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ABSTRACT
Underway fCO, has been measured from two merchant ships sailing from France to French Guyana and France to
Brazil, and during two zonal cruises from Africa to French Guyana. In the western Tropical Atlantic, the strongest

undersaturation is associated with the Amazon discharge near 55°W. In the 5°S—-10°N, 65-35°W region, the carbon
system is strongly correlated to salinity and robust empirical relationships could be determined. This region is a sink
of CO; in May—June during the high-flow period of the Amazon river. The eastward propagation of Amazon waters

is observed when the retroflection of the North Brazil Current takes place. In August 2008, freshwater is observed
as far as 40°W when the North Equatorial Counter Current is quite strong. The Amazon plume, defined as salinities
less than 34.9, is a sink of CO; of 0.96 mmol m~2d~!. Further east, near 27°W, CO, undersaturation is recorded
thoughout the year between 5°N and 8°N. This is caused by the high precipitation associated with the presence of the
intertropical convergence zone (ITCZ). Removing the temperature effect leads to low (high) fCO, associated with low
(high) salinities in boreal summer (winter), which is consistent with the seasonal migration of the ITCZ.

1. Introduction

The tropical Atlantic is a source of CO, for the atmosphere
because of the equatorial upwelling supplying CO, rich waters
to the surface. Waters from the equatorial upwelling supply CO,
to the surface and the waters are transported westward by the
South Equatorial Current (SEC). Andrié et al. (1986) showed
that the fugacity of CO, in sea water (fCO,) increases westward
due to the warming of surface waters flowing from the African
coast to the American coast between 15°S and 2°N. Oudot et al.
(1987) reported high fCO, in this current.

Further north, lower sea surface salinities are observed
in the North Equatorial Counter Current (NECC) that de-
velops between approximately 2°N and 10°N. The climatol-
ogy of Takahashi et al. (2009) shows an fCO, gradient be-
tween these two current systems with higher values south
of 2°N and lower values in the NECC region but, on av-
erage, seawater fCO, is above the atmospheric level. This
North—South gradient was also recently observed by Padin
et al. (2009) who reported near-equilibrium conditions be-
tween 1°N and 8°N around 28°W during their FICARAM
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cruises while CO, supersaturation occurred further south be-
tween 1°N and 15°S. A few cruises have reported CO, concen-
trations below the atmospheric level in the north western tropical
Atlantic and the origin of the CO, undersaturation was attributed
to the discharge of the Amazon outflow (Ternon et al., 2000;
Kortzinger, 2003). The Amazon is the largest river in the world
representing about 20% of river supply to the world ocean, with
a flow of 0.2 Sv (1 Sv = 10° m? s !). In the river, fCO, val-
ues over 4000 patm have been reported, which is one order of
magnitude higher than in the ocean, due to in situ respiration
of organic carbon (Richey et al., 2002; Mayorga et al., 2005),
making this river a strong source of CO,. When Amazon waters
mix with oceanic waters, the turbidity decreases and biological
productivity can occur (Demaster et al., 1996). The very low
DIC and fCO, values measured in the ocean correspond to the
large CO, drawdown caused by strong biological activity but the
high correlation observed with very low salinity (Ternon et al.,
2000) confirms that this biological activity is due to the fresh-
water supply of the Amazon mixing with oceanic waters. This
explains the ocean CO, sink reported near the Amazon outflow
(e.g. Cooley et al., 2007). In addition to the Amazon outflow,
the NECC region exhibits low salinities due to the presence of
the Inter Tropical Convergence Zone (ITCZ) associated with
high precipitation. This contributes to lower the fugacity of CO,
north of the equator (Oudot et al., 1987). A strong correlation
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between fCO, and SSS has been observed for the western tropi-
cal Atlantic with a slope of 11 patm psu~! (Ternon et al., 2000)
and 13 patm psu~! (Kértzinger, 2003) and for the equatorial
band between 5°N and 5°S with a slope of 44 patm psu™!
(Oudot et al., 1995).

The occurrence and the extent of the low CO, concentrations
area in the tropical Atlantic are not well documented. During
fall, the retroflection of the North Brazil Current (NBC) can
transport Amazon waters far east. As the equilibrium time of
CO, with the atmosphere is quite slow, undersaturation area can
persist far from the region where it is produced as observed
during an Atlantic Meridional Transect made in October 1995
(Lefevre et al., 1998). This might affect the CO, budget in the
tropical Atlantic.

As part of the European project CARBOOCEAN, two mer-
chant ships have been equipped with an autonomous fCO,
system. CO, measurements have been collected on the mer-
chant ships sailing from France to French Guyana and France
to Brazil, providing repeated sampling of the Atlantic. In this
paper, we focus on the western tropical Atlantic so we use data
collected south of 12°N only. In addition, fCO, underway mea-
surements were made during two zonal transects from Africa
to French Guyana along 7°N and 7°30’N. Using these data,
we assess the CO, variability in the western part of the NECC
region, and in particular the occurrence of low fCO, and its
origin. We also compute monthly seawater fCO, and air-sea
CO, fluxes for the western tropical Atlantic using an empirical
fCO,—salinity relationship and climatological salinity fields.
Zonal cruises and repeated France—Brazil voyages crossing the
equator near 27°W provide more insights on the processes af-
fecting the CO, undersaturation and its spatial and temporal
variability.

