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Abstract

Measurements of the fugacity of CO,, salinity, in situ temperature, nutrients and chlorophyll-a were made in November
1997, January/February and June 1998, during the “Ocean Circulation in the Southwest Atlantic Region” program (COROAS).
The surface water fugacity of CO,, fCO,(sw), in the open ocean was 362.8 patm, corresponding to a fugacity difference
between surface water and atmosphere (AfCO,) of +3.2 patm in November; 425.5 patm (AfCO,=+75.0 patm) in January/
February, and 350.6 patm (AfCO,=—4.0 patm) in June, respectively, for the latitudes south of 25.3°S. These fCO,(sw) values
suggest that only during winter does this oceanic area absorb any atmospheric CO,, whereas in the remaining seasons CO, is
released into the atmosphere. North of 25.3°S CO, was released into the atmosphere during all the seasons, with highest AfCO,
at the continental shelf. The contribution of biological and temperature effects to the seasonal fCO,(sw) variations was
calculated by dividing the region sampled into three subsections: the continental shelf, the continental slope and the open ocean.
These calculations were compared with normalized fCO,(sw) and it was concluded that the main contributions to the fCO,(sw)
gradients in the open ocean are the in situ temperature and the exchange of CO,(g) with the atmosphere. In the slope and shelf
zones the biological regenerative processes must also be considered. The estimated net sea—air CO, fluxes ranged between —1.1
and 0.1 mmol m ™2 day ' for the open ocean, 0.4 and 3.7 mmol m > day ' for the slope and 0.3 and 9.8 mmol m > day ' for
the shelf zone, using the Wanninkhof 92 formula. It is reasonable to assume that the study area is a source of CO, for the
atmosphere and the sea—air CO, fluxes over the continental shelf and slope could lead to refinements regarding the calculations
of continental shelf pump.
© 2005 Elsevier B.V. All rights reserved.
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number of measurements of oceanic CO, distribution
have been made over the last decade. However, the
quantification of the oceanic uptake of anthropogenic
CO, is still uncertain (Siegenthaler and Sarmiento,
1993; Houghton et al., 1995; Balifio et al., 2001;
IPCC, 2001; Thomas et al., 2001; Takahashi et al.,
1997 and 2002). But, reliable forecasts of climatic
change depend on the understanding and quantifica-
tion of sinks and sources of atmospheric CO,, of its
transport and removal to other reservoirs, the oceans
among them.

Although coastal zones and continental shelves
represent 7% of the total oceanic area, they host
disproportional intense biological activity and/or
physical mixing processes. The percentage of primary
productivity of the shelf zone, compared to that of the
open ocean, ranges from 20% to 40% (Walsh, 1988)
and plays a significant role, therefore, in the absorp-
tion of atmospheric CO,. The role of these ocean
areas will depend on the balance between absorption
and regeneration of CO, in these surface seawaters
and their transport into the open ocean. If the CO,
absorbed in these areas is transported to the open
ocean, the current models that estimate the absorption
of anthropogenic CO, by the oceans may be
inaccurate by as much as 20-50% (Tsunogai et al.,
1999; Thomas et al., 2004a).

During recent years detailed field studies have been
initiated in a few areas such as the East China Sea, the
Baltic and North Seas and the NW European shelf.
However, on a global scale, only limited information
on these CO, fluxes is currently available (Bakker et
al., 1996; Boheme et al., 1998; Chen and Wang, 1999;
Thomas et al., 1999; Thomas and Schneider, 1999;
Tsunogai et al., 1999; Liu et al.,, 2000a,b; Frank-
ignoulle and Borges, 2001; Borges and Frankignoulle,
2002, 2003; Friederich et al., 2002; Cai et al., 2003;
Chen et al., 2003; Murata and Takizawa, 2003;
Thomas et al., 2003; Thomas et al., 2004a).

Carbon cycle studies focusing on CO, gas
exchanges in South Atlantic waters have been carried
out during the last decade (e.g. Takahashi et al., 1993,
2002; Schneider and Morlang, 1995; Oudot et al.,
1995; Goyet et al., 1998a; Kortzinger, 2003). How-
ever, these studies are, in general, restricted to the
open ocean and are based on scanty observational
data. Further studies have been carried out into carbon
cycling along the western shelf of the South Atlantic

Ocean, with a focus on particulate carbon transport in
mangroves margins (Ovalle et al., 1999; Jennerjahn
and Ittekkot, 2002; Borges et al., 2003; Jennerjahn et
al., 2003).

Within this context, the purpose of this study is the
investigation of the seasonal fCO,(sw) variation at the
ocean surface in the western region of the South
Atlantic, including the open ocean and adjacent
continental shelf, as well as the examination of its
impact on the calculation of the net flux of CO, across
the air—sea interface.

2. The study area

The region sampled lies in the Southwestern
subtropical Atlantic (Fig. 1).

The region section of the Brazilian coast is known
as the South Brazil Bight (SBB). The continental
slope in this zone begins at the 180 m isobath and the
foot of the slope lies at the 2000 m isobath. The Brazil
Current (BC), which flows southward as a shallow
current at a depth of approximately 200 m, dominates
the offshore circulation (Castro and Miranda, 1998).
The meandering main axis of the BC, the location of
which has been established on the basis of AVHRR/
NOAA-11 satellite images (Godoi et al., 2004), is
presented in Fig. 1.

The water masses in the South Brazil Bight arise
from the mixing of the following water masses: the
Tropical Water, TW, (7'>20.0 °C and §>36.40) and
the South Atlantic Central Water, SACW, (7<20.0 °C
and $<36.40), both being transported southward by
the BC in approximately the upper 500 m, and the
Antarctic Intermediate Water, AIW. On the continen-
tal shelf the Coastal Water, CW, results primarily from
the mixing of saline basin water, local runoff and the
less saline water of sub-antarctic origin transported
northward by the coastal branch of the Falkland
Current (Emilson, 1961; Miranda, 1972, 1985).

The low concentrations of nutrients and chloro-
phyll-a in the SBB surface waters reflect the domi-
nance of the oligotrophic BC (Aidar et al., 1993;
Gaeta, 1999; Gianesella, 2000; Kampel, 2003). The
SACW intrusion and upwelling on the continental
shelf during summer is considered to be the main
nutrient fertilization process in the euphotic zone
leading to subsurface maxima of chlorophyll-a con-
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centrations (Aidar et al., 1993; Gaeta, 1999; Giane-
sella, 2000). Higher degrees of O, saturation are
coincident with the maxima of chlorophyll-a, suggest-
ing the photo adaptation of phytoplankton in the lower
layers of the euphotic zone (Aidar et al., 1993).

3. Methods

The measurements were made aboard the R.V.
“Prof. W. Besnard”, from November 01 to 05, 1997,
January 31 to February 06, and on June 25 and 26,
1998, during the “Ocean Circulation in the Southwest
Atlantic Region” program (COROAS). The transects
and the stations of the three cruises undertaken are
shown in Fig. 1. Stations, depths and sampling
parameters are presented in Table 1.

The November cruise was called COROAS 3, the
January/February one COROAS 4, and the June one
COROAS 5.

