
RESEARCH ARTICLE
10.1002/2013JC009248

Impact of physical processes on the seasonal distribution of
the fugacity of CO2 in the western tropical Atlantic
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Abstract The fugacity of CO2 (fCO2) has been measured underway during three quasi-synoptic cruises in
the western tropical Atlantic in March/April 2009 and July/August 2010 in the region 6�S–15�N, 52�W–
24�W. The distribution of fCO2 is related to the main features of the ocean circulation. Temperature exerts a
dominant control on the distribution of fCO2 in March/April whereas salinity plays an important role in July/
August due to the more developed North Equatorial Countercurrent (NECC) carrying Amazon water and to
the high precipitation associated with the presence of the Intertropical Convergence Zone (ITCZ). The main
surface currents are characterized by different fCO2. Overall, the NECC carries less saline waters with lower
fCO2 compared to the South Equatorial Current (SEC). The North Equatorial Current (NEC) is usually
characterized by CO2 undersaturation in winter and supersaturation in summer. Using empirical fCO2-SST-
SSS relationships, two seasonal maps of fCO2 are constructed for March 2009 and July 2010. The region is a
sink of CO2 of 0.40 mmol m22d21 in March, explained by the winter cooling in the northern hemisphere,
whereas it is a source of CO2 of 1.32 mmol m22d21 in July. The equatorial region is a source of CO2

throughout the year due to the upwelling supplying CO2-rich waters to the surface. However, the evolution
of fCO2 over time, determined from all the available cruises in a small area, 1�S–1�N, 32�W–28�W, suggests
that the source of CO2 has decreased in February-March from 1983 to 2011 or has remained constant in
October-November from 1991 to 2010.

1. Introduction

The tropical Atlantic is characterized by high fugacity of carbon dioxide (fCO2) and, as a consequence, it is a
source of CO2 for the atmosphere [e.g., Goyet et al., 1998]. The variation of this source of CO2 over time,
under increasing atmospheric CO2, remains difficult to assess. Goyet et al. [1998] compared the WOCE sec-
tion A15 cruise made in April–May 1994 to the FOCAL cruises of 1982–1984 [Andri�e et al., 1986] and con-
cluded that the source of CO2 decreased over that time period, whereas Oudot et al. [1995], comparing the
CITHER 1 cruise made in January–March 1993 to the same FOCAL cruises, concluded that the source of CO2

increased. A possible explanation for their different conclusions might be the strong dynamical processes of
the region and the different months of the year they considered.

The western tropical Atlantic is affected by the Amazon River discharge and by the seasonal migration of
the Intertropical Convergence Zone (ITCZ) associated with the atmospheric convective belt (i.e., rain) being
both sources of freshwater. This region is also an important site for interhemispheric heat exchange through
a complex system of surface currents around the equator and due to the convergence of northern and
southern water masses [Stramma and Schott, 1999]. Using the large number of surface drifters launched in
the global oceans in the last two decades, features of the time-mean circulation in the tropical Atlantic
Ocean and its seasonal variations at high resolution have being described [Lumpkin and Garzoli, 2005;
Urbano et al., 2008]. The combination of circulation data with physical and chemical water properties (i.e.,
temperature, salinity, dissolved oxygen) is important to trace water masses origins and pathways.

Urbano et al. [2008] used surface velocities together with vertical sections of conductivity-temperature-
depth (CTD) and acoustic Doppler current profiler (ADCP) to describe the water masses distribution and
ocean circulation along 38�W. The ship data used spanned from 1998 to 2006 as part of the PIRATA (Predic-
tion and Research moored Array in the Atlantic) program [Bourlès et al., 2008]. They showed that waters
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from the North Atlantic occupy the region north of 11�N. South of it there is the mixed Equatorial Water,
which has a contribution from the south Atlantic through the North Brazil Current (NBC) retroflection, from
the eastern Atlantic through the South Equatorial Current (SEC), and also from the North Atlantic through
the North Equatorial Current (NEC). The eastward North Equatorial Countercurrent (NECC) carries mostly the
Equatorial Water eastward. In this work, we use a combination of surface circulation data with underway
fCO2 measurements to understand the CO2 distribution and its variability in the tropical Atlantic.

The fCO2 varies from one current system to another. One particular feature of the tropical Atlantic is the dif-
ference between the SEC, where high fCO2 values are encountered, and the NECC characterized by lower
fCO2 values leading to a north south gradient of fCO2 [Lefèvre et al., 2010; Oudot and Andri�e, 1986]. Although
the tropical Atlantic is a source of CO2, regional sinks of this gas have been reported in its western part. The
impact of the Amazon discharge on CO2 was evidenced by Ternon et al. [2000] and later confirmed by
K€ortzinger [2003]. In addition to the dilution effect, Cooley et al. [2007] identified, in the Amazon plume, a
net community production supported by diazotrophs that takes up CO2 from the atmosphere. This biologi-
cal drawdown causes an inorganic carbon deficit that outlasts the physical structure of the Amazon plume
[Cooley and Yager, 2006]. Large oceanic rings are formed by the retroflection of the North Brazil Current
(NBC) and entrain river-influenced shelf water northward along the South American coast and eastward
into the NECC. Enhanced phytoplankton production associated with the nutrient-rich Amazon discharge
can be observed in near-surface chlorophyll from satellite [Fratantoni and Glickson, 2001]. The Amazon River
is highly supersaturated with respect to CO2 because of respiration and degradation of organic matter [May-
orga et al., 2005; Richey et al., 2002]. When the water mixes with oceanic water, the turbidity decreases and
the high levels of nutrients supplied by the river creates strong blooms of diatoms [Subramaniam et al.,
2008]. The effect of the Amazon plume can be observed very far from the river mouth [Chen et al., 2012].
Transported by the NECC, Amazon waters could be observed as far as 25�W in October 1995 [Lefèvre et al.,
1998]. These mechanisms can then alter the tropical Atlantic source of CO2. However, it remains difficult to
quantify this river impact on the CO2 budget because of the high variability of seasonal discharge, ITCZ
migration, and the complex ocean circulation characterized by several eddies [Hu et al., 2004]. Regular
observations are needed to determine the extent of sink area as well as the drivers of the CO2 variability in
this region. Identifying the processes affecting the CO2 distribution will help in understanding and predict-
ing the changes of CO2 concentration in surface seawater.

In the western tropical Atlantic, the temporal and spatial coverage of fCO2 is still too sparse to determine
the seasonal variability of fCO2. Empirical relationships between fCO2 and relevant parameters are useful to
interpolate sparse data. Empirical fCO2-Sea Surface Temperature (SST) relationships have been widely used
to reconstruct fCO2 in several regions of the ocean [e.g., Lefèvre and Taylor, 2002; Olsen et al., 2003; Park and
Wanninkhof, 2012; Stephens et al., 1995] to obtain estimates of CO2 in a given region or to reconstruct fCO2

in order to assess trends.

