric pressure in wet air. The preci-
sion was estimated to be better than 0.8% for
atmospheric pCO, and 1% for seawater pCO,
values.

AR
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Fig. 2. Simplified diagram of the equilibration cell for
pCO, measurement.
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Fig. 3. Differences between computed pCO,, using a
property pair TA-TCO, and the dissociation constants
of carbonic acid from Goyet and Poisson (GP), Hansson
(H), Mehrbach et al. (M), and Dickson and Millero
(DM).

3.3. Calculation of pCO, from T4 and TCO, data

PCO, in seawater was also calculated from
measured TA and TCO, values using the algo-
rithms developed for the GEOSECS program
(Takahashi et al.,, 1980b). The apparent dissocia-
tion constants of carbonic acid used are those
recommended by the JPOTS (UNESCO, 1987).

The discrepancies which exist between the
measured and calculated pCO, values are not yet
well explained; they are mainly attributed to the
two apparent dissociation constants of carbonic
acid in sea water medium (UNESCO, 1987).
Recently, a careful determination of these con-
stants has been performed by Goyet and Poisson
(1989). Fig. 3 illustrates the difference between
computed pCO, using this new data set and those
of Mehrbach etal. (1973), those of Hansson
(1973) and those recommended by the UNESCO
report (1987). Although these differences can reach
almost 30 patm, the constants alone cannot be
responsable for the observed differences between
measured and computed pCO,. For instance for
these cruises in the southwest Indian ocean, the
difference observed between measured and
calculated pCO, varied at random from 2 patm to
25 patm.

4. Position of the fronts

The Southern Ocean is characterized by a
system of fronts which separate different water
masses. The geographical position of these fronts,
which are difficult to locate by surface parameters
alone, shows significant annual and seasonal
variability. For instance, south of Africa, over a
period of 25 years, for the same longitude, the
latitudinal position varies 4° for the Subtropical
Convergence (STC), 3.5° for the Subantarctic
Convergence (SAC) and 5° for the Antarctic Polar
Front (APF). Furthermore the width of the fronts
varies during this period from 80 to 460 km for the
STC, 140 to 340 km for the SAC and 60 to 190 km
for the APF (Valentine and Lutjeharms, 1983).
The subtropical convergence, the northernmost of
the fronts, is characterized by a large temperature
gradient, ie., 5°C to 10°C in less than 2° of
latitude. At this front, located at about 40°S, the
subantarctic water moving north-eastward sinks

Tellus 43B (1991), 1
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Fig. 4. Observed temperature versus latitude. (O Eastern track in July 1984. ] Western track in July 1984. X Eastern
track in February-March 1985. * Western track in February—March 1985.
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Fig. 5. Observed salinity versus latitude. (O Eastern track in July 1984. (] Western track in July 1984. X Eastern track

in February-March 1985S. x Western track in February—March 1985.

below the subtropical water moving southward.

The subantarctic front which is not clearly
recognizable with sea surface parameters is
generally located about 5° north of the antarctic
polar front (Valentine and Lutjeharms, 1983). The
latter, located near 50°S separates the cold
antarctic surface water from the warmer (about
2°C) and less saline subantarctic surface water.
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In order to locate these fronts during the two
INDIVAT cruises, temperature, salinity and
oxygen are plotted against latitude for both the
eastern and western tracks (Figs. 4, 5 and 6). For
the sake of clarity and since both (eastern and
western ) tracks present many similarities, the next
discussion will focus on only the eastern track
results.
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Fig. 6. Observed oxygen concentration versus latitude. ) Eastern track in July 1984. (0 Western track in July 1984,
X Eastern track in February—March 1985. x Western track in February-March 1985.

5. Parameters of the CO, [carbonate system

Measured and computed pCO, values for
seasurface water between Kerguelen, Amsterdam,
and Réunion islands are plotted versus latitude in
Figs. 7a and 7b. The difference between Figs. 7a
and 7b shows the random differences of pCO,
between values directly measured and those
calculated from the measured pair TA-TCO,
which have been discussed above. The first notable
feature in the results of July 1984, is the decrease in
pCO, values from approximately 340 patm at
29°S to about 315 yatm at 33°S, followed by a
continuous increase up to approximately 360 yatm
near Kerguelen island at 49°S. The pCO, in sur-
face waters reached equilibrium with atmospheric
pCO, value at around 42°S.