3.1. fCO; surface seawater and atmosphere
measurements

The surface water was measured continuously at a
depth of 3 m on the transects represented in Fig. 1. For
the measurements of fCO, (air), the marine air was
supplied by a pump from the top of the vessel where it
was free of possible contamination from the ship
itself. The fCO, (air) was measured every 6 to 12 h.

The fCO,(sw) was determined by continuous
equilibration of seawater with a closed loop of air
and integrated non-dispersive infrared CO, detection
(LI-COR 6262). The equilibrator was made of glass
and submerged in a bath containing the overflowing
seawater from which the gas phase was sampled at 1-
min intervals, according to Kortzinger et al. (1996).
The water temperature in the equilibrator was
continuously recorded using a handmade thermo pair
with a precision of +0.01 °C. The differences
between the equilibrator and the thermosalinograph
temperatures did not exceed 0.6 °C.

Concentration of CO, in the equilibrated gas was
compared every 6 h with Air Liquide standards of
CO, in compressed air with nominal concentrations of
0.0, 240.1 and 358.0 ppmv. Its fugacity was calculated
from the partial pressure corrected for the non-ideal
behaviour of CO, using Weiss’s equation (1974).

Table 1
Parameters, depths and sampling stations during the COROAS
cruises

Cruise/parameters Depth (m) Station number
COROAS 3 (Nov/01-05/97)
SCO,(sw) 3 underway
(1 min intervals)—3
transects
fCO,(atm) - each 6-12 h
Chlorophyll-a, phosphate, 3 1to 21
nitrate plus nitrite
Salinity 3 underway
(1 min intervals)—3
transects
In situ temperature 3 underway
(1 min intervals)—3
transects
COROAS 4 (Jan 31-Feb 06/98)
SCO,(sw) 3 underway
(1 min intervals)—3
transects
fCO,(atm) - each 6-12 h
Chlorophyll-a, phosphate, 3 1to 24
nitrate plus nitrite
Salinity 3 underway
(1 min intervals)—3
transects
In situ temperature 3 underway
(1 min intervals)—3
transects
COROAS 5 (Jun/25-26/98)
SCO,(sw) 3 underway
(1 min intervals)—2
transects
fCO,(atm) - each 6-12 h
Chlorophyll-a, phosphate, 3 1to 14
nitrate plus nitrite
Salinity 3 underway
(1 min intervals)—2
transects
In situ temperature 3 underway
(1 min intervals)—2
transects

The difference between the equilibrator and in situ
temperatures was corrected by the Takahashi et al.’s
equation (1993), where:

FCO(sw) = fCOx (equil)exp[0.0423 (Tis — Toq)]
(1)

where Tj is the sea surface temperature, T¢q is the
temperature of the seawater in the equilibrator and
fCO, (equil) is the CO, fugacity in the equilibrator.
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During those periods when the vessel was at a
station, measurements of fCO,(sw) showed a preci-
sion of about + 0.5 patm. The precision of fCO, (air)
measurements was of + 0.2 patm.

The accuracy of fCO,(sw) is difficult to estimate.
From the results of a pCO, intercomparison exercise
(Kortzinger et al., 2000), the precision of the
fCO,(sw) measurements was estimated at = 1-2 patm
atm and the accuracy at about +5 patm.

3.2. Hydrographic and meteorological measurements

Hydrographical and meteorological parameters—in
situ temperature and salinity of surface seawater, total
pressure, temperature and relative humidity—were
available as 1-min averages.

The salinity and temperature of the surface sea-
water were monitored with a thermosalinograph,
which was calibrated against a precision mercury
thermometer prior to the cruises and compared with
the CTD measurements during the cruises.

The precision and accuracy were +0.001 °C and
+0.01 °C for in situ temperature and +0.001 and
£0.005 for salinity, respectively.

3.3. Chlorophyll-a and nutrients

Concentrations of chlorophyll-a and nutrients were
measured at about 20-mile intervals (Fig. 1, Table 1).

Samples for chlorophyll-a and nutrients (phosphate
and nitrate plus nitrite) were gently filtered onto
Whatman GF/F. The former was measured by
spectrophotometry of acetone extracts, according to
Jeffrey and Humphrey (1975), presenting precision
equal to +0.01 pg L™" and accuracy of better than
+1%.

Phosphate and nitrate plus nitrite were determined
according to Grasshoff et al. (1983). The precision
and accuracy were +0.02 umol L™" and + 15% for
phosphate and + 0.2 pmol L™ " and + 3.3% for nitrate
plus nitrite, respectively.

3.4. Calculation of sea—air flux of CO,

The net sea—air CO, flux, F, can be estimated by
the equation:

F= kkO( Afco2)sea—air (2)

where k is the CO, gas transfer velocity, k, is the
solubility of CO, in seawater (Weiss, 1974) and
(AfCO»)geaair 18 the sea—air fCO, difference.

The value for (AfCO,)scanir Was calculated by
subtracting the fCO,(sw) measured in the surface
water from the average of atmospheric fCO,(air)
values for each cruise.

The CO, gas transfer velocity was estimated using
the formulas of Liss and Merlivat (1986), LM86, and
Wanninkhof (1992), W92.

The wind speeds used in the calculation of k were
the averages of two positions for COROAS 3 (25°S—
42.5°W and 25°S-45°W) and three for COROAS 4
and 5 (25°S-42.5°W, 25°S-45°W and 27.5°S-45°W),
as formulated by the European Centre for Medium-
Range Weather Forecasts (ECMWF), for which the
wind speeds are presented each 6 h.

The average fCO,(sw), salinity and temperature
data were calculated each 6 h and the average net sea—
air CO, fluxes of the cruises were found by dividing
the sampling area into continental shelf, continental
slope and open ocean.

4. Results and discussion
4.1. Spatial variation

The distribution of fCO, in the surface seawater
and the atmosphere and in situ temperature, for the
different seasons, can be seen in Fig. 2.

The latitude trends of surface fCO,(sw) showed
great variation during all the sampling seasons.

During the COROAS 3 cruise (Nov/97) the
fCO,(sw) results suggest that the ocean was a weak
source of CO, for the atmosphere, which had a
fCO,(air) average of 359.6 £ 4.2 patm and a AfCO, of
3.2 patm. North of 25°S the fCO,(sw) distribution
showed great variation, presenting AfCO, of up to
78.3 patm (Fig. 2A). The water mass, which
characterizes this sampling region, is of the Tropical
Water (Miranda, 1985; Campos et al., 1995) (Fig. 3).

The COROAS 4 and COROAS 5 cruises pre-
sented the TW water mass in the open ocean and
CW evidencing considerable influence of TW
(34<5<36.4) on the continental shelf (Castro and
Miranda, 1998), which results from a slight land
runoff mixed with TW (Fig. 3).
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Fig. 2. Distributions of fCO, (A, B and C) and in situ temperature (A’, B" and C’) in surface seawater, during the COROAS 3, 4 and 5 cruises.
The numbers within the graphs correspond to the 100, 200 and 2000 m isobaths.

During COROAS 4 (Jan—Feb/98) the fCO,(sw)
distribution indicated that there was no significant
variation south of about 25°S. The fCO,(sw) was
greater than the fCO,(air) of 350.5+0.9 patm
showing a AfCO, of from 60 to 80 patm. For latitudes
north of 25°S the AfCO, gradients were as high as
125.8 patm. It has thus been inferred that the ocean is
a source of CO, for the atmosphere regardless of the
water masses present.