2. Data and methods

During the CARBOOCEAN project, an automated fCO, instru-
ment similar to the one described by Pierrot et al. (2009) has been
installed in 2006 on the merchant ship MN Colibri sailing from
Le Havre (France) to Kourou (located at 5°12’N, 52°46'W in
French Guyana) and on the Monte Olivia sailing from Le Havre
(France) to Santos (located at 23°58'S, 46°20'W in Brazil). The
MN Colibri does not follow the same track on each voyage. In
February—March, the track is further north, in April the ship
sails further south and the track of the July and August voy-
ages lies between the February and April tracks (Fig. 1). During
the February voyage, the MN Colibri moved back and forth to
Kourou before heading back to Le Havre so underway fCO, was
measured at the same location several times. Eight voyages pro-
vided data in the western tropical Atlantic (Table 1). Along the
France—Brazil line, the Monte Olivia follows always the same
track and fCO, was measured underway from July 2008 to April
2009 during 11 voyages (Table 1). Both ships are equipped with
a Seabird thermosalinograph recording sea surface temperature
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Fig. 1. Track of the voyages of the MN Colibri (in February—March
2006, April 2007, June 2007, August 2007, July 2008), of the zonal
transit TO8 along 7°N and of the Monte Olivia between 18°N and
10°S. The location of DIC and TA samples is indicated on the map.
Samples were taken during the voyage of the Colibri in
February—March 2006 (squares), the Plumand cruise (crosses), the
transit in 2008 (stars) and the Amandes 1 cruise (open circles).

and salinity underway. Only fCO, data recorded between 10°S
and 12°N have been used for this study.

The fCO, was also measured underway during an eastward
transect along 7°N from Cayenne to Cotonou (Benin) carried
out from 1 to 17 August 2008 on board the R/V Antea. Under-
way oceanic and atmospheric fCO, were measured by infrared
detection using a Licor 7000. The fCO, system uses an air—sea
equilibrator described by Poisson et al. (1993). The measur-
ing system was connected to the thermosalinograph. Seawater,
pumped from 5 m deep, circulates in the equilibrator at a rate
of 2 1 min~'. A closed loop of about 100 ml of air circulates
as a countercurrent in the equilibrator designed in such a way
that there is no bubbles at the air—sea interface (Poisson et al.,
1993). To minimize temperature corrections, the equilibrator is
thermostated with the same seawater as the one used for CO,
measurements. The temperature difference between the equili-
brator and the sea was less than 0.7 °C. The fCO, system was the
same as the one used by Lefevre (2009). The estimated accuracy
of the seawater fCO, measurements was 2 patm. During the
2008 cruise, the mean atmospheric fCO, was 369.0 = 2.6 patm.

Samples for dissolved inorganic carbon (DIC) and alkalinity
(TA) analyses were taken during the voyages of the Colibri in
February—March 2006 as a scientist was on board. Seawater
samples for DIC and TA analyses were also taken during a
zonal transect and during a cruise on the Guyana shelf on board
the R/V Antea. Surface seawater samples were taken from the
Niskin bottles and the pumping line of the ship. There was no
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Table 1. List of cruises made between 2006 and 2009 and used in this study

CO, UNDERSATURATION IN THE WESTERN TROPICAL ATLANTIC

Cruise Dates Measurements Track Vessel
Coli_Feb06 25 February—6 March 2006 fCO,, DIC, TA Le Havre—Kourou MN Colibri
8-26 March 2006 fCO,, DIC, TA Kourou-Le Havre
Coli_Apr07 20-30 April 2007 fCO, Le Havre—Kourou MN Colibri
Coli_Jun07 11-19 June 2007 fCO, Le Havre—Kourou MN Colibri
22-23 June 2007 fCO, Kourou-Le Havre
Coli_Aug07 20-26 August 2007 fCO, Le Havre—Kourou MN Colibri
Coli_Jul08 25 June-5 July 2008 fCO, Le Havre—Kourou MN Colibri
19-26 July 2008 fCO, Kourou-Le Havre
Monte_Jul08 25 June-5 July 2008 fCO, Le Havre—Santos Monte Olivia
Monte_Aug08 4-12 August 2008 fCO, Santos—Le Havre Monte Olivia
Monte_Oct08 3—13 October 2008 fCO, Le Havre—Santos Monte Olivia
Monte_270ct08 27 October—6 November 2008 fCO, Santos—Le Havre Monte Olivia
Monte_Nov08 14-21 November 2008 fCO, Le Havre—Santos Monte Olivia
Monte_Dec08 6—16 December 2008 fCO, Santos—Le Havre Monte Olivia
Monte_27Dec08 27 December 2008—5 January 2009 fCO, Le Havre—Santos Monte Olivia
Monte_Jan09 18-28 January 2009 fCO, Santos—Le Havre Monte Olivia
Monte_Feb09 5-17 February 2009 fCO, Le Havre—Santos Monte Olivia
Monte_Mar(09 1-11 March 2009 fCO, Santos—Le Havre Monte Olivia
Monte_Apr09 12-23 April 2009 fCO, Le Havre—Santos Monte Olivia
Plumand 10-20 October 2007 DIC, TA Abidjan—Cayenne R/V Antéa
Amandes 1 25-26 October 2007 DIC, TA Cayenne—Cayenne R/V Antéa
Transit NECC 2-16 August 2008 fCO, Cayenne—Cotonou R/V Antéa