Here we present the fCO2 surface distribution from underway measurements made during the PIRATA BR XI
in 2009 and PIRATA BR XII in 2010 cruises along 38�W, and along the track of two merchant ships sailing
east (voyages of the Rio Blanco) and west (voyages of the MN Colibri) of the PIRATA cruises. All these cruises
have been performed at two different seasons (March–April 2009 and July–August 2010) providing an
almost synoptic view of the western tropical Atlantic between 6�S and 15�N in the longitudinal range
52�W–24�W. The processes affecting the variability of fCO2 are analyzed from surface velocity fields, tem-
perature, and salinity data. The fCO2 characteristics of the main surface currents (NBC, SEC, NECC, and NEC)
are identified, as well as the impact of their seasonal variations on the fCO2 distribution. Precipitation data
are used to determine the ITCZ position. Using empirical relationships between fCO2 and temperature and
salinity, two seasonal maps of the air-sea CO2 flux are produced from temperature and salinity fields. The
trend of seawater fCO2 over time is examined in a small area, 1�S–1�N and 32�W–28�W, using available
cruises. The seawater fCO2 increased at a lower rate than atmospheric fCO2 in February-March whereas sea-
water fCO2 has increased at the same rate as the atmospheric fCO2, in October-November.

2. Data and Methods

The PIRATA BR XI cruise departed from Fortaleza on the 20th of March 2009 following a route along 38�W to
reach 15�N where the PIRATA mooring was serviced. Then, the ship went back to Natal on the 3rd of April 2009,
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after servicing the PIRATA moorings along
38�W (12�N, 8�N, and 4�N) and the mooring at
0, 35�W. The PIRATA BR XII cruise departed
from Fortaleza on the 23rd of July 2010 follow-
ing a route along 38�W to reach 15�N and
went back to Fortaleza on the 6th of August.
The servicing sequence of the moorings was
12�N, 15�N, 8�N, and 4�N. At each servicing
procedure the ship track was interrupted by
around 20 h that might cause discontinuity on
the data if the site has strong dynamics.

Underway fCO2 was measured using an automated system with an infrared analyzer (Licor 7000) described
by Lefèvre [2009]. The system was connected to the seawater supply of the ship. A Seabird SBE 21 thermo-
salinograph was also connected to the same seawater system for recording temperature and salinity
underway.

Surface seawater samples for dissolved inorganic carbon (DIC) and total alkalinity (TA) analyses were taken
during the cruise and were measured by potentiometric titration using a closed cell, following the method
of Edmond [1970]. The equivalent points were calculated using the code published by DOE [1994]. Certified
Reference Material (CRM), supplied by Prof. A. Dickson (Scripps Institutions of Oceanography, San Diego,
USA), were used for calibration. The accuracy was estimated at 63 mmol/kg for both DIC and TA.

The PIRATA cruises were completed with the underway fCO2 collected by two ships of opportunity sailing
west and east of the PIRATA cruise track using an automated fCO2 instrument similar to the one described
by Pierrot et al. [2009]. Since 2006, the merchant ship MN Colibri, sailing from Le Havre (France) to Kourou
(French Guiana), sampled west of the 38�W section whereas the Monte Olivia (and from 2010 the Rio Blanco)
sailing from Le Havre (France) to Santos (Brazil) sampled further east since 2008. Underway temperature
and salinity were recorded on these ships as they were both equipped with a thermosalinograph Seabird
SBE 21. In this work, we use only the voyages of the two merchant ships corresponding to the dates of the
PIRATA cruises (Table 1), and we focus on the region of the western tropical Atlantic bounded by 6�S–15�N,
55�W–25�W.

The CO2 flux was calculated as follows:

F5k K 0ðfCO2sw 2fCO2atm Þ (1)

where fCO2atm is the atmospheric fCO2, fCO2sw is the oceanic fCO2, k is the exchange coefficient calculated
using the formula of Sweeney et al. [2007] and the European Centre for Medium-Range Weather Forecasts
(ECMWF) wind field, and K0 is the solubility of CO2 in seawater taken from Weiss [1974].

In order to calculate the trend of atmospheric fCO2 from 1987 to 2011, we used the monthly molar fraction
of CO2 (xCO2atm) recorded at the atmospheric station at Ragged Point Barbados (13.17�N, 59.43�W) of the
NOAA/ESRL Global Monitoring Division (http://www.esrl.noaa.gov/gmd/ccgg/iadv/), and the monthly SST
and atmospheric pressure of the NCEP/NCAR (National Centers for Environmental Prediction/National
Center for Atmospheric Research) reanalysis project.

For the basin-scale surface circulation, we used a combination of drifter data from the Surface Velocity Pro-
gram (SVP) with satellite-altimeter data from CNES/Aviso (Archiving, Validation, and Interpretation of Satel-
lite Oceanographic data) [Niiler et al., 2003]. The data represent the Ekman-removed ocean circulation at 15
m depth. Detailed explanation about total and Ekman-removed circulation is given by Lumpkin and Garzoli
[2005], and the data synthesis is described by Lumpkin and Garzoli [2011]. Here 19 years (1992 to 2010) of
15 m depth ocean velocity data were used to compute the monthly climatology and seasonal maps,
December-January-February (DJF), March-April-May (MMA), June-July-August (JJA), and September-
October-November (SON).

Daily products of sea surface temperature TRMM (tropical Rainfall Measuring Mission) Microwave Imager
(TMI) imagery were used to obtain monthly maps of SST for the western tropical Atlantic.

Table 1. Cruise Dates, Track, and Vessel Name

Dates Track Vessel

March–April 2009
3–6 Mar 2009 6oS–15oN Monte Olivia
7–9 Mar 2009 Kourou–15oN MN Colibri
20 Mar 2009 to 3 Apr 2009 Fortaleza-Natal N.Oc. Antares
14–17 Apr 2009 6oS–15oN Monte Olivia

July–August 2010
23 Jul 2010 to 6 Aug 2010 Fortaleza-Fortaleza N.Oc. Antares
15–29 Jul 2010 15oN–6oS Rio Blanco
6–8 Aug 2010 15oN–7oN MN Colibri
15–18 Aug 2010 6oS–15oN Rio Blanco
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To estimate the ITCZ position, daily
data sets (resolution 2.5�) from the
Global Precipitation Climatology
Project (GPCP) [Adler et al., 2003; Xie
et al., 2003] were used. Downloaded
data were from the website: http://
precip.gsfc.nasa.gov/.