Data of pCO, collected in February—March
1985 on the same transect is also plotted versus
latitude in Fig. 7. From about 28°S to 36°S, pCO,
in surface waters was almost in equilibrium with
atmospheric values, before decreasing to 310 patm
at 40°S and then increasing almost linearly up to
350 patm at 47°S. The atmospheric pCO, value
(343 patm in dry air) shown in Figs. 7a and 7b is
in good agreement with those measured in dry air
on Amsterdam island at the time of the cruises
(Gaudry, personnal communication).

Fig. 8 is a plot of the measured total inorganic

carbon of the seasurface waters from these two
cruises (July 1984 and February—March 1985) on
the same transect Kerguelen, Amsterdam, and
Réunion islands, versus latitude. In July 1984,
TCO, is almost constant at 2060 umol kg ~! from
around 33°S to 45°8S before increasing linearly up
to 2140 umol kg ~* at 49°8S. Though this feature is
similar in March 1985, we observed higher values
in July 1984 than in March 1985. The largest
difference (30 umol kg™'), is located between the
Subtropical and Antarctic convergences.

The TA values determined on the same cruise
track in July 1984 and March 1985, are repre-
sented versus latitude in Fig. 9. Except almost con-
stant TA observed in July 1984 between latitudes
28°S and 42°S, TA decreases continuously with
increasing latitude. These data show higher TA
values in February—March 1985 than in July 1984,
with a difference up to 35 ueqkg~™! between
30°S-40°S.

The comparison of the seasurface data nor-
malized to 35 salinity, from different years
(February 1978 from GEOSECS data and March
1985) does not suggest any detectable increase in
TCO, concentration. At all stations, TCO, values
were virtually unchanged (1945.3 in February
1978 and 1945.7 in March 1985 at 27°S, and
2172.0 in February 1978 and 2172.2 in March 1985
at 48°8S), and certainly do not reflect the expected

Tellus 43B (1991), 1
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Fig. 7. (a) Measured pCO, versus latitude. (O: Eastern track in July 1984. X: Eastern track in February-March 1985.
(b) Calculated pCO, versus latitude. (O: Eastern track in July 1984. X: Eastern track in February—March 1985.

TCO, increase of almost 1 umolkg~'yr~!

(N.A.S, 1983). This unexpected observation is
likely to be the result of the difference in the
accuracy of the measurements. During these two
cruises, TCO, was determined by potentiometric
titration with similar standards. Even if the
apparent dissociation constants of carbonic acid
used for the calculations were not the same (the
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final corrected TCO, values of the GEOSECS
program were computed using the constants of
Mehrbach etal, (1973) while those of the
INDIVAT/INDIGO program were computed
using the recommended equations (UNESCO,
1987) given by Dickson and Millero (1987)), the
difference in computed TCO, due to the difference
between the two sets of constants is smaller than
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1985.

0.5 pmol kg ~!. On the other hand, according to
both the DOE report on the GEOSECS carbon
dioxide results (Ostlund and Dyrssen, 1980) and
Bradshaw et al. (1981), the blanks were poorly
known for GEOSECS measurements and
10 umol kg ~! is easily possible as un uncertainty.

Assuming both that CO, exchanges between sea
surface water and the atmosphere are very fast
compared to those between sea surface water and
the deep ocean (Peng and Broecker, 1985), and
that this region of the ocean (between 35°S

and 48°S) is a strong sink for atmospheric fossil
fuel CO, (Broecker et al., 1986), the difference in
TCO, between 1978 and 1985 should be much
larger than 7 umol kg ~', which represents only a
mean value for the global ocean. This significant
amount which was not detected by the present
TCO, measurements point out the need to better
understanding, and to improve the accuracy of
the determination of the main parameters (TCO,,
TA and pCO,) of the carbonate system in sea
water.