The MN Colibri and the Monte Olivia are merchant ships sailing from France to French—-Guyana and France to Brazil, respectively. The
Plumand and Transit NECC are zonal cruises along 7°30'N and 7°N, respectively, and the Amandes 1 cruise took place on the continental

shelf of the Guyana coast.

difference in DIC and TA between the samples taken from the
Niskin bottles and those from the pumping line, which suggests
that there was no significant biofouling and respiration in the
pumping lines. The westward transect along 7°30'N, between
Abidjan (Ivory Coast) and Cayenne (French Guyana), took place
from 10 to 21 October 2007. Due to a problem with the seawater
CO, system, only atmospheric fCO, could be measured. The
mean atmospheric fCO, was 366.9 & 2 patm. The cruise on the
continental shelf of the Guyana coast, Amandes 1, was realized
between 25 and 27 October 2008. With all these cruises, the
seasonal cycle is almost complete (Table 1).

DIC and TA were measured by potentiometric titration using a
closed cell, following the method of Edmond (1970). The equiv-
alent 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
3 umol kg~

During the France-French Guyana voyages on board the MN
Colibri, atmospheric fCO, was contaminated by the fumes of
the ship. For these cruises, we use the monthly molar fraction
of CO,, xCOsym, recorded at the atmospheric station at Ragged
Point (13.17°N, 59.43°W) of the NOAA/ESRL Global Moni-
toring Division (http://www.esrl.noaa.gov/gmd/ccgg/iadv/), the
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monthly atmospheric pressure and the monthly SST of the
NCEP/NCAR reanalysis project to calculate atmospheric fCO,.
For the zonal cruises and the France—Brazil cruises between 10°S
and 10°N, the measured atmospheric fCO, was used. The atmo-
spheric xCO, values recorded at Ragged Point and obtained with
GLOBALVIEW-CO, (2009) are compared with the measured
xCO; in the northern hemisphere (Fig. 2). There is relatively
good agreement between the mean atmospheric xCO, measured
during the cruises and recorded at Ragged Point, given the vari-
ability observed during the cruises. Overall, the xCO, measured
during the cruises tend to be slightly higher than the values at
the atmospheric station.

An acoustic Doppler current profiler (ADCP) measured the
upper velocity continuously along the track during the transects
in October 2007 and August 2008 on board the R/V Antea.

The Amazon discharge is monitored by the Environmental
Research Observatory HYBAM (Geodynamical, hydrological
and biogeochemical control of erosion/alteration and material
transport in the Amazon basin, http://www.ore-hybam.org). The
values recorded at the Obidos gauging station, located at about
600 km of the river mouth, are used to estimate the seasonal
and the year-to-year variability of the Amazon outflow during
the period of the cruises, from 2006 to 2008 (Fig. 3). The high-
flow peaks in May—June and the low flow is observed between
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Fig. 3. Monthly discharge of the Amazon River recorded at the Obidos

gauging station from 2006 to 2008 by the Environmental Research

Observatory HYBAM (geodynamical, hydrological and

biogeochemical control of erosion/alteration and material transport in

the Amazon basin).

October and December. The monthly discharge is lower in 2007
compared to 2006 and 2008 from February to March. For the
other months, there is no significant year-to-year variability from
2006 to 2008.

3. Distribution of the difference of fCO,
between the ocean and the atmosphere

The longitudinal distributions of the difference of f{CO, between
the ocean and the atmosphere (AfCO,) of salinity and of tem-
perature are shown for the two zonal cruises from 53°W to 30°W

and for the France—French Guyana cruises south of 12°N which
corresponds to the longitudinal range 47-53°W (Fig. 4). For
comparison, the observations made during the Cither 1 cruise
in February 1993 (Oudot et al., 1995) along 7°30'N and during
the Meteor cruise 55 in October—November 2002 along 10°N
(Kortzinger, 2003) are also presented.

Zonal cruises: the AfCO, distribution of the zonal cruises
exhibits a pronounced seasonal variability with a positive AfCO,
along 7°30'N, in February, for the whole transect of the Cither
cruise, while CO, undersaturation is observed both in August
and in October (Fig. 4a). In February, the salinity is much higher
(Fig. 4b) with a mean value of 35.360 £ 0.382 and the SST
much lower (26.28 + 0.52 °C) compared to the other zonal
cruises (Fig. 4c). In August, October and November, the SST
can be higher than 29 °C while, in February, SST is always below
27 °C. The lowest salinities are measured close to the shelf near
50°W with values down to 25 in August 2008 and 30 in October
2002 due to the freshwater supply of the Amazon. A very low
value around 30 is observed quite far east, near 40°W, in August
2008, and a CO, undersaturation is associated with this salinity
decrease (Fig. 4b).