Surface salinity fields were obtained from Mercator-Ocean on a 1/4� grid using the system PSY3V3R1 (www.
mercator-ocean.fr). In addition, as the salinity data from the SMOS (Soil Moisture and Ocean Salinity) mission
were available for the year 2010, the monthly SSS field of July 2010 at 0.25� resolution was also used. The
salinities from Mercator and SMOS were collocated to the ship position to compare to the observations
made during the three cruises of July 2010. The root mean square error (RMSE) and the mean bias error
(MBE) are reported in Table 2. Some differences were expected as Mercator and SMOS salinities are monthly
fields and the region is very dynamic. Between 6�S and 15�N, the standard deviation of salinity is 2 for the
Colibri cruise and range from 0.43 to 0.60 for the cruises further east. Although the RMSE are similar using
Mercator or SMOS salinity, and are within the range of observed variability, the SMOS salinity is slightly
biased toward higher values with the MBE being greater than 0.17.

3. Surface Circulation and Distribution of fCO2, SST, and SSS

3.1. Climatology (1992–2010) of Surface Circulation
The climatology (1992–2010) of the surface circulation in the western tropical Atlantic Ocean was computed
from the SVP data [Lumpkin and Garzoli, 2011], and is presented in Figure 1. A dynamically complex system
of currents flows mainly in the zonal direction [Lumpkin and Garzoli, 2005; Stramma and Schott, 1999]. The
westward North and South Equatorial Currents (NEC and SEC)—the equatorward arms of the subtropical
gyres—are separated by the eastward North Equatorial Countercurrent (gray shade in Figure 1). This current
is composed by a main southern core (sNECC) and a northern branch (nNECC) that lies closer or apart each
other along the year [Stramma et al., 2005; Urbano et al., 2006, 2008]. These eastward branches are mostly
driven by the wind field over the whole tropical basin. They are fed predominantly by the North Brazil Cur-
rent (NBC) [Schott et al., 1998] but also receive water from the Amazon Plume and from the NEC. The NECC
is the major component of the zonal current system and plays an important role in modulating the heat
flux in the tropical Atlantic [Philander and Pacanowski, 1986]. The NECC intensifies during summer and fall
(Figures 1c and 1d). The NBC is a strong current flowing northwestward along the South American coast
and originates from the North Brazil Undercurrent (NBUC), from a northward coastal flow between 10�S
and 5�S [Schott et al., 1995; Silveira et al., 1994], and from waters carried by the surface-intensified South
Equatorial Current [Peterson and Stramma, 1990]. The NBC retroflection [Didden and Schott, 1993; Wilson
et al., 2002], a result of the vorticity balance, is shown in Figure 1 as the clockwise gyre centered at 5�N,
45�W, at all seasons. The retroflection appears weaker in spring (MAM; Figure 1b) and stronger in fall (SON;
Figure 1d). Part of the Amazon River discharge is carried by the retroflection and part of it flows into the
Caribbean Sea.

3.2. Surface Distribution in the Western Basin
Figures 2–4 present the distribution of surface velocity (both climatology and observed velocity fields),
fCO2, SST, and SSS west of 38�W, centered at 38�W, and east of 38�W, during early spring 2009 (March/
March-April) and late summer 2010 (July-August/August). The velocity data are interpolated to the ship
tracks and are plotted as a function of latitude for comparison with fCO2, SST, and SSS.

The ranges of fCO2, SST, and SSS are indicated in Table 3. The lowest salinity and fCO2 values are observed
during the western cruises and are explained by the influence of Amazon waters. The highest salinities
(>37) are found in the NEC during the Colibri cruises. The maximum fCO2 is in summer and the minimum
SST is in spring (March–April 2009 in Table 3), both in the NEC.

Along the westernmost ship track, in March-April, both climatological and observed velocity fields show a
strong separation between the NBC and the NECC (Figure 2a). The two current systems are also associated
with different physical and biogeochemical properties (Figures 2b and 2c). The lowest fCO2 are encountered

Table 2. Sea Surface Salinity (SSS) Root Mean Square Error (RMSE) and Mean Bias
Error (MBE) Between Observed and Mercator and Observed and SMOS

RMSE Mercator MBE Mercator RMSE SMOS MBE SMOS

Colibri 0.49 20.29 0.49 0.17
Rio Blanco 0.44 20.01 0.49 0.25
Pirata BR XI 1 0.29 0.04 0.59 0.35
Pirata BR XI 2 0.33 20.03 0.47 0.22
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in the NBC (Figure 2b). Very low fCO2 (<270 matm), low salinity (<34), and temperature higher than 27�C
are found near the South American coast in March (spring; Figure 2b) and are caused by the Amazon out-
flow. At about 7�N, there is a peak of high fCO2 associated with the NECC and salinity values higher than 36
(Figures 2b and 2c). This salinity signature suggests that the water is from the southern hemisphere brought
by the NBC and not by the SEC from the center of the basin as the SEC has low salinity due to the presence
of the ITCZ.

In August (summer; Figures 2d–2f), the climatological and observed velocity fields are similar but the
observed NEC has small positive velocities suggesting that some eddies are sampled during the cruise (Fig-
ures 2d and 2e). Low fCO2 (close to 7.5�N) and low salinity with temperatures higher than 29�C are
observed up to 8�N (Figures 2e and 2f). This water is from the Amazon plume, which joins the northwest-
ward NBC (5�N), retroflects, and feeds the eastward meandering NECC (7�N). Further east, the fCO2 is higher
as dilution with ocean waters occurs during the eastward propagation. The NECC transports little Amazon
water during March (spring; Figure 2b) while during August (summer; Figure 2e) it carries most of waters
with fCO2 lower than 370 matm, low salinity and temperature higher than 29�C (Amazon water). In the
region from 12�N to 20�N, the fCO2 was almost constant around 370 matm, close to the atmospheric value
(Figure 2e). At 11�N, a peak of salinity higher than 36 (Figure 2f) and a peak of fCO2 are associated with a
westward flow.