During the COROAS 5 (Jun/98) a fCO,(air) of
354.6 &+ 3.0 patm was observed and the ocean acted as
a sink for atmospheric CO,, presenting AfCO, of up
to —9.5 patm south of 25.5°S (Fig. 2C). Between
24°S and 25.5°S the ocean is a source of CO, for the
atmosphere with a AfCO, of up to 28.3 patm.

From the rise of the continental slope, around the
2000 m isobath, up on to the continental shelf, the

fCO,(sw) distribution is that of the open ocean data
plus a local contribution. In that zone, the surface
seawater was a source of CO, for the atmosphere,
presenting the highest AfCO, during all seasons. The
highest AfCO, ocurred in the summer (+125.8 patm);
followed by the spring cruise (+78.3 patm) and the
winter cruise (+28.3 patm). Besides this, during all the
cruises, two maximum peaks of fCO,(sw) were
observed, both where the water depths were less than
100m and also above the continental shelf.

The concentrations of chlorophyll-a, i.e. of primary
productivity, were low during all the cruises and their
concentrations and distribution showed no significant
effect on the fCO,(sw) gradients observed (Table 2).

In general, the concentrations of phosphate (PO3 ")
and nitrate plus nitrite (NO; /NO, ) were low. Con-
centrations of up to 0.65 pmol L™' PO;~ and 4.0
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pmol L™! NO3/NO5 were found and their averages
are presented in Table 2. Dissolved inorganic nitrogen
(NO5/NO5) to phosphate (PO3 ") atomic ratios of
about 3:1 suggest a limitation of primary production
by nitrogen in this area. Low nutrient concentrations,
low biomass and low productivity are the common
features associated with the warm and highly salinity
TW water mass (Signorini, 1978).

Despite these low concentrations, it was observed
that the chlorophyll-a concentrations were relatively
higher in winter than in summer and the nutrients
lower in the winter. The same behaviour was observed
for chlorophyll-a and primary productivity by Aidar
et al. (1993) and Kampel (2003) for the coastal waters
of the SSB, which was explained as being due to an
intrusion of rich cold water transported from the south
by a coastal current, meanders and vortices caused by
the BC and coastal upwelling.

Although we observed a certain seasonal pattern in
the distributions of chlorophyll-a and nutrients, no

significant correlation could be established between
them and the distribution of fCO,(sw).

The hydrographic conditions of the study area
allow us to propose a possible explanation for the
observed pattern in the fCO,(sw) distribution. Studies
of Castro (1996) and Castro and Miranda (1998)
indicate that the 7—S characteristics of the area from
the continental shelf to the coastline in that region
show the presence of South Atlantic Central Water
(SACW, T'<20 °C and §<36.40) at about 50 km or
less (<24.4°S) from the coast in the summer, and in
the winter the SACW is detected at depths greater
than 100 m. The authors report that the interactions
between CW, TW and SACW in the surface seawater,
which reflect mixing processes, that take place over
the continental shelf mainly during the summer.
Campos et al. (2000) suggested that the mechanism
responsible for pumping the SACW onto the con-
tinental shelf was a meander induced continental slope
upwelling in the winter, and a combination of
continental slope and wind-driven upwelling in the
summer. As was to be expected, the coastal upwelling
of SACW takes place during the summer but in the
winter this process is weaker. Due to this dynamic
process, this coastal area is characterized by a higher
primary productivity in the subsurface waters at the
deeper layers of the euphotic zone (Aidar et al., 1993;
Gaeta, 1999; Gianesella, 2000; Kampel, 2003). On the
other hand, the studies of Ovalle et al. (1999) in the
SBB in the latitudes between 15° and 20°S show a
local variation of chemical constituents, including
CO,. Supersaturation of CO, was observed to the

Table 2
Mean values, standard deviations and range of nutrients and
chlorophyll-a at the stations during the COROAS cruises

Chl-a P-PO;~ N-NOj +N-NO3
(ugL™H (pmol L™ (umol L™
COROAS 3
Mean 0.05 0.13 0.6
S.D. 0.04 0.13 0.9
Range 0.01/0.16  0.00/0.61 0.1/3.9
COROAS 4
Mean 0.07 0.15 0.4
S.D. 0.06 0.10 0.4
Range 0.00/0.24  0.01/0.28 0.0/1.3
COROAS 5
Mean 0.12 0.07 0.1
S.D. 0.03 0.05 0.1
Range 0.09/0.18  0.00/0.11 0.0/0.2
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south, which may be explained by the activity of the
bacterioplankton that competes with phytoplankton
for the nutrients in the surface waters and by the
bacterial activity associated with the input of dis-
solved organic nutrients from the small river—man-
grove systems. These observations agree with Metzler
et al. (1997) who concluded that the study area is
mainly of regenerative type production, where the
nitrogen compounds are reduced due to plankton
excretion and bacterial activity.

Thus, the observed fCO,(sw) data for the shelf and
slope area, as also those peaks over the continental
shelf can be associated with the mechanism of coastal
upwelling, with the highest values occurring in
summer/spring and the lowest in the winter, and with
the local metabolic activity in these waters.

4.2. Seasonal variation

On the basis of the spatial distribution of fCO,(sw)
and the processes associated with it, the measurements
were divided into three subsections: south of latitude
25.3°S, between 24.6°S and 25.3°S, and north of
24.6°S. The former corresponds to the open ocean; the
second also, through on the continental slope, and the
third to the continental shelf.

Table 3

For latitudes south of 25.3°S the open ocean
presents different fCO,(sw) for each season. It acts as
a sink for or a source of atmospheric CO,, with mean
values of 362.8 patm (AfCO,=+3.2 patm) in Novem-
ber (Fig. 2A); 425.5 patm (AfCO,=+75.0 patm) in
January/February (Fig. 2B), and 350.6 patm (AfCO,=
—4.0 patm) in June (Fig. 2C). These fCO,(sw) values
suggest that this oceanic area is a slight sink for
atmospheric CO, during wintertime only.

On the continental slope and continental shelf these
gradients are higher than in the open ocean, and the
ocean was a CO, source for the atmosphere during all
seasons. The mean values of fCO,(sw) in these areas
are presented in Table 3.