France—French Guyana cruises on the MN Colibri: the lon-
gitudinal distribution of AfCO, for the France-French Guyana
cruises shows a strong variability west of 50°W (Fig. 4d). The
voyage made in August exhibits the strongest CO, undersatura-
tion associated with a very low salinity (Figs d and e). However,
August does not correspond to the highest Amazon discharge
(Fig. 3), which suggests that the salinity distribution is also
strongly related to the surface currents. The salinity in June is
significantly lower than in February—March, which is consistent
with the Amazon discharge, and decreases further in July and
August. At this time of the year, the NBC starts its retroflection
and Amazon waters spread offshore while, in February, the NBC
is closer to the coast so that low salinities are observed only west
of 52°W when the ship is close to the coast. The salinity in April
is quite similar to the February—March values and starts decreas-
ing slightly in June with lowest values west of 52°W. In July, the
mean salinity is lower but remains above 29 while, in August,
a strong decrease is observed near 51°30'W (SSS = 18) close
to very high SSS (>35), further east, between 50°W and 51°W
(Fig. 4e). The SST follows the seasonal cycle with the lowest
values observed in February—March and increasing values to-
wards the boreal summer. An interesting feature is the very high
SST (>29 °C) associated with the lowest SSS in August 2007 be-
tween 52°W and 51°W and the decrease of SST (28 °C) between
51°W and 50°W (Fig. 4f) corresponding to a relatively high
salinity (>35). Near 50°W, the increase in SST is associated with
a decrease in salinity. Different water masses are sampled along
this transect, the warm and fresh water is associated with Ama-
zon waters while the salty and cooler water characterizes oceanic
water. The wave pattern of the ocean circulation in this re-
gion, where eddies are often observed (Fratantoni and Glickson,
2001), explains the contrasting water masses encountered along

Tellus 62B (2010), 5
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Fig. 4. Distribution of (a) AfCO;, (b) sea surface salinity and (c) sea surface temperature as a function of longitude for the zonal cruises.
Distribution of (d) AfCO», (e) sea surface salinity and (f) sea surface temperature as a function of longitude for the France—French Guyana voyages

of the MN Colibri.

the ship track. During the France-French Guyana cruises, the
fCO, distribution is very similar to the salinity variability sug-
gesting that the fCO, variability could be driven by salinity
changes in this area. In the next section, relationships between
carbon parameters and salinity are investigated.

4. Salinity controls TA, DIC and fCO,
variability west of 30°W and south of 12°N

Using the 38 alkalinity samples collected during the zonal tran-
sect along 7°30'N (Plumand), during the cruise on the continen-
tal shelf (Amandes 1) and during the France-French Guyana
voyages west of 30°W and south of 12°N, we determine a rela-
tionship between alkalinity (TA) and sea surface salinity (SSS)
r* =0.997,

TA = 58.1(£0.5)SSS + 265(%18), (1)

Tellus 62B (2010), 5

where the error on each coefficient is given in parentheses. The
error on the predicted alkalinity is +-11.6 umol kg~!. Millero
etal. (1998) determined a climatology of alkalinity for the world
ocean. For the tropics, they give a normalized alkalinity NTA
(=TA x35/SSS) constant to 2291 uM. Lee et al. (2006) deter-
mined a relationship between alkalinity and temperature and
salinity for a salinity range 31-38. Our alkalinity relationship
is in good agreement with both relationships for salinity higher
than 31 but a strong discrepancy is observed at low salinity.
DIC and SSS are also highly correlated
r* = 0.988

DIC = 50.6(£0.9)SSS + 189(£31), 2)

with an error of £16.2 umol kg~! on the prediction of DIC.
The data point at SSS = 20 obtained on the continental shelf
(during Amandes 1) was not taken into account in calculating
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the DIC-SSS regression as it seems to be an outlier for DIC
(Fig. 5).

DIC and TA have been measured during the Cither 1 cruise
along 7°30'N (Oudot et al., 1995), as well as during the
Etambot 1 and 2 and Sabord cruises made in February 1993,
September—October 1995, April-May 1996 and May 1996 re-
spectively, in the tropical Atlantic (Ternon et al., 2000). The
Etambot 1 and 2 cruises sampled the region between 8°S and
8°N, west of 35°W and the Sabord cruise took place on the con-
tinental shelf off French Guyana. The DIC and TA observations
of these cruises are reported on the TA-SSS, DIC-SSS plots
(Figs 5a and b). Both relationships are quite robust as shown
by the good agreement between the regression and the available
observations from previous cruises. The TA-SSS and DIC-SSS
regressions were performed for salinities greater than 20 and
26, respectively, but the Sabord data obtained in May 1996 have
salinity ranging from 18 to 27 and are very close to the fit
line (Figs 5a and b). Ternon et al. (2000) reported TA-SSS and
DIC-SSS slopes of, respectively, 58.85 and 49.48 pmol kg™
using the data from Etambot 1 and 2 and Sabord cruises.

As the distribution of fCO, exhibits similar patterns to the
salinity variations, all the underway fCO, measurements (N =
5288) from the France—French Guyana cruises and the 2008
zonal transect were used to determine a fCO,—SSS relationship

2002 (Meteor02). The solid line is the fit
using all the data except the Meteor cruise.

in the salinity range from 17 to 36.5 and for fCO, values be-
tween 120 and 425 patm encountered during the cruises. The
temperature ranges from 26 to 30 °C with a mean of 27.94 +
0.80 °C. As the variability of temperature is small compared to
the variability of salinity, fCO, can be expressed as a function
of salinity only.