Tellus 43B (1991), 1
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6. Discussion

Over most of the ocean, pCO, variations are
mainly due to seasonal temperature and salinity
changes. Weiss etal, (1982) have shown that
pCO, variations in the tropical Pacific ocean
between 15-20°N and 14-17°S, are for the most
part, a response to seasonal variations in the tem-
perature and salinity of sea surface waters, rather
than to CO, transfers through physical or biologi-
cal processes. Nevertheless, over considerable
areas, significant biological activity, which
decreases TCO, and consequently also pCO,
(Jacques and Treguer 1986, Berger et al., 1986), is
likely to be a major contributor to the seasonal
variations in pCO,.

From July 1984 to March 1985, observed pCO,
values in the upper layer of the Southwest Indian
ocean increase north of approximately 36°S,
whereas south of approximately 36°S, they
decrease. During the same period, at all latitudes,
the temperature increases by more than 3°C.
These observations strongly suggest that the tem-
perature predominates north of approximately
36°S. Southward, both physical mixing and
biological processes produce very large pCO,
variations, and not only mask those induced by
temperature changes, but also decrease sea surface
pCO,.

In order to evaluate the pCO, variation caused
by a change of temperature in a closed system, a
simple calculation using a constant property pair
TCO,-TA leads to a pCO, increase of 65 uatm
at location 33°S, 45°E when the temperature
increases by 5°C from July 1984 to March 1985.
The observed value, which reflects the variation of
pCO, of an open system indicates a pCO, increase
of 45 patm. The amplitude of this observed
increase indicates that the pCO, variations due to
mixing and gas exchange dominates those due to
biological activity. On the other hand, south of
35°S, a similar calculation leads to a pCO,
increase of 15 patm where we observed a pCO,
decrease of 30 uatm. Here, since the observed
pCO, decreased, the seasonal biological activity is
probably the driving process that endows the
pCO, increase due to warmer seawater.

The low pCO, values (down to 30 uatm below
the atmospheric pCO, value) observed in March
1985 between 35°S and 45°S in the Southwest
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Indian ocean are in agreement with general obser-
vations, which would indicate that there is a
latitudinal band located between 40°S and 55°S
where oceanic surface pCO, values are well below
atmospheric pCO, (a difference larger than
30 patm according to Takahashi and Chipman,
1985). These authors indicate that pCO, values
drop in response to a temperature decrease caused
by warm waters (poor in nutrients) which cool
down when moving southwards, and CO,
photosynthetic consumption in cold water
enriched in nutrients. They estimated that about
20% of the CO, injected into the atmosphere by
industry could invade the ocean in this area.

In July 1984, observations within the same
latitudinal band showed pCO, values close to
equilibrium with the atmospheric pCO, value,
thus suggesting that most of the atmospheric CO,
which penetrates in this oceanic area, penetrates
during summertime.

Between 45°S and 55°S both in July 1984 and
March 1985, the observed sea-surface pCO,, values
indicate that the southwest Indian ocean was a
source of CO, for the atmosphere. These high
pCO, values observed south of the Antarctic front
may seem surprising if we refer to the most recent
world map of the difference in pCO, values
between the atmosphere and sea surface waters
(Broecker et al., 1986). They calculated a mean dif-
ference of 20 patm in the area we have studied.
Nevertheless, our pCO, data agree with those of
the GEOSECS program in the southwest Indian
ocean and Antarctic ocean. Gammon et al., (1985)
also observed that in regions where convective
mixing occurs, deep waters with high CO, concen-
trations which reach the surface may create a
source of CO, for the atmosphere. Furthermore,
they demonstrated that most of these areas are
found in the southern hemisphere, south of the
circumpolar current. Like earlier observations of
high pCO, values in the South Pacific ocean
(Miyake et al., 1974) and in the southeast Indian
Ocean (Inoue and Sugimura, 1988), our results
give a new confirmation of these phenomena. Our
data also support earlier atmospheric *C results
that suggest a strong ocean-atmosphere interac-
tion in the region between 50°S and 70°S (Levin
et al., 1987). Thus, this southern part of the ocean
seems to be a source of CO, for the atmosphere
throughout the year.
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7. Conclusion