4.2.1. Temperature and biological effects

The effects of temperature were observed during
the winter cruise (COROAS 5). For the latitudes south
of 24.6°S the in situ temperature presents a positive
linear relationship with fCO,(sw), with a correlation
coefficient of 0.92 (Fig. 2C—C"). If no exchange with
the atmosphere takes place during the temperature
changes of surface seawater, a temperature coefficient
of 1.80%/°C is found for the winter cruise. For
COROAS 3 (south of 25°S) and COROAS 4 (south of
24.6°S) a temperature coefficient of 1.70%/°C is

Average of in situ temperature, CO, fugacity, and the effects of seasonal temperature/biological changes on surface CO, fugacity during the

COROAS cruises

Cruise Temperature (°C)  fCO, (patm)

(AfCO2)pio (patm) — (AfCOy) emp (Hatm)  T—B (patm)  7/B

COROAS 3 mean

Latitude >25.3°S 24.08 362.8
Latitude >24.6° to <25.3°S 24.12 376.7
Latitude <24.6°S 24.01 394.9
COROAS 4 mean

Latitude >25.3 °S 27.69 425.5
Latitude >24.6° to >25.3°S 26.97 424.6
Latitude <24.6°S 27.03 431.1
COROAS 5 mean

Latitude >25.3°S 21.58 350.6
Latitude >24.6° to <25.3°S 23.61 364.2
Latitude <24.6°S 22.04 368.7
Annual mean

Latitude >25.3°S 24.45 379.6
Latitude >24.6° to <25.3°S 24.90 388.5
Latitude <24.6°S 24.36 398.2

27.2 99.2 72.0 3.6
4.8 56.2 51.4 11.7
21.7 84.8 63.2 39
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found with positive correlations of 0.35 and 0.32,
respectively. Although a direct linear relationship
between temperature and fCO,(sw) is not strongly
supported by COROAS 3 or COROAS 4, the seasonal
distribution of fCO,(sw) seems to reflect the change
of the in situ temperature, mainly for the open ocean
waters. This behaviour is presented in Fig. 4 where all
the fCO,(sw) data have been normalized to the same
temperature (24.57 °C) and also in Table 3 where the
average of fCO,(sw) and the in situ temperature for
each cruise at the latitudes where the salinity was
approximately constant are considered, as well as the
total alkalinity and dissolved inorganic carbon.

The normalized fCO,(sw) data show that COROAS
3 (spring) and 4 (summer) have a very similar
distribution for the open ocean and continental slope.
The COROAS 5 (winter) differs from the other
cruises by about +25-30 patm for the open ocean
but is closer to them on the continental slope. In the
shelf zone the summer cruise presents a somewhat
different fCO,(sw) distribution from those of the
spring and winter cruises.

In order to understand the relative importance of
the temperature and biological effects on the seasonal
changes of fCO,(sw) during the COROAS cruises the
method of analysis proposed by Takahashi et al.
(2002) is applied to the three subsections described
above.
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To remove the temperature effect from the
fCO,(sw) data, these were normalized to a constant
temperature corresponding to the mean annual in situ
temperature of seawater at these latitudes, in accord-
ance with the equation:

fCO2(sw) at Tiean

= (fC02) 1,exP[0.0423( Tinean — Tobs)] (3)

where Thean 1S the mean annual in situ temperature,
Tops the in situ temperature values and (fCO,)qs the
in situ CO, fugacity.

The effect of temperature changes on the observed
fCO,(sw) is computed by using the equation:

fCO,(sw) at Tops = (Mean annual fCO,(sw)
exp[0.0423(Tops — Timean)]

The biological effect on the fCO,(sw) distribution,
AfCO,(sW)p;o, Was calculated with the equation:

(Afco2(sw))bio = (fCOZ (SW) at Tmeaﬂ)max
- (fCOZ(SW) at Tmeaﬂ)min (5)

where ‘max’ and ‘min’ indicate the seasonal max-
imum and minimum values.

COROAS 5

-26 =27 -28
Latitude

Fig. 4. Normalized fCO,(sw) to the temperature of 24.57 °C during the COROAS cruises.
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The temperature effect on the fCO,(sw) distribu-
tion, AfCO,(sW)emp, Was calculated by using the
equation:

(AfCOZ(SW)) = (fCOz(SW) at Tobs)

temp max

— (fCO(sw) at Tovs)in ~ (6)

The relative importance of the effects presented in
Egs. (4) and (5) was calculated by the two following
expressions:

(T — B) = (AfCO;y(sw))

temp

— (AfCOy(sw)),;, Or T/B
= (AfCO2(sW))iemp/ (AFCO2(sW) )iy (7)

where T refers to the temperature effect and B to the
biological effect on the fCO,(sw) distribution.

The results obtained using Egs. (5), (6), and (7) are
presented in Table 3. In all the subsections the relative
importance of the temperature effect was greater than
that of the biological effect. For the open ocean and
shelf zone the ratios 7/B were 3.9 and 3.6, respec-
tively, which means that the temperature effect is
more than three times greater than the biological

Table 4

effect. On the continental slope the fCO,(sw) distri-
bution is strongly dominated by the temperature
effect, and this ratio is 11.7. On the basis of the 7/B
ratios described and the Revelle factor equal to 8.9
(Schneider and Morlang, 1995), the seasonal bio-
logical CO, utilization was estimated at about 15
umol kg~' for the open ocean; about 12 pmol kg™
for the continental shelf and 3 pmol kg~ ' on the
continental slope.

Data presented by Takahashi et al. (1993, 2002) for
the South Atlantic (pCO,(sw) versus temperature)
show the same behaviour as the present data, i.e. a
considerable temperature effect on the fCO,(sw) data.
Those authors point out that the subtropical oceans
exhibit a biological effect of less than 50 patm and a
temperature effect greater than 80 patm. Although the
present work is limited to three seasons, the calculated
biological effect was <27.2 patm and the temperature
effect <99.2 patm (Table 3). The normalized
fCO,y(sw) distribution in Fig. 4 agrees with the
calculations presented in Table 3 for the open ocean,
where the normalized fCO,(sw) on the COROAS 5
cruise differs from the others by about +25-30 patm
and this difference can be attributed to the biological
effect on these data, calculated as 27.2 patm by

Averages, standard deviations and range of sea—air fluxes of CO, in the open ocean and on the slope and shelf during the COROAS cruises,

based on the LM86 and W92 formulas

Cruise LM86 fCO,—SD
(mmol m~? day ")

LM86 range
(mmol m~? day ")

W92 fCO,—SD
(mmol m~? day ")

‘W92 range
(mmol m? day ")

COROAS 3 mean

Latitude >25.3°S 0.1+0.1
Latitude >24.6° to <25.3°S 1.5+ 1.1
Latitude <24.6°S 5.8+0.6
COROAS 4 mean

Latitude >25.3°S 2.7%£25
Latitude >24.6° to <25.3°S 2.1+1.7
Latitude <24.6°S 2.0£2.8
COROAS 5 mean

Latitude >25.3°S —-0.6%£0.5
Latitude >24.6° to <25.3°S 0.2+0.0
Latitude <24.6°S 0.1+£0.0
COROAS mean

Latitude >25.3°S 0.7+ 1.8
Latitude >24.6° to <25.3°S 1.3+£1.0
Latitude <24.6°S 2.6+£29

—0.1/-1.0

—0.6/2.7

0.0/0.2 0.1£0.1 0.0/0.4
0.5/2.7 23+1.6 0.7/4.1
5.4/6.2 9.8+1.1 8.9/8.9
0.2/5.8 44+33 0.4/9.3
0.3/3.5 3.7+£22 1.2/5.5
0.5/5.2 42429 2.5/7.6
—-1.1+09 —0.2/-1.9
0.2/0.2 0.4+0.0 0.4/0.4
03+0.3 0.1/0.4
12+£29 —1.1/4.4
2.1+1.7 0.4/3.7
0.1/5.8 481438 0.3/9.8
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Takahashi et al. (2002). However, it seems that over
the slope and shelf zones the physical mixing
processes and biological activity, other than primary
productivity, must also be taken into consideration,
because the normalized values still present some sharp
gradients which are not to be explained by the primary
productivity (chlor-a) effect obtained on the basis of
the calculations presented in Table 3.