The following regression is obtained:

fCO? = 13.4(£0.1)SSS — 97(£2), r* =0.90 3)

with an error of +15.5 patm in estimating fCO,. This is very
close to the relationship obtained by Kortzinger (2003) but if
we use only salinity less than 35, as he did, the number of
observations is reduced to 2314 and the equation becomes

fCO? = 15.7(+£0.1)S — 161(£3), > =0.92 4)

with an error of +14.0 patm in predicting fCO,. There is less
dispersion when using SSS less than 35, even if the dispersion
remains quite high (Fig. 5c), and the fit is slightly improved.
However, the slope of the regression line becomes higher with
a value of 15.7 patm psu~' compared to 13.18 patm psu~! ob-
tained by Kértzinger (2003), and 11.72 patm psu~' by Ternon
et al. (2000). The salinity dependence of fCO, in the western
tropical Atlantic, under Amazon influence, is very different from
the equatorial region with no river influence. Oudot et al. (1987)

Tellus 62B (2010), 5
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Fig. 6. fCO; calculated from DIC and TA, using egs. (1) and (2) and
observed temperature and salinity data, as a function of observed fCO;
from the cruises used in Fig. Sc. The solid line is the 1:1 line.

reported a dependence of 44 patm psu~' for the equatorial
Atlantic (5°S—5°N) comparable to the 40 patm psu~' obtained
by Fushimi (1987) in the western Pacific.

The measured fCO, is compared with fCO, calculated from
DIC and TA using egs. (1) and (2) and the observed SST and S
data (Fig. 6). The calculated values tend to be higher than the
observed ones for low fCO, (<200 patm) whereas calculated
values tend to underestimate the observed ones for high fCO,
associated with high salinity.

5. CO; flux in the western tropical Atlantic

Using the monthly fields of sea surface salinity from the World
Ocean Atlas 2005 (Antonov et al., 2006), fCO; can be calculated
using eq. (3). This equation is applied only to salinity higher
than 15 and for the region between 65-35°W and 5°S—10°N.
This domain was considered previously by Ternon et al. (2000)
for extrapolation because it corresponds to the low-salinity area
as observed from the SSS climatology (Dessier and Donguy,
1994) and because the influence of the Amazon discharge can
reach 35°W.
The CO, flux (in mol m~2 yr™!) is calculated as

fCO* = kS(fCO,,, — fCO,,,), ®)

where k is the gas transfer velocity, S is the gas solubility given
by Weiss (1974), fCO,,, is the seawater fCO, calculated with the
monthly salinity fields and fCO,,,, is the atmospheric value cal-
culated from the monthly molar fraction recorded at the Ragged
Point station in 2007 as described in Section 2. Monthly maps
of the gas exchange coefficient, kS, are provided by Boutin et al.
(2009) using the QuikSCAT wind speed. The map used is cal-
culated with the gas transfer velocity of Wanninkhof (1992).
Following a new analysis of '*C measurements, Sweeney et al.
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Fig. 7. (a) Monthly means of seawater fCO, calculated with the
fCO,-SSS relationship, the dashed line corresponds to the atmospheric
value calculated from the Ragged Point atmospheric station. (b)
Monthly CO, flux for the region 65°W-35°W, 5°S—10°N. The solid
line corresponds to no exchange and a negative CO; flux to a sink of
CO; for the atmosphere.

(2007) proposed a new relationship for the gas transfer velocity
k = 0.27U%(660/Sc)*?, (6)

where U is the wind speed at 10 m and Sc is the CO, Schmidt
number. This gas transfer velocity corresponds to 0.87 times the
gas transfer velocity of Wanninkhof (1992). The map provided
by Boutin et al. (2009) was then multiplied by 0.87 to use the
relationship of Sweeney et al. (2007).

On monthly average, the lowest salinities occur between
May and August, which corresponds to the Amazon high
flow whereas low flow takes place between September and
December (Seyler et al., 2003). In 2007, the highest flow is
in June and the lowest in November (Fig. 3). Therefore, the low-
est seawater f{CO, computed from salinity are between May and
August (Fig. 7a). However, the winds are also the lowest during
that period so that the CO, flux remains quite small with a sink
of CO; in May and June, on monthly average (Fig. 7b). Monthly
means fCO, in April, July and August are below the atmospheric
level but when calculating the monthly average of the CO, flux,
a small source is obtained because of the distribution of the
wind speed. Salinity can be as low as 15 so AfCO, can reach
—250 patm leading, on monthly average, to a negative AfCO,.
However, the wind associated with these few very extreme val-
ues are low so that, on monthly average, the CO, flux is positive.
The distribution of the CO, flux is different from the one of Ter-
non et al. (2000) as they calculated a strong negative CO; flux in
April associated with a monthly mean salinity around 34. On an-
nual average, they computed a sink of CO, of 0.12 £ 0.57 mmol
m~2d~! using climatological wind speed and the gas exchange
coefficient of Wanninkhof (1992), whereas we obtain a source
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of CO; of 0.57 mmol m~2 d~! with a standard deviation of 0.61
mmol m~2 d~!. The variability of the CO, flux is so high that on
annual average both estimates agree within one standard devia-
tion. For salinities over 24, our f{CO,-S relationship gives higher
fCO, than the relationship used by Ternon et al. (2000). In addi-
tion, their atmospheric value of 353 patm in 1996 is quite high.
This corresponds to an atmospheric increase of 1.3 patm yr~!
between 1996 and 2007 and only 0.7 patm yr~! between 1996
and 2002 as Kortzinger (2003) used an atmospheric value of
357.1 patm for 2002. On monthly average, over a large region
of the western tropical Atlantic (65-35°W, 5°S—10°N), the im-
pact of the Amazon is mainly visible in spring as it is the high
flow period. The mean seawater fCO, is lower than the atmo-
spheric level during that period, however, as the winds are also
quite weak, the CO, sink remains small.