In order to estimate the mean annual CO, flux
across the air-sea interface, one must know the
transfer coefficient, and the difference in partial
pressure of CO, across the interface. Presently, the
transfer coefficient can be calculated (with an
accuracy better than 30 %) from the wind velocity
at 10 meters, using the relationships suggested
either by Liss and Merlivat (1986) or by Peng and
Takahashi (in press). These latter are based on
14C measurements and give higher results than the
former. It is still however, the paucity of the data
set of the difference between atmospheric and
seasurface pCO, that strongly limitates the
accuracy of the estimation of CO, fluxes across
the air-sea interface. Although we fail to detect
the expected interannual increase of TCO, because
of inaccuracy in the earlier determination of the
parameters of the CO,/carbonate system, poor
knowledge of the horizontal and vertical carbon
fluxes within the ocean, and the small size of the
anthropogenic signal relative to experimental

error and local variability, these new observations
significantly increase the CO, data set of the
southwest Indian ocean. The comparison of
measured seasurface pCO, between July 1984 and
February-March 1985 suggest that north of 35°S,
the seasonal variation of sea surface pCO, is
primarily controlled by the seasurface temperature
whereas it is predominantly regulated by the
seasonal biological activity from approximately
35°S to 45°S. Farther south, down to at least
50°S, this part of the ocean is likely to be a source
of CO, for the atmosphere.

8. Acknowledgements

We wish to gratefully acknowledge the captain
and the crew of the MARION DUFRESNE for their
cooperation during the sampling cruises. We
thank P. G. Brewer for helpful early comments on
this manuscript. This work was supported by the
Terres Australes et Antarctiques Frangaises
(TAAF) and the contract AIP-06931 “cycle du
carbon” PIREN CNRS.

REFERENCES

Berger, W. H., Fischer, K., Lai, C. and Wu, G. 1986.
Primary Production and Organic Carbon Flux in the
World Ocean. A.G.U. (New Orleans), 13-17, January
1986.

Beauverger, C. and Lemarchand, D. 1988. Measure-
ments of CO, partial pressure in air and in seawater.
In: MD 43/INDIGO 1. Rapport de Campagne a la Mer,
TAAF, No. 85-06 (in French) (eds. A. Poisson,
B. Schauer and C. Brunet) Available from Dr. A.
Poisson, L.P.C.M., Université Pierre et Marie Curie,
4 place Jussieu, 75252 Paris, France, pp. 121-122.

Bradshaw, A. L., Brewer, P. G., Shafer, D. K. and
Williams, R. T. 1981. Measurements of total carbon
dioxide and alkalinity by potentiometric titration in
the GEOSECS program. Earth Planet. Sci. Lett. 55,
99-115.

Brewer, P. G. 1978. Direct observation of the oceanic
CO, increase. Geophys. Res. Lett. 5, 997-1000.

Broecker, W. S., Ledwell, J. R., Takahashi, T., Weiss, R.,
Merlivat, L., Memery, L., Peng, T. H., Jahne, B. and
Miinnich, K. O. 1986. Isotopic versus micro-
meteorologic ocean CO, fluxes: A serious conflict.
J. Geoph. Res. 91 (C9), 10517-10527.

Chen, C. T. 1982. On the distribution of anthropogenic
CO, in the Atlantic and Southern ocean. Deep-Sea
Res. 29, 563-580.

Copin-Montegut, C. 1988. A new formula for the effect
of temperature on the partial pressure of CO, in
seawater. Mar. Chem. 95, 29-37.

Dickson, A. G. and Millero, F. J. 1987. A comparison
of the equilibrium constants for the dissociation of
carbonic acid in seawater media. Deep-Sea Res. 34,
1733-1743.

Dyrssen, D. 1965. A gran titration of sea water on board
SAGITTA. Acta Chem. Scand. 19, 1265.