Taking these results into account and bearing in
mind that the data show a depletion of nutrients and
primary productivity (chlorophyll-a) during all sea-
sons, these findings lead to the conclusion that the
main contributions to the seasonal fCO,(sw) patterns
in this open ocean region are the CO, exchange with
the atmosphere and in situ temperature changes. The
boundary between whether the open ocean surface
seawater serves as a sink or as a source of CO, for the
atmosphere is determined by the temperature of about
23 °C.

The observations on the slope and shelf zones
suggest that the fCO,(sw) values vary by virtue of
vertical mixing processes and biological activity, as
well as of the water temperature.

4.3. Net sea—air CO, fluxes

The averages of calculated sea—air CO, fluxes
based on the LM86 and W92 are listed in Table 4 for
the three ocean subsections: open ocean (lat-
itude >25.3°S); slope (latitude>24.6° to <25.3°S)
and shelf (latitude <24.6°S). Fig. 5a, b and ¢ present
these fluxes for the study area.

In accordance with Table 4 and Fig. 5a, b and c, the
CO, fluxes indicate that this surface ocean area is a
source of CO, for the atmosphere except during the
winter for the open ocean, where the CO, flux
calculated was of —I1.1 mmol m ? day ', in
accordance with W92.

The COROAS 4 cruise presented only slight
differences in the magnitude of the fluxes as between
the open ocean and the continental shelf (around 4.0
mmol m * day '), whereas on COROAS 3 and 5
these fluxes became greater towards the north (Fig. Sa
and c). However, the summer cruise presented greatest
variation in the fluxes due to changes in wind speed
(Fig. 5b).

In the continental slope waters the CO, fluxes
ranged from +0.4 to +3.7 mmol m 2 day ' and in the

shelf zone from +0.3 to +9.8 mmol m 2 day . The
strongest winds during the spring favoured a greater
CO, flux than in summer and winter over the
continental shelf.

—
o

C Flux (mmol m3d7)

o N oA @ @

C Flux (mmol m3d")

C Flux (mmol m3d ")
o N0 A o @

Fig. 5. Net sea—air fluxes of CO, (mmol m 2 day ') during the
COROAS cruises, according to Wanninkhof’s formula (1992). a.
COROAS 3 cruise. b. COROAS 4 cruise. c. COROAS 5 cruise. The
dark grey colour bars within the graphs correspond to a CO, flux
from the surface seawater for the atmosphere and the light grey one
to a CO, flux from the atmosphere for the surface seawater.
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The COROAS average net fluxes, in moles CO,
m 2 year ', for the open ocean, slope and shelf were
+0.4, +0.8 and +1.6, respectively, using the W92
formula. The average flux for the open ocean is
slightly higher than the mean annual net flux proposed
by Takahashi et al. (2002) for the year of the
reference, 1995, for which the data compiled showed
a CO, flux of about +0.2 mol CO, m 2 year*1 in the
corresponding area. However, this oceanic area is still
a weak source of CO, for the atmosphere.

The sea—air CO, fluxes calculated for the shelf
waters in various latitudes and for both hemispheres
are presented in Table 5.

Table 5

Most reported sea—air fluxes in Table 5, the
ocean acted as a sink of atmospheric CO,. On the
other hand, annually integrated sea—air CO, fluxes
of +2.5 mmol C m 2 day ' (W92) in an upwelling
system were reported by Goyet et al. (1998b) for
the Omani coast (17-24°N). Although the same
behaviour was found in the South Brazilian Bight
were upwelling has been reported by several
researchers (e.g. Miranda, 1985; Campos et al.,
1995; Castro, 1996; Castro and Miranda, 1998,
Campos et al.,, 2000) an upwelling event was not
observed during this work and, according to those
researchers, the frequency of this event is not well

Comparison of sea—air fluxes of CO, in shelf waters of the Northern and Southern Hemispheres

Region Period fCO, (mmol m 2 day™") Calculation of transfer velocity References
Arctic Ocean Summer (3-year average) —7.7 LM86" Murata and Takizawa
(Chukchi Sea) —12.0 w92b (2003)
Bering Sea April/June —1.8 B78° Codispoti et al. (1986)
Baltic Sea Year -2.5 W92° Thomas and
Schneider (1999)
North Sea Year —3.78 WM99¢ Thomas et al. (2004a)
English Channel Year +0.9 NO00® Borges and Frankignoulle
(2003), Thomas et al.
(2004a)
Arabian Sea Year +2.5 W92° Goyet et al. (1998b)
(Omani coast)
Indian Ocean March/April —4.87-11.10 W92° Kumar et al. (1996)
(Bay of Bengal) November/December —1.65-8.77
East of China Spring —6.5 W92° Wang et al. (2000)
Summer —4.8
Autumn —7.4
Winter —10.8
Pacific Ocean Year (El Nifio) —0.8-1.9 WM99¢ Friederich et al. (2002)
(Central California) Year (La Nifa) +4.1+6.0
Atlantic Ocean Year —4.79 LM86" Frankignoulle and
(Gulf of Biscay) —7.89 W92° Borges (2001)
Atlantic Ocean Year -3.5 LM86" Borges and
(Galician coast) —7.0 w92° Frankignoulle (2002)
Atlantic Ocean Year -3.0 w92° DeGrandpre et al.
(Middle Atlantic Bight) (2002)
Atlantic Ocean Year +6.8 w92° Cai et al. (2003)
(South Atlantic Bight)
Atlantic Ocean Spring +9.8 w92° This study
(South Brazilian Bight) Summer +4.2
Winter +0.3

@ Liss and Merlivat (1986).

® Wanninkhof (1992).

¢ Broecker et al. (1978).

¢ Wanninkhof and McGillis (1999).
¢ Nightingale et al. (2000).
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established to the study area. Moreover, coastal
upwelling areas can act as sources or sinks of
atmospheric CO, depending on the occurrence of
these events, as has been reported by Borges and
Frankignoulle (2002) and Ianson and Allen (2002)
in the upwelling system off the Galician coast and
to the west coast of Vancouver Island, respectively,
whose areas are sinks of atmospheric CO, on an
annual basis.

Realising the large variety in coastal and shelf
systems, presently a rather coarse characterisation of
these systems into CO, sinks and sources appears to
be difficult. Our study reports a subtropical region,
where the surface seawaters release CO, to the
atmosphere. Further coastal systems of the world
ocean act as CO, sources such as the United States
South Atlantic Bight (Cai et al., 2003) or a part of
the South China Sea (Zhai et al., in press). More-
over, CO, release to the atmosphere has, for
example, been reported from the English Channel
(Borges and Frankignoulle, 2003; Thomas et al.,
2004a), the southern North Sea (Thomas et al.,
2004a) or the southern Baltic Sea (Thomas and
Schneider, 1999) or several European estuaries
(Frankignoulle et al., 1998). In contrast various
coastal regions absorb CO, from the atmosphere
(Table 5). Next to the CO, air-sea fluxes it is
relevant to understand and quantify the CO, export
of the coastal systems to the open ocean. This export
might not necessarily be predictable from the CO,
fluxes alone, but also depends on external inputs and
topographic characteristics. For example, both the
South Atlantic Bight and the North Sea export
carbon to the Atlantic despite their different CO,
uptake features. On the other hand, the Baltic Sea
does not act as a strong continental shelf pump,
since strong sedimentation counteracts the carbon
export to the North Sea (Thomas et al., 2003). Thus,
CO, fluxes in coastal areas and carbon export to the
open ocean reveal a variety of features and a
classification as proposed by Cai and Dai (2004)
presently appears to be unsubstantiated (Thomas et
al., 2004b).