Following the method of Kortzinger (2003) and defining the
Amazon river plume by salinities less than 34.9, fCO, is cal-
culated from salinity using eq. (4) in the region 3°S—18°N,
60-30°W, which is the domain considered by Kortzinger (2003).
The Amazon plume is a strong sink of CO, with an annual flux
of —0.96 + 1.20 mmol m~2 d~!. This estimate is lower than the
—1.35 mmol m~2d~! obtained by Kértzinger (2003). The CO,
flux integrated over the region where salinity ranges between
15 and 34.9 becomes —0.005 Pg C yr~! which is less than the
—0.014 GC yr~! given by Kértzinger (2003). Using the annual
salinity field of World Ocean Atlas 2005, only 89 grid cells
have salinities ranging between 15 and 34.9, within the region
3°S—-18°N, 60-30°W, which corresponds to a much smaller area,
1.1 10° km?, than the 2.4 x 10° km? used in the calculation by
Kortzinger (2003).

6. Eastward propagation of Amazon waters

The Amazon plume is transported according to the ocean cir-
culation. In boreal winter, the plume remains close to the shelf
whereas in summer it starts spreading northeastward. As CO,
gas exchange is slow, the Amazon signature can be observed
far from the mouth. In this section, we determine the amount of
river water mixing with oceanic waters and its offshore propa-
gation. The river endmember (S = 0) and the ocean endmember
need to be determined to assess the mixing between the two wa-
ter masses. The ocean endmember is determined when seawater
and atmospheric fCO, are close, as done by Ternon et al. (2000)
and Kortzinger (2003). This corresponds to a salinity of 34.7.

The mixing between ocean and river waters can be expressed
with the following system of equations:

rS, + 585 = Sobss @)

r+s=1, (8)

where r is the fraction of riverine water and s the fraction of
seawater, Sops 1S the observed salinity. The freshwater changes
by precipitation and evaporation are neglected compared to the

freshwater supply of the river. Solving the two equations gives
the percentage of Amazon water that is observed at the sampling
locations.

Assuming a conservative mixing of surface alkalinity, an al-
kalinity river endmember of 265 4= 18 wmol kg=! can be deter-
mined at § = 0 from eq. (1). Surface TA is related to surface
salinity in the world ocean but the TA-S relationship varies ac-
cording to the ionic composition. A departure from the TA-S
relationship is observed when calcifying organisms are present
because of the precipitation of calcium carbonate. In the western
tropical Atlantic, the primary production is essentially carried
by diatoms (Cooley et al., 2007), so the conservative mixing of
alkalinity is a reasonable assumption. There are very few alka-
linity measurements available for the Amazon River. Most of the
measurements are far upstream the Amazon and show a large
variability (e.g. Devol et al., 1995). Cooley et al. (2007) reported
a mean alkalinity of 360 £ 55 wmol kg~! at Macap4, close to
the river mouth, using a dilution model. This is higher than our
estimate of river alkalinity.

The percentage of river supply is highly variable. The Ama-
zon water is more present in July and August during the
France—French Guyana voyages of the MN Colibri. At this time
of the year, the retroflection of the NBC starts so Amazon wa-
ters appear further offshore than in February. The zonal cruises
took place in August and October during the period of the NBC
retroflection. The surface velocity measured along the tracks
shows the pattern of the NECC with a weaker eastward flow
in October (Fig. 8a) compared to August (Fig. 8b). In addition,
the Amazon discharge is stronger in August than in October
(Fig. 3). In October 2007, the percentage of river water drops
quickly with almost no Amazon waters east of 49°W (Fig. 8c)
while in August 2008, Amazon waters can be observed near
40°W (Fig. 8d). At this location, the corresponding salinity is
30. The percentage of river outflow as a function of longitude
shows that there was a greater extent of Amazon outflow during
August 2008 compared to October 2007. Although both cruises
took place during the retroflection of the NBC, the eastward
propagation of Amazon waters is closely linked to the strength
and direction of the NECC as shown by the ADCP measure-
ments. A striking feature of the surface current is the lack of
well-developed zonal component. The current field exhibits a
wave structure with alternate northward and southward com-
ponents of the eastward flow. This is consistent with previous
observations of the propagation of surface waters as NBC rings
(Fratantoni and Glickson, 2001). In August 2008, the current is
close to zero at 45°W and no Amazon water is observed while at
40°W, when Amazon water is observed, the current is stronger
with a northeastward direction.