3.3. Surface Distribution in the Central Basin
At 38�W (Figure 3), the zonal current system appears more evident than in the west. The water comes from
the northern and from the southern hemispheres, to meet and mix in the latitudinal band centered at 5�N.
In March-April (from here on referred as only March), the two branches of the NECC are clearly identified

Figure 1. Climatological (1992–2010) maps of 15 m deep ocean velocity data for (a) boreal winter (December-January-February), (b) Spring (March-April-May), (c) Summer (June-July-
August), and (d) fall (September-October-November). NEC is the North Equatorial Current, NECC the North Equatorial Countercurrent with nNECC being the northern branch and sNECC
the southern branch, NBC the North Brazil Current, and SEC the South Equatorial Current.
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(Figure 3a) and the sNECC is more developed during the cruise compared to the climatology (Figure 3b).
Water coming from the north has lower fCO2 and lower SST (winter influence in the northern hemisphere)
while water from the south has higher fCO2 and higher SST (summer influence in the southern hemisphere),
which is consistent with seasonal variability (Figures 3b and 3c). In the meeting zone around 5�N, many
eddies are contributing to the mixing. At this time of the year, the zonal currents are not strong and the
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Figure 2. (a) Surface velocity (m/s) from the climatology for March-April along the track of the MN Colibri (insert map), (b) latitudinal distribution of surface velocity and seawater fCO2 (in
matm) with mean atmospheric value of fCO2 (dashed line) during the voyage of the MN Colibri in March 2009, (c) latitudinal distribution of sea surface temperature and sea surface salin-
ity for March 2009, (d) surface velocity (m/s) from the climatology for July-August along the track of the MN Colibri, (e) latitudinal distribution of surface velocity and seawater fCO2 (in
matm) with mean atmospheric value of fCO2 (dashed line) during the voyage of the MN Colibri in August 2010, and (f) latitudinal distribution of sea surface temperature and sea surface
salinity for August 2010. The surface currents are the northern North Equatorial Countercurrent (nNECC) and the North Brazil Current (NBC).
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ITCZ is located southward (centered at 2�S) as shown by the lower salinity (Figure 3c). From the south up to
the equator, water with low salinity (<35.5) and high SST (> 27�) associated with the ITCZ, is transported
northwestward by the NBC. This water has also the highest values of fCO2 along the ship track, being over
395 matm (Figure 3b). The NECC is a broad band at this time of the year and carries mixed water from the
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Figure 3. (a) Surface velocity (m/s) from the climatology for March-April along 38oW (insert map), (b) latitudinal distribution of surface velocity and seawater fCO2 (in matm) with mean
atmospheric value of fCO2 (dashed line) during the PIRATA cruise in March–April 2009, (c) latitudinal distribution of sea surface temperature and sea surface salinity in March–April 2009,
(d) surface velocity (m/s) from the climatology for July-August along 38oW, (e) latitudinal distribution of surface velocity and seawater fCO2 (in matm) with mean atmospheric value of
fCO2 (dashed line) during the PIRATA cruise in July–August 2010, and (f) latitudinal distribution of sea surface temperature and sea surface salinity in July–August 2010. NEC is the North
Equatorial Current, nNECC is the northern branch of the NECC and sNECC is the southern branch.
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NBC retroflection as well as water from the north (coming from the NEC). At 5�N, water from the Amazon
mouth, with low fCO2 and low salinity, identified on the westernmost cruises (Figure 2), is advected west-
ward. An increase of fCO2 is found between 11�N and 13�N with values around 370 matm (Figure 3b). This
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Figure 4. (a) Surface velocity (m/s) from the climatology for March-April along the track of the Monte Olivia (insert map), (b) latitudinal distribution of surface velocity and seawater fCO2

(in matm) with mean atmospheric value of fCO2 (dashed line) during the voyage of the Monte Olivia in March–April 2009, (c) latitudinal distribution of sea surface temperature and sea
surface salinity in March 2009, (d) surface velocity (m/s) from the climatology for July-August along the track of the Rio Blanco (insert map), (e) latitudinal distribution of surface velocity
and seawater fCO2 (in matm) with mean atmospheric value of fCO2 (dashed line) during the voyage of the Rio Blanco in July–August 2010, and (f) latitudinal distribution of sea surface
temperature and sea surface salinity in July–August 2010. SEC is the South Equatorial Current with nSEC its northern branch.
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water is associated with high salinity. Although this water mass is relatively warm (>26�C), this high salinity
is found only north of 15�N (Figure 4c). North of 12�N–13�N, a front is observed with lower fCO2 associated
with lower temperature and salinity and the surface current is westward, associated with the NEC (Figures
3b and 3c).

During July-August (from now on referred as August), the zonal currents are more developed and the two
branches of the NECC appear as a broad branch on the climatology (Figure 3d). During the cruise, the two
branches can be identified with different fCO2 (Figure 3e). Low fCO2 was observed between 5.5�N and 10�N
surrounded by waters with high fCO2 to the north and to the south (Figure 3e). The ITCZ at this time of the
year lies between 4�N and 12�N according to the data of the Global Precipitation Climatology Project (not
shown). Two peaks of low salinity are associated with two minima of fCO2 (Figures 3e and 3f). The NECC
southern branch (south of 5.5�N) transports water mainly from the NBC while the NECC northern branch
(north of 5.5�N) carries mixed water, blended of north (from the NEC) and south hemispheric waters. During
this season, no north-south gradient of fCO2 is observed. The fCO2 is above 380 matm south of 5�N and north
of 10�N (source of CO2 to the atmosphere) and fCO2 lower than the atmospheric value (CO2 sink) are
observed near 6�N–10�N where salinity decreases due to the presence of the ITCZ (Figure 3f).

3.4. Surface Distribution in the Eastern Basin
Figure 4 shows the easternmost ship tracks and the corresponding circulation. The locations of the climato-
logical currents (Figure 4a) are similar to those observed during the cruise (Figure 4b). The intensities of the
currents show some differences with the observed field exhibiting small-scale variability with small veloc-
ities of opposite sign. During March (early spring), the extreme north of the ship track shows fCO2 between
370 and 400 matm (Figure 4b) associated with very high salinity (>36.3 psu) and low temperatures (<21�C),
which is typical of the water from the northern hemisphere (Figure 4c). Water with low fCO2, mostly
brought from the north by the ocean circulation, occupies the region from 9�N to 17�N (Figure 4b). From
5�N to 9�N, there is mixed water usually transported by the NECC, and with constant values of fCO2 (�350
matm), of temperature (�26�C), and salinity (�35.75).

At 2�S–3�S there is a minimum of salinity (<35) associated with a decrease of fCO2, which coincides with the
ITCZ position, located in the SEC at this time of the year. Low salinity and low fCO2 water appears again at 4�N in
the northern branch of the SEC. The extreme south of the ship track shows fCO2 of 380 matm (Figure 4b) associ-
ated with high salinity and high temperature (Figure 4c) being transported by the NBC close to the coast.

In August (late summer), the NECC and the SEC are more developed both in the climatology (Figure 4d)
and during the cruise (Figure 4e). The lowest fCO2 is restricted to a narrow band from 5�N to 7�N, in the
NECC (Figure 4e), due to the presence of the ITCZ characterized by the lowest salinity (Figure 4f). Between
4�S and 4�N, fCO2 higher than 395 matm is associated to the SEC branches. The southern SEC branch is salt-
ier and has slightly higher fCO2 than its northern branch. In the extreme south of the track, the NBC is asso-
ciated with very high salinity and relatively low fCO2 (370 matm). In the northeastern tropical Atlantic, very
high fCO2 (>420 matm) are found north of 16�N, northwest of the Cape Verde Islands. North of 15�N, in
August (late summer), temperatures are over 27�C and salinities over 36.5 (Figure 4f) whereas the ocean is
colder and fresher in March (early spring) with temperatures from 24�C to 27�C and salinities from 36 to
36.5 at 16�N (Figure 4c).