Dyrssen, D. and Sillén, L. G. 1967. Alkalinity and total
carbonate in sea water; a plea for P-T independent
data. Tellus, 19, 113-121.

Gammon, R. H,, Sundquist, E. T. and Fraser, P. J. 1985.
History of Carbon dioxide in the atmosphere. In:
Atmospheric carbon dioxide and the global carbon
cycle (ed. J. R. Trabalka). DOE/ER-0239, Oak
Ridge National Laboratorv. Oak Ridge, TN 37831,
pp. 25-62.

Goyet, C., Brunet, C., Poisson, A. and Culkin, C. 1985.
IAPSO Standard seawater as a reference standard
for alkalinity determinations. Deep-Sea Res. 32,
1437-1443.

Goyet, C. and Poisson, A. 1989. New determination of
carbonic acid dissociation constants in seawater as a
function of temperature and salinity. Deep-Sea Res. 36,
1635-1654.

Gran, G. 1952. Determination of the equivalence point in
potentiometric titrations. Part IL. Analyst 77, 661-671.

Hansson, 1. 1973. A new set of acidity constants for
carbonic acid and boric acid in seawater. Deep-Sea
Res. 20, 461-478.

Inoue, H. and Sugimura, Y. 1988. Distribution and varia-

Tellus 43B (1991), 1



DISTRIBUTION OF CARBON DIOXIDE PARTIAL PRESSURE IN SURFACE WATERS 11

tions of oceanic carbon dioxide in the western North
Pacific, eastern Indian, and Southern Ocean south of
Australia. Tellus, 40B, 308-320.

Jacques, G. and Treguer, P. 1986. Marine pelagic eco-
systems. In: Collection d’écologie 19, (ed. A. Masson).
Springer-Verlag, New York, 243 pp. (in French).

Keeling, C. D. 1968. Carbon dioxide in surface ocean
water: 4. Global distribution. J. Geophys. Res. 73,
4543-4553.

Liss, P. S. and Merlivat, L. 1986. Air-Sea exchanges rates:
introduction and synthesis. In: The role of air-sea
exchange in geochemical cycling (ed. P. Buat-Menard).
NATO ASI series, D. Reidel, Dordrecht, pp. 113-125.

Mehrbach, C., Culberson, C. H., Hawley, J. E. and
Pytkowicz, R. M. 1973. Measurement of the apparent
dissociation constants of carbonic acid in seawater at
atmospheric pressure. Limnol. Oceanogr. 18, 897-907.

Minas, H. J. 1979. Analysis diagram of hydrological and
chemical factors (temperature, salinity, oxygen,
nutrients): Application to the study of the production-
regeneration system in coastal upwellings (NW
African coast) and areas of strong vertical mixing
(Mediterranian, Antarctic Ocean). In: Production
primaire et secondaire. Colloque francosoviétique,
vol. 10, Publ. CNEXO (Actes du colloque) (in
French). Available from Dr. H. J. Minas, Laboratoire
d’océanographie, Case 902, Université de Marseille-
Lumigny, 13288 Marseille Cedex 2, France, pp. 21-36.

Miyake, Y., Sugimura, Y. and Saruhashi, K. 1974. The
carbon dioxide content in the surface waters in the
Pacific ocean. Records of Oceanographic Works in
Japan, 12(2), 45-52.

National Academy of Sciences 1983. Changing climate.
Report of the Carbon Dioxide Assessment Com-
mittee, National Academy Press, Washington, D.C,,
pp. 186-215.

Ostlund, G. and Dyrssen, D. 1980. The GEOSECS
Carbon Dioxide Results. D.O.E. Report CONF-
7911173. Available from U.S. Department of Energy,
Office of Energy Research, Washington, D.C. 205454,
Contract No. DE-FGO05-78EV10140, 117 pp.

Pearman, G. I, Hyson, P. and Fraser, P. J. 1983. The
global distribution of atmospheric carbon dioxide:
1-Aspects of observations and modeling. J. Geophys.
Res. 88, 3581-3590.