Our study in the western South Atlantic contributes
to an improved understanding of the continental shelf
pump as proposed by Tsunogai et al. (1999), which is
essential for the understanding of the role of coastal
seas in the ocean carbon cycle.

5. Conclusion

The 7-S distribution in each season sampled
showed that the predominant surface water mass was
essentially the Tropical Water, and Coastal Water with
great influence of TW on the continental shelf during
the summer and winter cruises. This water mass
distribution and the depletion of the nutrients and
chlorophyll-a suggest, therefore, that the main con-
tributions to the fCO,(sw) gradients in the open ocean
are the in situ temperature and the exchange of CO,
with the atmosphere. This conclusion was supported
by linear regression analysis of InfCO,(sw) and in situ
temperature. A temperature coefficient of 1.80%/°C
was found for the summer cruise (COROAS 5). For
COROAS 3 and COROAS 4 a temperature coefficient
of 1.70%/°C was found. No linear relationship
between temperature and fCO,(sw) was discovered
for the continental shelf. These conclusions were
confirmed by normalizing fCO,(sw) data to the
temperature of 24.57 °C. The temperature and bio-
logical effects on the seasonal changes of fCO,(sw)
during the COROAS cruises were evaluated by the
method of analysis proposed by Takahashi et al.
(2002). This method was applied to the three
subsections: the continental shelf, the continental slope
and the open ocean. The ratios 7/B or the difference
T — B showed that the seasonal fCO,(sw) distribution
is strongly dominated by the temperature effect. The
comparison of these calculations with the normalized
fCO,(sw) data showed that the temperature effect is
the main contribution as regards the open ocean, but
other processes such as the physical mixing processes
and local biological activity must also be taken into
consideration for the continental slope and shelf.

The present fCO,(sw) values vary greatly from
season to season, and these differences are consid-
erable if we take into account the fCO,(sw) distribu-
tion on the continental shelf and slope. These values
suggest that most of the atmospheric CO, is absorbed
by the open oceanic area during wintertime. On the
continental shelf and slope the fCO,(sw) was a source
of CO, for the atmosphere during all seasons.

The CO, flux calculations indicate that this open
ocean area is a source of CO, for the atmosphere in all
seasons except the winter, when the mean calculated
CO, flux was —1.1 mmol m > day_l, in accordance
with W92.
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In the continental slope waters the CO, fluxes
ranged from +0.4 to +3.7 mmol m 2 day ! and in the
shelf zone from +0.3 to +9.8 mmol m 2 day'. The
strongest winds during the spring favoured a greater
CO, flux than in summer and winter over the
continental shelf.

Although the present data are restricted to three
seasons, it is reasonable to assume that the study area
is a source of CO, for the atmosphere and the CO,
sea—air fluxes over the continental shelf and slope
could lead to an improved understanding and refined
assessments of continental shelf pump.

In this context, this new data set may contribute to
a better understanding of the Southwest region of the
subtropical Atlantic Ocean with respect to the CO,
exchange between the surface seawater and the
adjacent atmosphere.

Acknowledgements

The cooperation of Dr. Y. Ikeda and Dr. R.R.
Weber and the crew of the COROAS cruises are
gratefully acknowledged. Special thanks are also due
to A. de Lima for the nutrients and chlorophyll-a
analyses and to L. Nonato and W.N. de Oliveira for
providing temperature and salinity data and the
construction of the thermo pair. Also to Dr. M.C.
Bicego, W. Macedo and A.M. Paviglione for their
great help during the cruises and to Dr. B.M. de
Castro, Dr. L.B. de Miranda and Dr. I.E.K.C. Wainer
for the discussion and review of the physical ocean-
ography of this region. FAPESP and CNPq supported
this work.

R.G.I and H.T. were supported by the German—
Brazilian Exchange Program. This study contributes
to the LOICZ core project of the IGBP.

References

Aidar, E., Gaeta, S.A., Gianesella-Galvdo, S.M.F., Kutner, M.B.,
Teixeira, C., 1993. Ecossistema costeiro subtropical: nutrients
dissolvidos, fitoplancton e clorofila a e suas relagdes com as
condi¢des oceanograficas na regido de Ubatuba. SP. Publgdo.
Esp. Inst. Oceangr. 10, 9—43.

Bakker, D.C.E., De Baar, HJ.W., De Wilde, H.PJ., 1996.
Dissolved carbon dioxide in Duch coastal waters. Mar. Chem.
55, 247-263.

Balifio, B.M., Fasham, M.J.R., Bowles, M.C. (Eds.), 2001. Ocean
Biogeochemistry and Global Change. IGBP Science, Stockholm
(Nr. 2, 36pp.).

Boheme, S.E., Sabine, C.L., Reimers, C.E., 1998. CO, fluxes
from a coastal transect: a time-series approach. Mar. Chem. 63,
49-67.

Borges, A.V., Frankignoulle, M., 2002. Distribution of surface car-
bon dioxide and air—sea exchange in the upwelling system off
the Galician coast. Glob. Biogeochem. Cycles16(2), 4-1/4-14.

Borges, A.V., Frankignoulle, M., 2003. Distribution of surface
carbon dioxide and air—sea exchange in the English Channel and
adjacent areas. J. Geophys. Res. 108 (C5), 3140.

Borges, A.V., Djenidi, S., Lacroix, G., Théate, J., Delille, B.,
Frankignoulle, M., 2003. Atmospheric CO, flux from mangrove
surrounding waters. Geophys. Res. Lett. 30(11), 12-1/12-4.

Broecker, H.-C., Petermann, J., Siems, W., 1978. The influence of
wind on CO;-exchange in a wind-wave tunnel, including the
effects of monolayers. J. Mar. Res. 36, 595-610.

Cai, W.J., Dai, M., 2004. Comment on “Enhanced open
ocean storage of CO, from shelf sea pumping”. Science 306,
1477.

Cai, W.-J., Wang, Z.H.A., Wang, Y., 2003. The role of marsh-
dominated heterotrophic continental margins in transport of CO,
between the atmosphere, the land-sea interface and the ocean.
Geophys. Res. Lett. 30 (16), 1849.

Campos, E.J.D., Gongalves, J.E., Ikeda, Y., 1995. Water mass
characteristics and geostrophic circulation in South Brazil Bight:
summer of 1991. J. Geophys. Res. 100, 18.537—18.550.

Campos, E.J.D., Velhote, D., Silveira, I.C.A., 2000. Shelf break
upwelling driven by Brazil current cyclonic meanders. Geophys.
Res. Lett. 27, 751-754.