Table 3. Minimum and Maximum Values of SST (in oC), SSS, and fCO2 (in matm) Encountered During the Cruises From 10oS to 20oN

SSTmin SSTmax SSSmin SSSmax fCO2 min fCO2 max

March–April 2009
PIRATA, BR XI, leg 1 24.10 28.98 35.09 36.18 343.5 414.5
PIRATABR XI leg 2 24.14 29.60 34.85 36.30 346.4 426.1
Colibri 23.47 28.85 26.05 37.49 180.3 406.9
Monte Olivia, Mar 19.46 28.51 34.65 37.00 329.6 420.4
Monte Olivia, Apr 20.92 29.46 34.98 37.02 348.0 413.2

July–August 2010
PIRATA BR XII, leg 1 27.15 29.92 34.48 36.58 347.7 411.1
PIRATA, BR XII, leg 2 26.84 29.52 34.04 36.57 343.1 410.7
Colibri 26.93 30.17 30.00 37.30 288.3 392.1
Rio Blanco, Jul 24.36 29.87 34.78 37.01 359.1 409.7
Rio Blanco, Aug 25.61 29.06 34.69 36.95 346.7 437.4
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4. Drivers of fCO2 Variability

From the western to the eastern cruises, the fCO2 distribution shows a very high variability with values
lower than 280 matm, close to the French Guiana coast near 5�N–6�N (Figure 2a), to high fCO2 values reach-
ing 420 matm in the SEC in March (Figure 4b) and above 420 matm in the NEC in August (Figure 4e). The
description of the fCO2, SST and SSS distributions with the ocean circulation of the previous section high-
lighted different features.

The impact of Amazon waters carried by the NBC is evident in the observations collected by the western-
most cruises on board the MN Colibri whereas further north, in the NEC, the CO2 distribution is affected by
the SST (Figures 5a and 5b). In March, the waters are CO2 undersaturated but in August they become
slightly supersaturated (Figures 2a and 2b). SST explains more than 75% of the fCO2 variability between
10�N and 18�N. The increase of fCO2 with SST is close to the thermodynamic relationship of 4%/�C in March
whereas, in August, fCO2 increases at a slower rate (Figures 5a and 5b).

The PIRATA cruises along 38�W and the voyages of the Monte Olivia/Rio Blanco (central and eastward ship
tracks) show a systematic north-south increase of fCO2 for both March and August with generally CO2

undersaturated waters in the northern North Equatorial Countercurrent (nNECC) and CO2 supersaturated
waters in the NBC and SEC (Figures 3 and 4). The persistence of low fCO2 in the nNECC region is explained
by the low salinity associated with the ITCZ position in July-August whereas, in March-April, when the ITCZ
is displaced further south, the seasonal cooling of the boreal winter explains the low fCO2. This was previ-
ously noticed on the monthly voyages of the Monte Olivia from France to Brazil [Lefèvre et al., 2010].

Along the Monte Olivia/Rio Blanco tracks (easternmost tracks), the seasonal impact clearly appears in the
NBC with higher seawater CO2 in austral summer (March) whereas a slight CO2 undersaturation associated
with cooler surface temperatures is observed in austral winter (Figure 4). In the SEC, seawater fCO2 is always
high and the presence of the ITCZ near 2�S in March leads to a slight decrease of fCO2 but the water
remains supersaturated in CO2.

The north-south CO2 gradient, encountered within the SEC and the NECC, corresponds to a different pattern
in SST. In March-April, fCO2 is increasing with SST, in the latitudinal band 6�S–6�N (Figures 5c and 5d). Dur-
ing the Monte Olivia voyages (spring) the correlation coefficients between fCO2 and SST were 0.88 in March
and 0.92 in April. In March, it is early springn (still under winter influence) north of the equator and it is early
fall south of the equator (still under summer influence). The cooling effect explains the low fCO2 north of
the equator. South of the equator there is heating and high SSTs are associated with high fCO2. North of
the equator the water is colder as it is early spring and fCO2 is lower than south of the equator where the
water is warmer and fCO2 is higher. The same pattern is observed during the PIRATA cruises along 38�W
with a correlation coefficient of 0.89 between fCO2 and SST in 2009.

In August, along the Rio Blanco track (east), even though the SST measured presented higher values north of the
equator (5�N–15�N), the highest fCO2 was found in the southern hemisphere associated with the lowest SST (Fig-
ures 4e and 4f). In boreal summer (July-August), fCO2 is decreasing from 6�S to 6�N with increasing temperature
during the PIRATA cruises and the voyages of the Rio Blanco (Figures 5e and 5f). The correlation coefficients
between fCO2 and SST are 20.91 in July and 20.89 in August, during the voyages of the Rio Blanco. It is also neg-
ative during the PIRATA cruise (20.49). It means that different processes occur between March-April and July-
August. In March-April (boreal early spring), the fCO2 distribution seems to be mainly governed by seasonal vari-
ability of SST while in July-August this is not the dominant mode of variability. The high fCO2 south of the equator
in July-August suggests some carbon supply in this region. The source of carbon might come from the equatorial
upwelling, as it is more pronounced at this time of the year than in March-April.

The distribution of DIC during the PIRATA cruises shows the impact of the ITCZ. Low values of DIC were
found near 2�S in March 2009, and between 5�N–10�N in July 2010 (Figure 6a). In 2009, the mean value of
DIC is 2016.0 6 18.4 mmol/kg whereas in 2010 the variability is much higher (2000.7 6 32.1 mmol/kg). Much
lower DIC concentrations are observed when the ITCZ is in the northern hemisphere. After removing the
salinity effect, the distribution of DIC exhibits higher values in the southern hemisphere in the NBC in July
2010 (Figure 6b). This is consistent with some carbon supply from the equatorial upwelling transported by
the SEC that feeds the NBC. The surface distribution of alkalinity (Figure 6c) shows the same features as the
distribution of the DIC. A pronounced alkalinity decrease is associated with the ITCZ position. However,
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when alkalinity is normalized by salinity (Figure 6d), alkalinity becomes almost constant (2335.2 6 4.7 mmol/
kg in 2009 and 2333.0 6 3.2 mmol/kg in 2010). This suggests that evaporation and precipitation are the
main factors explaining the variability of alkalinity.