In August 2008, CO, undersaturation was observed on a large
longitudinal range whereas in October 2007, the dominant pat-
tern was a source of CO,. This is consistent with a stronger river
advection in August 2008 compared to October 2007. During the
zonal cruise, Cither, in February 1993 along 7°30'N, a source of
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CO, was observed (Oudot et al., 1995) and the salinity remains
higher than 35 (Fig. 4b). This can be explained by the absence
of the NECC west of 18°W at this time of the year (Richard-
son and Reverdin, 1987) and the position of the ITCZ south
of the equator. In November, CO, undersaturation is observed
along 10°N during the Meteor cruise probably as a result of the
Amazon outflow (Kortzinger, 2003) and the ITCZ position close
to 10°N.

7. Extent of undersaturation area

The Amazon plume creates CO, undersaturation that can be ob-
served close to the shelf when the NBC transports the water mass
to the Caribbean and remains close to the coast. Offshore trans-
port is observed from July when the NBC starts its retroflection.
During the France-French Guyana cruises, in February—March
north of 5°30'N there is no more Amazon waters, salinity is close
to 35. In July and August, a significant amount of fresh waters
is observed along the track. At this time of the year, the start of
the retroflection of the North Brazil Current entrains Amazon
waters eastward. Up to 50% of river water is observed in August
2007 near 7°N.

Although no Amazon water was sampled east of 36°W in
2007 and 2008 (Figs 8c and d), CO, undersaturation is ob-
served further east along the track of the France—Brazil line
in the NECC region between 25°W and 30°W. The latitudinal
distribution of AfCO, from 10°S to 10°N shows CO, undersat-
uration north of about 2°N (Figs 9a—c) whereas, south of 2°N,
AfCO, is mostly positive except in July—August near 8—10°S
(Fig. 9a). For the region between 10°S and 2°S, the AfCO,
distribution follows the seasonal cycle. In July and August, the
austral winter, the temperatures are the lowest, around 27 °C
(Fig. 9d). Then, they gradually increase (Fig. 9¢) to become
maximum between January and April with monthly means over
28 °C (Fig. 9f). This seasonal temperature increase is associ-
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ated with a seawater fCO, increase. In July—August, AfCO, is
even negative between 7°S and 10°S (Fig. 9a) when the temper-
ature is around 26 °C (Fig. 9d), then AfCO, increases towards
October—November (Fig. 9b) and the highest f{CO, occur in aus-
tral summer from January to April (Fig. 9c). In the northern
part of the section, between 2°N and 10°N, SST decreases at
the end of December (Fig. 9e) to reach values around 24 °C in
January—April (Fig. 9f). AfCO, is always negative between 5°N
and 8°N (Figs 9a—c). In July—August, the undersaturation is lo-
cated between 2°N and 8°N, then it moves northwards between
3°N and 10°N in January—April. Low salinities are encountered
with salinities less than 35 from July to December between 2°N
and 8°N (Figs 9g and h) whereas, from January to April, salini-
ties less than 35 are observed south of the equator (Fig. 91). From
January to April the negative AfCO, between 5°N and 10°N are
explained by the winter cooling and not by salinity. Salinity is
above 35 because, during this period, the ITCZ is near 2°S. This
is consistent with the observed decrease of salinity (Fig. 9i) and
with the analysis of precipitation data in the tropical Atlantic by
Gu and Adler (2006). Normalizing fCO, to a constant tempera-
ture leads to near-equilibrium conditions. Overall, between 10°S
and 2°S the monthly mean salinity ranges from 35.48 to 36.18
and is always higher than in the 2—10°N latitudinal band. The
low-salinity region is associated with a decrease of AfCO,. The
eastward propagation of Amazon waters is unlikely to explain
the CO, undersaturation observed throughout the year because
Amazon waters might reach 25-30°W in boreal autumn, de-
pending on the strength of the NECC, but at other seasons,
the NBC entrains Amazon waters towards the Caribbean. As
the NECC disappears or reverses near 18°W from January to
June (Richardson and Reverdin, 1987), Amazon waters cannot
be transported eastward.

In the tropical region, Oudot et al. (1987) explained CO, un-
dersaturation associated with low salinities by the presence of
the intertropical convergence zone (ITCZ). The ITCZ attains



604

N. LEFEVRE ET AL.

Monte Olivia

Monte Olivia

a)

Jul

M

AfCO2 (uatm)
o

T T T
08 |

g 08
IS A

Lt “NNUVEN

— = —30ct08

AfCO2 (uatm)
o

Dec 08
27 Dec 08
i

2 4
14—
— ~ —270ct08 7
Nov 08 o hx G

-2 0

A1002 (natm)
o

37£ — = —30ct08 — - — 27 Oct 08 Nov 08 Dec08 - 27 Dec 08
N —— —_—
36 e TG 1
» 35 ke ‘\w ﬁ P \,.\-ﬂ"",,,._/"
L S, E
34 \“""\' AT
L o 4
h) 7N
33 I I I I I I rE. I I
-10 -8 -6 -4 -2 0 2 4 6 8 10

30 T T

SST (°C)

30 T T

28 i TN

I A - Ll

SST (°C)

o Py
R

~

Nov 08

Dec 08

27 Dec 08|

‘— ~ —30ct08 — ~ — 27 Oct 08
e)

24 L I I I I I

6 8 10

SST (°0)

Jan 09 Feb 09 Mar 09

Apr 09

24 I T T T T T

-2 0 2
Latitude

Monte Olivia

»
34 =
i) ‘ Jan 09 Feb 09 Mar 09 Apr 09 ‘
33 I I i I I I I I I
-10 -8 -6 -4 -2 0 2 4 6 8 10
Latitude