Castro, B.M., 1996. Correntes ¢ massas de agua da plataforma
continental norte de Sdo Paulo. Livre-Docente thesis. Instituto
Oceanografico, Universidade de Sao Paulo, Sao Paulo, SP.
248 pp.

Castro, B.M., Miranda, L.B., 1998. Physical oceanography of
Western Atlantic continental shelf located between 4°N and
34°S. In: Robinson, A.R., Brink, K.H. (Eds.), The Sea, vol. 2.
John Wiley & Sons, New York, pp. 209-251.

Chen, C.-T.A., Wang, S.-L., 1999. Carbon, alkalinity and nutrient
budgets on the East China Sea continental shelf. J. Geophys.
Res. 104 (C9), 20675-20686.

Chen, C.-T.A., Liu, K.-K., MacDonald, R., 2003. Continental
margin exchanges. In: Fasham, M.J.R. (Ed.), Ocean Biogeo-
chemistry: A JGOFS Synthesis. Springer, pp. 53—97.

Codispoti, L.A., Friederich, G.E., Hood, D.W., 1986. Variability in
the inorganic carbon system over the southeastern Bering Sea
shelf during spring 1980 and spring—summer 1981. Cont. Shelf
Res. 5 (1/2), 133-160.

DeGrandpre, M.D., Olber, G.J., Beatty, C.M., Hammar, T.R., 2002.
Air-sea CO, fluxes on the US Middle Atlantic bight. Deep-Sea
Res. 11 49, 4355-4367.

Emilson, I., 1961. The shelf and coastal waters off southern Brazil.
Bolm. Inst. Oceanogr. 11 (2), 101—112.

Frankignoulle, M., Borges, A.V., 2001. European continental shelf
as a significant sink for atmospheric carbon dioxide. Glob.
Biogeochem. Cycles 15 (3), 569-576.



R. Gongalves Ito et al. / Journal of Marine Systems 56 (2005) 227-242 241

Frankignoulle, M., Abril, G., Borges, A.V., Bourge, 1., Canon, C.,
Dellile, B., Libert, E., Théate, J.-M., 1998. Carbon Dioxide
Emission from European Estuaries. Science 282, 434—436.

Friederich, G.E., Walz, PM., Chavez, F.P., 2002. Inorganic carbon
in the central California upwelling system during 1997-1999 El
Nifio-La Nifia event. Prog. Oceanogr. 54, 185-203.

Gaeta, S.A., 1999. Produgdo primaria na regido oeste do Atlantico
Sul. Livre-Docente thesis. Instituto Oceanografico, Universi-
dade de Sao Paulo, Sao Paulo, SP. 140 pp.

Gianesella, S.M.F., 2000. Variabilidade da camada de clorofila
maxima na regido de quebra da plataforma continental sudeste
brasileira. Livre-Docente thesis. Instituto Oceanografico, Uni-
versidade de Sao Paulo, Sao Paulo, SP. 92 pp.

Godoi, S.S., Calado, L., Silveira, I.C.A., Miranda, L.B. 2004. Nivel
de inversio da Corrente do Brasil: uma nova abordagem.
Simposio Brasileiro de Oceanografia, II. Instituto Oceanogra-
fico, Universidade de Sao Paulo. May, 31 to June, 04 of 2004.
Sao Paulo-SP, Brasil. 01 CD-ROM.

Goyet, C., Adams, R., Eischeid, G., 1998a. Observations of the CO,
system properties in the tropical Atlantic Ocean. Mar. Chem. 60,
49-61.

Goyet, C., Millero, F.J., O’Sullivan, D.W., Eischeid, G., McCue,
S.J., Bellerby, R.G.J., 1998b. Temporal variations of pCO, in
surface seawater of the Arabian Sea in 1995. Deep-Sea Res. 1
45, 609-623.

Grasshoff, K., Ehrardt, M., Kremling, K. (Eds.), 1983. Methods of
Seawater Analysis. Verlag Chemie, Weinheim. 419 pp.

Houghton, J.T., Meira Filho, L.G., Bruce, J., Lee, H., Callander,
B.A., Haites, E., Harris, N., Maskell, K. (Eds.), 1985. Climatic
Change 1994, IPCC Scientific Assessment. Cambridge Univer-
sity Press, Cambridge. 339 pp.

Tanson, D., Allen, S.E., 2002. A two-dimensional nitrogen and
carbon flux model in a coastal upwelling region. Glob.
Biogeochem. Cycles 16(1), 11-1/11-16.

IPCC, 2001. The scientific basis. In: Houghton, J.T., et. al. (Ed.),
Contribution of Working Group I to the Third Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, New York, USA.

Jeffrey, S.W., Humphrey, G.F., 1975. New spectrophotometric
equations for determining chorophyll a, b, ¢, ¢, in higher plants
and phytoplankton. Biochem. Physiol. Pflanzen 167, 191-194.

Jennerjahn, T.C., Ittekkot, V., 2002. Relevance of mangroves for the
production and deposition of organic matter along tropical
continental margins. Naturwissenschaften 89, 23—-30.

Jennerjahn, T.C., Knoppers, B., de Souza, W.F.L., Carvalho, C.,
Mollenhauer, G., Huebner, M., Ittekkot, V., 2003. Factors
controlling the production and accumulation of organic matter
along the Brazilian continental margin between the equator and
22degS. In: Liu, K.-K., Atkinson, T., Quinones, R., Talaue-
MacManus, L. (Eds.), Carbon and Nutrient Fluxes in Con-
tinental Margins. Springer-Verlag, New York.

Kampel, M., 2003. Estimativa da produ¢do primaria e biomassa
fitoplanctonica através de sensoriamento remoto da cor do
oceano ¢ dados in situ na costa sudeste brasileira. PhD thesis.
Instituto Oceanografico, Universidade de Sao Paulo, Sao Paulo,
SP. 272 pp.

Kortzinger, A., 2003. A significant CO, sink in the tropical Atlantic
Ocean associated with the Amazon River plume. Geophys. Res.
Lett. 30 (24), 2287.

Kortzinger, A., Thomas, H., Schneider, B., Groanu, N., Mintrop, L.,
Duinker, J.C., 1996. At-sea intercomparison of two newly
designed underway pCO, systems—encouraging results. Mar.
Chem. 52, 133—-145.

Kortzinger, A., Mintrop, L., Wallace, D.W.R., Johnson, K.M., Neill,
C., Tilbrook, B., Towler, P., Inoue, H.Y., Ishii, M., Shaffer, G.,
Saavedra, R.F.T., Ohtaki, E., Yamashita, E., Poisson, A.,
Brunet, C., Schauer, B., Goyet, C., Eischeid, G., 2000. The
international at-sea intercomparison of fCO, systems during the
R/V Meteor Cruise 36/1 in the North Atlantic Ocean. Mar.
Chem. 72, 171-192.

Kumar, M.D., Naqvi, S.W.A., George, M.D., Jayakumar, D.A.,
1996. A sink for atmospheric carbon dioxide in the northeast
Indian ocean. J. Geophys. Res. 101, 18121—-18125.