5. Estimate of the Air-Sea CO2 Flux for the Region 6oS–15oN, 25oW–55oW

5.1. Seasonal Maps
Empirical relationships are useful to reconstruct fCO2 data and are used to determine trends [e.g., Lefèvre
et al., 2004; Park et al., 2010] or to provide an estimate of the flux in a given region. Most of the empirical
relationships are mainly expressed as a function of SST.
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In the region 6�S–15�N, 25�W–55�W, fCO2 is strongly affected by seasonal variations of temperature with
decreasing (increasing) fCO2 associated to winter cooling (summer warming) but also by salinity variations
with the seasonal migration of the ITCZ. In addition, river discharge decreases fCO2 and the equatorial
upwelling increases fCO2 by supplying CO2-rich waters to the surface. Averaging the data of the three
cruises on a 0.5� spatial resolution, a relationship between fCO2 and temperature and salinity is obtained:

For March to April : fCO 252593:6112:9 SST 117:5 S (2)

with an error on the predicted fCO2 of 10.6 matm, and a coefficient of determination r2 5 0.82 using 187
data. A regression with SST only would lead to an error on fCO2 of 20 matm, and a coefficient of determina-
tion r2 5 0.36.

For July to August : fCO 25224:723:4 SST 114:2 S (3)

with an error on the predicted fCO2 of 9 matm, and a coefficient of determination r2 5 0.75 using 197 data.
A regression with SST only would lead to an error of 15 matm and a coefficient of determination r2 5 0.31.
This highlights the importance of salinity variations in controlling the CO2 distribution in the tropical Atlan-
tic. For both relationships, the residuals do not show any trend against temperature and salinity.

Determining the fit without averaging the data gives a higher error on fCO2 (12.5 and 9.7 matm for March-
April and July-August, respectively) and a lower coefficient of determination (r2 5 0.75 and r2 5 0.69 for
March-April and July-August, respectively). Averaging the data has the advantage of filtering the small-scale
variability. However, there is not a significant improvement of the fit after removing this variability, suggest-
ing that small-scale variability only cannot explain the error on fCO2.
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Figure 6. (a) Dissolved inorganic carbon (in mmol kg21), (b) normalized dissolved inorganic carbon at a salinity of 35.5 (NDIC 5 DIC * 35.5/
salinity), (c) total alkalinity (in mmol kg21), and (d) normalized total alkalinity at a salinity of 35.5 as a function of latitude during the PIRATA
cruises in 2009 and 2010.
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The two relationships have a temperature coefficient of opposite sign. In March-April, the positive coeffi-
cient suggests that the dominant process is the warming of seawater leading to increasing fCO2. The tem-
perature coefficient is also close to the 4%/�C increase, which corresponds to the thermodynamic effect. On
the contrary, in July-August, the temperature coefficient is negative, which is characteristic of upwelling
regions where fCO2 increases at low temperature because of the supply of CO2-rich and colder waters to
the surface. In July-August, the coefficient of determination is lower than in March-April. This is the time of
the year when the equatorial upwelling is stronger. A possible explanation is that in July-August, the upwell-
ing effect is stronger and tends to compensate, or even dominate, over the warming effect.

Monthly SST from TMI and salinity fields from Mercator can be used to map fCO2 for March 2009, using
equation (2) for salinity greater than 15. Salinity lower than 15 would give negative fCO2. The temperature
and salinity fields have been averaged to provide data on a 0.5� latitude 3 0.5� longitude grid. Using SST
and SSS fields in July 2010, fCO2 is calculated with equation (3) between 6�S and 15�N, 24�W–50�W for
salinity greater than 10. The mean values of temperature, salinity and fCO2 are compared with the observa-
tions (Table 4). West of 45�W, low salinities due to the Amazon discharge explain the large variability in
salinity and fCO2. In July 2010, the mean values are close to the observations made on board the MN Colibri
between 2.5�N and 15�N.

In the region 6�S–2.5�N, the mean values east of 40�W, far from the coastal influence, compare well with
the observations made during the PIRATA (central track) and Monte Olivia/Rio Blanco (eastern track) cruises.
The mean values west of 45�W include the lowest salinities located close to the coast and the variability is
very high with a standard deviation of 14 for salinity and above 50 matm for fCO2.

The mean CO2 fluxes calculated from the three cruises in March 2009 and July 2010 and from the seasonal
maps are given in Table 5 for different latitudinal bands. The area south of 2.5�S, dominated by the NBC
and the SEC, is always a strong source of CO2 for the atmosphere with a flux greater than 3 mmol m22d21

except for the gridded map in March 2009 which gives a lower CO2 flux.

The equatorial band 2.5�S–2.5�N is also a source of CO2 for the atmosphere that is lower than in the band
6�S–2.5�S. North of 2.5�N and south of 8�N, a strong CO2 sink is observed in March and July during the voy-
ages of the MN Colibri as waters from the Amazon plume are located in this region. Further east, given the
variability associated with the estimate of the flux, near-equilibrium conditions are observed. Between 8�N
and 15�N, a strong CO2 sink is sampled by the three cruises in March while it turns to a CO2 source or near-
equilibrium conditions in July, which is consistent with the seasonal variations. The cooling of surface water
in March leads to an uptake of CO2 whereas in July the surface warming explains the CO2 outgassing or
neutral conditions (Table 5).

Using equations (2) and (3) for calculating seawater fCO2, the monthly TMI SST fields of March 2009 and
July 2010, the monthly salinity fields from Mercator, the wind fields from ECMWF and the monthly atmos-
pheric value at the Ragged Point Barbados station, a map of the flux of CO2 can be constructed. At the
atmospheric station Ragged Point Barbados, the monthly atmospheric value is 372.6 matm in March 2009

Table 4. Mean Temperature, Salinity, and fCO2 for the Different Cruises (in March 2009 and July 2010) and Calculated From the Map in
March and July 2010

Colibri PIRATA Monte/Rio Map< 45oW Map> 40oW

March, 2.5oN–15oN
fCO2 358.9 6 33.1 374.3 6 13.0 351.5 6 14.4 384.2 6 17.4 384.3 6 10.1
SST 26.4 6 0.8 26.3 6 0.8 24.7 6 1.6 27.3 6 0.6 27.08 6 0.98
S 35.63 6 1.90 35.89 6 0.17 35.62 6 0.14 35.70 6 1.05 35.88 6 0.20

July, 2.5oN–15oN
fCO2 366.4 6 29.4 381.2 6 11.8 383.4 6 12.4 368.6 6 26.4 379.4 6 10.6
SST 29.14 6 0.58 28.67 6 0.72 28.75 6 0.65 28.95 6 0.46 28.72 6 0.71
S 35.03 6 2.07 35.75 6 0.60 35.68 6 0.48 34.83 6 1.79 35.54 6 0.60

March, 6oS–2.5oN
fCO2 401.7 6 9.4 402.7 6 9.9 366.3 6 61.8 407.5 6 7.0
SST 28.2 6 0.7 27.8 6 0.6 28.8 6 0.4 28.77 6 0.42
S 35.69 6 0.36 35.68 6 0.33 20.2 6 14.8 35.81 6 1.04

July, 6oS–2.5oN
fCO2 391.1 6 5.2 386.3 6 7.8 352.5 6 54.6 387.7 6 4.7
SST 28.23 6 0.74 28.07 6 0.49 28.93 6 0.49 27.93 6 0.57
S 35.69 6 0.36 35.68 6 0.33 22.80 6 14.4 35.80 6 1.08
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and 371.1 matm in July 2010. For comparison, the mean atmospheric fCO2 measured during the PIRATA
cruise was 371.4 6 3.0 matm in 2009 and 369.7 6 3.0 matm in 2010.