4

Fig. 9. Distribution of AfCO; between 10°S and 10°N along the track of the France—Brazil line for (a) July and August 2008, (b) October to
December 2008 and (c) January to April 2009. Distribution of SST for (d) July and August 2008, (e) October to December 2008 and (f) January to

April 2009. Distribution of salinity for (g) July and August 2008, (h) October to December 2008 and (i) January to April 2009.

its southernmost position during March—April and it migrates
northward in July—August (Gu and Adler, 2006). The ITCZ

is associated with high precipitation

, which explains the lower

surface salinity observed in March compared to the August and
October cruises (Fig. 10a). The migration of the ITCZ is con-

sistent with the salinity distribution with low salinities located
north of 2°N from July to December (Figs 9¢ and h) and near

2°S from January to April (Fig. 9i).

During August and October, the ITCZ is at its northernmost
location. The monthly climatology of precipitation (Adler et al.,
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Fig. 10. Monthly means of (a) precipitation, (b) sea surface salinity and (c) AfCO; at seawater temperature and at a constant temperature of 27 °C,
between 2°N and 10°N along the track of the France—Brazil line. The precipitation data come from the Global Precipitation Climatology Project

(GPCP) version 2.1 data set (Adler et al., 2003).

2003) averaged in the NECC region between 2°N and 10°N
shows low values in January—March and high values in boreal
autumn which is consistent with the seasonal migration of the
ITCZ. The monthly mean sea surface salinity measured on the
France-Brazil line is correlated with precipitation (+*> = 0.82).
The higher salinities are observed during the months of low pre-
cipitation whereas low salinities are observed in boreal autumn
when high precipitation occurs (Fig. 10b). The monthly mean
AfCO, are not strongly correlated with salinity (+? = 0.31), al-
though we expect low seawater fCO,, hence low AfCO,, to be
associated with low salinity. This is explained by the temper-
ature effect. In winter, low precipitation leads to high salinity,
which should lead to high fCO,. However, the low temperatures
would tend to decrease fCO, and counterbalance the salinity
effect. After removing the temperature effect using the 4% per
°C relationship (Takahashi et al., 1993), the AfCO, calculated
at a temperature of 27 °C is strongly correlated with salinity
(r* = 0.85) with a sink of CO, from July to December when the
salinity is lower than 35 and a source of CO, from January to
April when the salinity is over 35. This confirms that the CO,
undersaturation observed in the NECC region along the track of
the France—Brazil line is caused by the precipitation due to the
presence of the ITCZ.
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In boreal autumn, both the Amazon discharge and the po-
sition of the ITCZ can lead to CO, undersaturation. In boreal
winter, January—March, CO, undersaturation might occur in the
NECC region due to winter cooling. The next step would be to
synthesize all the available cruises made in this region to assess
the impact of the CO, undersaturation on the tropical source of
CO;. The surface ocean CO, atlas project (SOCAT) has started
building an fCO, database that could address this issue. Pursu-
ing the monitoring of the region with the France—Brazil line will
determine whether the CO, undersaturation reported here be-
tween 5°N and 8°N throughout the year is a permanent feature.
There might be some year-to-year variability as no CO, under-
saturation was observed during the zonal cruise along 7°30'N in
February 1993.

8. Conclusions

Underway fCO, measurements collected on board two merchant
ships and during research cruises show area of CO, undersatura-
tion in the region of the NECC. In the western tropical Atlantic,
the strong salinity dependence of TA, DIC and fCO,, and the
large salinity range are explained by the freshwater supply of the
Amazon. The lowest fCO, is correlated with the lowest salinity
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confirming that most of the productivity comes from the river.
Relationships between TA, DIC and fCO, could be determined
and seem to be valid throughout the year. Using mean sea surface
salinity fields, an annual sink of —0.96 mmol m~2d~! could be
calculated for the Amazon plume, defined by salinities below
34.9, in the region 3°S—18°N, 60-30°W.

The eastward propagation of Amazon waters could be exam-
ined during two cruises made along 7°30'N in October 2007 and
7°N in August 2008 during the period of the NBC retroflection.
The percentage of Amazon water advected eastwards depends
on the strength of the NECC and follows a wave pattern. In
August 2008, a stronger NECC and a stronger Amazon dis-
charge than in October 2007 explain the presence of Amazon
waters at 40°W associated with a salinity of 30.

Further east, along the track of the France—Brazil line, CO,
undersaturation is observed throughout the year in the NECC
region between 25°W and 30°W. It is associated with low salin-
ities and can be explained by the high precipitation due to the
presence of the ITCZ. After removing the temperature effect, a
clear seasonal pattern emerges with low precipitation, salinities
over 35 and high fCO, observed in boreal winter when the ITCZ
is located further south, and high precipitation, salinities below
35 and low fCO; from July to December under the ITCZ.

Continuing the monitoring with the merchants ships and with
the mooring at 8°N, 38°W should better document the variability
of these area of low fCO, in the NECC, their location and their
extent. Synthesizing all the data available in this region will help
in assessing the impact of the CO, undersaturation on the source
of CO; in the tropical Atlantic. This should be addressed in the
Surface Ocean CO, Atlas Project.
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