Liss, P.S., Merlivat, L., 1986. Air-sea gas exchange rates:
Introduction and synthesis. In: Buat-Ménard, P. (Ed.), The Role
of Air—Sea Exchange in Geochemical Cycling, Adv. Sci. Inst.
Ser. C, vol. 185, pp. 113—127.

Liu, K.-K., Atkinson, L., Chen, C.T.A., Gao, S., Hall, J.,
MacDonald, R., Talaue-MacManus, L., Quinones, R., 2000a.
Exploring continental margin carbon fluxes on a global scale.
EOS 81, 641-644.

Liu, K.-K., Iseki, K., Chao, S.-Y., 2000b. Continental margin carbon
fluxes. In: Hanson, R.B., Ducklow, H.W., Field, J.G. (Eds.), The
Changing Ocean Carbon Cycle: A midterm synthesis of the
Joint Global Ocean Flux Study, International Geosphere—Bio-
sphere Programme Book Series, CambridgeCambridge Univer-
sity Press, Cambridge, pp. 187-239.

Metzler, PM., Gilbert, P.M., Gaeta, S.A., Lublan, J.M., 1997. New
and regenerated production in South Atlantic off Brazil. Deep-
Sea Res.I 44, 363-384.

Miranda, L.B., 1972. Propriedades e variaveis fisicas das dguas da
plataforma continental do Rio Grande do Sul. PhD thesis.
Instituto de Fisica, Universidade de Sdo Paulo, Sdo Paulo, Brazil.
127 pp.

Miranda, L.B., 1985. Forma de correlagdo 7—S de massas d’agua
das regides costeira e oceanica entre o Cabo de Sao Tomé (RJ) e
a Ilha de Sdo Sebastido (SP), Brasil. Bolm. Inst. Oceanogr., S
Paulo 33, 105-119.

Murata, A., Takizawa, T., 2003. Summertime CO, sinks in shelf and
slope waters of the western Arctic ocean. Cont. Shelf Res. 23,
753-776.

Nightingale, P.D., Liss, P.S., Schlosser, P., 2000. Measurements of
air—sea gas transfer during an open ocean algal bloom. Geophys.
Res. Lett. 27, 2117-2120.

Oudot, C., Ternon, J.F., Lecomte, J., 1995. Measurements of
atmospheric and oceanic CO, in the tropical Atlantic: 10
years after the 1982-1984 FOCAL cruises. Tellus 47B,
70-85.

Ovalle, A.R.C., Rezende, C.E., Carvalho, C.E.V,, Jennejahn, T.C.,
Ittekkot, V., 1999. Biogeochemical characteristics of coastal
waters adjacent to small river-mangrove systems East Brazil.
Geo Mar. Lett. 19, 179-185.



242 R. Gongalves Ito et al. / Journal of Marine Systems 56 (2005) 227-242

Schneider, B., Morlang, J., 1995. Distribution of the CO, partial
pressure in the Atlantic Ocean between Iceland and the
Antarctic peninsula. Tellus 47B, 93-102.

Siegenthaler, U., Sarmiento, J.L., 1993. Atmospheric carbon
dioxide and the ocean. Nature 365, 119—-125.

Signorini, S.R., 1978. On the circulation and the volume transport
of Brazil Current between the Cape of Sao Tomé and Guanabara
Bay. Deep-Sea Res. 25, 481-490.

Takahashi, T., Olafsson, J., Goddard, J.G., Chipman, D.W., 1993.
Seasonal variation of CO, and nutrients in the high-latitude
surface oceans: a comparative study. Glob. Biogeochem. Cycles
7, 843-878.

Takahashi, T., Feely, R.A., Weiss, R.F., Wanninkhof, R., Chip-
man, D.W., Sutherland, S.C., Takahashi, T.T., 1997. Global
sea—air flux of CO,: An estimate based on measurements of
sea—air pCO, difference. Proc. Natl. Acad. Sci. U. S. A. 94
(16), 8292-8299.

Takahashi, T., Sutherland, S.C., Sweeney, C., Poisson, A., Metzl,
N., Tilbrook, B., Bates, N., Wanninkhof, R., Feely, R.A.,
Sabine, C., Olafsson, J., Nojiri, Y., 2002. Global sea—air CO,
flux based on climatological surface ocean pCO,, and
seasonal biological and temperature effects. Deep-Sea Res. 11
49, 1601-1622.

Thomas, H., Schneider, B., 1999. The seasonal cycle of carbon
dioxide in the Baltic Sea surface waters. J. Mar. Syst. 22,
53-67.

Thomas, H., Ittekkot, V., Osterroht, C., Schneider, B., 1999.
Preferential recycling of nutrients—the ocean’s way to increase
new production and to pass nutrient limitation? Limnol.
Oceanogr. 44 (8), 1999-2004.

Thomas, H., England, M.H., Ittekkot, V., 2001. An off-line 3D
model of anthropogenic CO, uptake by the oceans. Geophys.
Res. Lett. 28 (3), 547-550.

Thomas, H., Pempkowiak, J., Wulff, F., Nagel, K., 2003. Auto-
trophy, nitrogen accumulation and nitrogen limitation in the
Baltic Sea: a paradox or a buffer for eutrophication? Geophys.
Res. Lett. 30 (21), 2130.

Thomas, H., Bozec, Y., Elkalay, K., de Baar, H.J.W., 2004a.
Enhanced open ocean storage of CO, from shelf sea pumping.
Science 304, 1005-1008.

Thomas, H., Bozec, Y., Elkalay, K., de Baar, HJ.W., 2004b.
Response to Comment on “Enhanced open ocean storage of
CO, from shelf sea pumping”. Science 306 (5701), 1477.

Tsunogai, S., Watanabe, S., Sato, T., 1999. Is there a “continental
shelf pump” for the absorption of atmospheric CO,? Tellus 51B,
710-712.

Wanninkhof, R., 1992. Relationship between wind speed and gas
exchange over the ocean. J. Geophys. Res. 97, 7373—-7382.
Wanninkhof, R., McGillis, W.R., 1999. A cubic relationship
between air-sea CO, exchange and wind speed. Geophys.

Res. Lett. 26, 1889—-1892.

Walsh, J.J., 1988. On the Nature of Continental Shelves. Academic
Press, New York. 520 pp.

Wang, S.L., Chen, C.T.A., Hong, G.H., Chung, C.S., 2000. Carbon
dioxide and related parameters in the East China Sea. Cont.
Shelf Res. 20, 525—-544.

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

Zhai, W., Dai, M., Cai, W.-J., Wang, Y., Hong, H., in press. The
partial pressure of carbon dioxide and air-sea fluxes in the
northern South China Sea in spring, summer and autumn. Mar.
Chem.



	Distribution of surface fCO2 and air-sea fluxes in the Southwestern subtropical Atlantic and adjacent continental shelf
	Introduction
	The study area
	Methods
	fCO2 surface seawater and atmosphere measurements
	Hydrographic and meteorological measurements
	Chlorophyll-a and nutrients
	Calculation of sea-air flux of CO2

	Results and discussion
	Spatial variation
	Seasonal variation
	Temperature and biological effects

	Net sea-air CO2 fluxes

	Conclusion
	Acknowledgements
	References