The maps reproduce the patterns observed on the individual cruises with sources and sinks observed at the
same location (Figure 7).

The strongest source of CO2 occurs south of 2.5�S in the SEC that is influenced by the upwelling of CO2-rich
waters. In the equatorial region, a source of CO2 is also observed but it is much stronger in July than in
March. Higher SST, SSS, and winds can explain this difference as the seawater fCO2 values are very close. In
the region 2.5�N–8�N, the CO2 flux in July is slightly negative. The presence of the ITCZ is visible with low
CO2 flux in the NECC region across the basin in July. However, this feature is not visible on the map using
the SMOS salinity because of the bias toward higher salinity. North of 8�N, the region is a sink of CO2 in win-
ter, with waters colder by more than 4�C compared to July, and low seawater fCO2.

It is difficult to compare the mean CO2 flux obtained by the individual cruises with the gridded maps
because of the very high standard deviation (Table 5) as a consequence of the high variability of the region.
In particular, the Colibri cruises are affected by the Amazon outflow in the region 2.5�N–8�N. However, the
main features are present in the maps, such as the stronger outgassing south of the equator at both sea-
sons and the cooling (warming) north of 8�N in March (July) leading to a CO2 sink (source). On average, the
CO2 flux is 20.40 6 2.77 mmol m22d21 in March 2009 and 1.32 6 2.18 mmol m22d21 in July 2010. The cool-
ing effect in March is dominating the region and explains the resulting CO2 uptake. The high standard devi-
ation associated with the mean flux highlights the high variability observed in this region, an important
contributor being the Amazon plume.

5.2. Evolution of the Source of CO2 Over Time
Our estimate of DfCO2 is 21.82 6 23.9 matm in March 2009 in the region 6�S–15oN, 52�W–24�W. For the
month of March, the climatology of Takahashi et al. [2009], made for the reference year 2000, gives an esti-
mate of 12.1 6 17.9 matm in this region, which corresponds to averaging 20 pixels. In July 2010, DfCO2 is
29.22 6 16.4 matm compared to the climatological value for July of 17.3 6 8.7 matm. This would suggest
that seawater fCO2 did not increase of the same rate as atmospheric CO2 but at a slower rate, i.e., DfCO2 is
decreasing over time instead of being constant. However, due to the high variability it is difficult to con-
clude on any trend. The strong influence of dynamical processes on water properties and the scarce fCO2

data in the tropical Atlantic make difficult the detection of trends on fCO2.

As Park and Wanninkhof [2012] found a decreasing trend, further north, in the tropical Atlantic on a small
area 19�N–20�N, 65�W–68�W, we investigated the CO2 trends in the SEC in the small area 1�S–1�N, 32�W–
28�W. In order to avoid any bias due to the seasonal variability, we consider the cruises made in February-
March and October-November, where the number of cruises is the highest. The available cruises range from
1983 to 2011 in February-March and from 1991 to 2010 in October-November (Table 6).

In February-March, the increase of seawater fCO2 is slower than in October-November with a rate of
increase of 1.06 6 0.13 matm/yr (coefficient of determination r2 of 0.93) compared to 1.64 6 0.21 matm/yr

Table 5. Mean Flux of CO2 With 6 One Standard Deviation (in mmol m22d21) Calculated Using ECMWF Wind Speeds for the Different
Cruises (Voyages of the MN Colibri in the West, PIRATA Cruises Along 38oW, and Voyages of the Monte Olivia and Rio Blanco Further
East), Average of the CO2 Flux of the Three Cruises, and Mean CO2 Flux Calculated From the Seasonal Maps for March 2009 and July
2010 in Several Latitudinal Bandsa

Region Colibri (West) PIRATA (38oW) Monte/Rio (East) Mean Grids Grid SMOS

March 2009
6oS–2.5oS 3.43 6 1.26 3.62 6 0.96 3.52 2.19 6 0.85
2.5oS–2.5oN 1.85 6 0.41 1.20 6 0.19 1.52 0.52 6 3.24
2.5oN–8oN 22.27 6 7.29 1.04 6 1.16 20.56 6 0.75 20.60 0.20 6 2.39
8oN–15oN 21.40 6 1.33 21.73 6 1.97 22.42 6 0.60 21.85 22.06 6 1.96

July 2010
6oS–2.5oS 4.42 6 1.51 3.37 6 0.67 3.89 3.71 6 0.58 3.69 6 1.06
2.5oS–2.5oN 3.30 6 1.53 1.92 6 1.24 2.61 2.06 6 3.20 3.06 6 1.37
2.5oN–8oN 22.89 6 0.31 0.49 6 0.60 0.09 6 0.17 20.77 20.08 6 1.23 0.07 6 0.90
8oN–15oN 0.16 6 0.50 1.34 6 1.12 0.27 6 0.34 0.59 1.49 6 1.45 2.11 6 1.81

aThe last column corresponds to the CO2 flux estimated using the SMOS data.
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with r2 5 0.89 (Figure 8a). How-
ever, the comparison of the
slopes using a Student t test does
not confirm that the slopes are
significantly different. When the
year 1983 is excluded from the
oceanic data, the seawater fCO2

increases at a rate of 0.88 6 0.23
matm/yr. In that case, the rates of
increase in the atmospheric and
oceanic fCO2 were significantly
different (p< 0.001).

The atmospheric trend of fCO2 is
determined at Ragged Point Bar-
bados. Atmospheric fCO2 meas-
ured during the cruises are in
agreement with the fCO2 at the
atmospheric station. There is no
significant difference in the
atmospheric trends between the
two periods of time with an
increase of 1.66 6 0.03 matm/yr in
February-March compared to
1.63 6 0.03 matm/yr in October-
November (Figure 8b).