Peng, T. H. and Broecker, W. S. 1985. The utility of mul-
tiple tracer distributions in calibrating models for
uptake of anthropogenic CO, by ocean thermocline.
J. Geophys. Res. 90(C4), 7023-7035.

Peng, T. H. and Takahashi, T. 1990. In: Biogeochemistry
of CO, and the Greenhouse Effect. (ed. M. P. Farrell).
American Chemical Society Symposium, CRC/Lewis,
Boca Raton, FL.

Poisson, A. and Chen, C. T. 1982. Results from the
Weddell polynia expedition. EOS 63, 979.

Poisson, A. and Chen, C. T. 1987. Why is there little
anthropogenic CO, in the Antarctic Bottom Water?
Deep-Sea Res. 34, 1255-1275.

Poisson, A., Schauer, B. and Brunet, C. 1988.

Tellus 43B (1991), 1

MD43/INDIGO 1, Les Rapports des campagnes
a la mer, TAAF, 85-06, (in French). Available from
Dr. A. Poisson, L.P.C.M,, Université Pierre et Marie
Curie, 4 place Jussieu, 75252 Paris, France, 267 pp.

Solomon, A. M., Trabalka, J. R., Reichle, D. E. and
Voorheed, L. D. 1985. The global cycle of carbon. In
(ed. J. R. Trabalka) Atmospheric carbon dioxide and
global carbon cycle DOE/ER-0239, Oak Ridge
National Laboratory, Oak Ridge, TN. pp. 2-12.

Sundquist, E. T. and Plummer, L. N. 1981. Carbon
dioxide in the ocean surface layer: Some modeling con-
siderations. In: Carbon cycle modeling, Scope 16. (ed.
B. Bolin). John Wiley, New York, pp. 271-286.

Takahashi, T. 1961. Carbon dioxide in the atmosphere
and in Atlantic Ocean water. J. Geophys. Res. 66,
477494,

Takahashi, T. and Chipman, D. W. 1985. Circumpolar
oceanic CO, sink zone. TAMAP/-IAPSO Joint
Assembly Program, Aug. 5-16, Honolulu, Hawaii,
(abstract). Available from Lamont-Doherty Geologi-
cal Observatory, Palisades, NY 10964, p. 34.

Takahashi, T., Broecker, W. S. and Werner, S. R. 1980a.
Carbonate chemistry of the surface waters of the world
oceans. In Isotope marine chemistry (eds. E. G.
Goldberg, Y. Horibe, K. Suruhashi). Uchida
Rokakuho, Tokyo, pp. 291-326.

Takahashi, T., Broecker, W. S., Bainbridge, A. E. and
Weiss, R. F. 1980b. Carbonate chemistry of the Atlan-
tic, Pacific and Indian Ocean: The results of the
GEOSECS expeditions, 1972-1978. Technical Report
No. 1, CV-1-80. Available from Lamont-Doherty
Geological Observatory, Palisades, NY 10964.

UNESCO 1987. Thermodynamics of carbon dioxide
system in seawater. Report by the carbon dioxide sub-
panel of the JPOTS. UNESCQO Technical Papers in
Marine Science, 51, 55.

Valentine, H. R. and Lutjeharms, J. R. E. 1983. Oceanic
thermal fronts in the southern ocean, A statistical
analysis of historic data south of Africa. CSIR
Research Report 558.

Wattenberg, H. 1933. Calcium carbonate and concentra-
tion of carbon dioxide in seawater. Wiss. Ergeb. Dtsch.
Atlantischen Exped., (in German). 1925-1927, 8,
233-331.

Weiss, R. F. 1974. Carbon dioxide in water and seawater:
the solubility of a non ideal gas. Mar. Chem. 2,
203-215. .

Weiss, R. F. 1981. Determinations of carbon dioxide
and methane by dual catalyst flame ionization
chromatography and nitrous oxide by electron capture
chromatography. J. Chromatogr. Sci. 19, 611-616.

Weiss. R. F., Jahnke, R. A. and Keeling, C. D. 1982.
Seasonal effects of temperature and salinity on the par-
tial pressure of CO, in seawater. Letters to Nature 300,
511-513.

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