In February to March, the atmos-
pheric fCO2 increased at a higher
rate than the oceanic fCO2

whereas, in October-November,
atmospheric and oceanic fCO2

increased at about the same rate.
For both periods, a slight increase
of sea surface temperature was
observed. In October-November,
the SST increased by
0.06 6 0.02oC/yr (r2 5 0.54) and in
February-March no trend was dis-
tinguishable with a variation of
0.022 6 0.022�C/yr (r2 5 0.16).
Using the SST Reynolds led to a
slight increase of SST for both

periods with values of 0.03 6 0.01�C/yr (r2 5 0.16) in October-November, and 0.009 6 0.005�C/yr (r2 5 0.05)
in February-March. Therefore, the oceanic CO2 increase was not caused solely by the warming of surface
waters. The observed CO2 trends could be explained by anthropogenic CO2 uptake.

In February-March, the slower oceanic increase compared to the atmospheric increase suggests that the
findings of Park and Wanninkhof [2012] might also be valid south of their region of study. Also, this would
confirm the results of Goyet et al. [1998] who found a decreasing source of CO2 in the tropical Atlantic when
comparing the WOCE A15 data with the FOCAL data. The analysis of McKinley et al. [2011] suggests an indis-
tinguishable trend for the subtropical permanently stratified biome from 1987 to 2009 but a slower increase
of seawater fCO2 from 1983 to 2009. In October-November, our results show an ocean CO2 increase similar
to the atmospheric increase but the error on the slope of the regression is quite large. Nevertheless, a differ-
ent oceanic CO2 increase rate in this region could be explained by the equatorial dynamics. In October-
November, the vertical stratification is stronger than in February-March [Emery et al., 1984] so the surface
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Figure 7. Map of the CO2 flux (a) in March 2009, (b) in July 2010 with salinity from Merca-
tor, and (c) in July 2010 with salinity from SMOS.
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ocean becomes isolated from the
subsurface ocean and tends to
equilibrate more quickly with the
atmosphere, which would explain
a similar increase of fCO2 in the
ocean and the atmosphere. In
February-March, the ocean is less
stratified and subsurface waters
that have not been in contact
with the atmosphere for a long
time mix with surface waters. This
would cause the seawater CO2

increase to lag behind the atmos-
pheric rate of increase.

As more data are being collected
in this region, an analysis of the
trend in the western tropical
Atlantic will become possible to
confirm or deny these results as
well as the extension of the area
and the cause for this potential
decrease of the CO2 source.

6. Conclusions

The fCO2 distribution in the west-
ern tropical Atlantic was docu-
mented in March–April 2009 and
July–August 2010 with three
cruises almost made in a synoptic
way for each period. Close to the
American shelf, the North Brazil
Current carries Amazon waters
when it arrives north of the equa-
tor, where the Amazon mouth is
located. Along 38�W, the NBC is
supersaturated in CO2 as it is fed
by the SEC that carries waters
from the equatorial upwelling.
South of �8�S, seasonal variations
are responsible for lower fCO2 in
August (austral winter) and higher
fCO2 in March (late austral
summer/early austral fall). The
SEC and the southern branch of
the NECC are supersaturated in
CO2 even when the ITCZ is
located south of the equator, near

2�S, in March. Although a decrease of fCO2 is associated with the ITCZ, the fCO2 remains above the atmos-
pheric value. Waters of the northern NECC are usually undersaturated in CO2 due to the Amazon discharge,
the presence of the ITCZ in July and the cooling in March (late boreal winter/early boral spring). North of
10�N, the seasonal variations explain the lower fCO2 values in March compared to the fCO2 values in August
(boreal summer). These features of the fCO2 distribution, associated with the main current systems, are dis-
turbed by the small-scale variability (vortices), which can induce local decrease or increase of fCO2.

Table 6. List of the Cruises in the Regions 1oS–1oN, 32oW–28oW in February to March
and October to November

Cruises Month and Year Reference

February–March
TTO-TAS Leg 3 Feb 1983 Weiss et al. [1992]
WOCE A17 Mar 1994 Rios et al. [2005]
FICARAM 2 Mar 2001 Padin et al. [2009]
TropInt02 Feb 2002 Wanninkhof et al. [2008]
Monte Olivia Feb 2009 Lefèvre et al. [2010]
Monte Olivia Mar 2009 Lefèvre et al. [2010]
Rio Blanco Mar 2011 Lefèvre et al. [2013]

October–November
OACES Leg 1 Jul 1991 Wanninkhof and

Hendee [1991]
FICARAM 1 Nov 2000 Padin et al. [2009]
FICARAM 3 Nov 2001 Padin et al. [2009]
FICARAM 5 Nov 2002 Padin et al. [2009]
FICARAM 7 Nov 2004 Padin et al. [2009]
FICARAM 10 Nov 2006 Padin et al. [2009]
FICARAM 12 Nov 2007 Padin et al. [2009]
Monte Olivia Oct 2008 Lefèvre et al. [2010]
Monte Olivia Nov 2008 Lefèvre et al. [2010]
Rio Blanco Oct 2010 Lefèvre et al. [2013]
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Figure 8. (a) Evolution of seawater fCO2 over time in the region 1�S–1�N, 32�W–28�W in
February-March and October-November using the cruises listed in Table 5. The solid line
corresponds to the fit in February-March and the dashed line to the fit in October-
November. (b) Evolution of monthly atmospheric fCO2 over time in the region 1�S–1�N,
32�W–28�W at the atmospheric station Ragged Point Barbados (RPB) and mean atmos-
pheric values obtained during the voyages of the Monte Olivia (2008, 2009) and Rio
Blanco (2010, 2011). The solid lines correspond to the linear regression in February-March
and October-November of the atmospheric fCO2 at Ragged Point Barbados with time.
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The fCO2 is mainly driven by sea surface temperature and salinity variations and strong correlations
between fCO2 and the surface temperature and salinity could be determined. Using the correlations, two
seasonal maps of fCO2 have been obtained in the region 6�S–15�N, 52�W–24�W for March 2009 and July
2010 using temperature and salinity fields. Overall, the temperature variations dominate and explain the
sink of CO2 in March 2009 with a CO2 flux of 20.40 mmol m22d21 whereas in July 2010 this region is a
source of CO2 of 1.32 mmol m22d21.

Comparison of the fCO2 with the few cruises available in the western equatorial region, in a small area (1�S–
1�N; 32�W–28�W), suggests that the source of CO2 might be decreasing or constant over time. However,
the influence of the dynamical processes of the water properties in this region and the poorly known conse-
quences of the physical interannual variability (e.g., El Ni~no–Southern Oscillation (ENSO) connections, Atlan-
tic ENSO) make difficult the detection of the fCO2 trend over time and the identification of the causes.

More synoptic cruises or moorings are required to better assess the CO2 flux throughout the year and its
trend over time. Future changes in surface temperature and salinity could affect the source of CO2. Increas-
ing SST would increase the CO2 outgassing while high precipitation would decrease it. A change of the
equatorial upwelling (e.g., depth of upwelled water) would also affect the CO2 trends.
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