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Abstract co, fugacities obtained from a merchant ship sailing from France to French Guyana were used
to explore the seasonal and interannual variability of the sea-air CO, exchange in the western tropical North
Atlantic (TNA; 5-14°N, 41-52°W). Two distinct oceanic water masses were identified in the area associated to
the main surface currents, i.e., the North Brazil Current (NBC) and the North Equatorial Current (NEC). The NBC
was characterized by permanent CO, oversaturation throughout the studied period, contrasting with the
seasonal pattern identified in the NEC. The NBC retroflection was the main contributor to the North Equatorial
Counter Current (NECC), thus spreading into the central TNA, the Amazon River plume, and the CO,-rich
waters probably originated from the equatorial upwelling. Strong CO, undersaturation was associated to
the Amazon River plume. Total inorganic carbon drawdown due to biological activity was estimated to be
154 pmol kg ™" within the river plume. As a consequence, the studied area acted as a net sink of atmospheric
CO, (from —72.2+10.2 mmol m~2 month~ " in February to 14.3 £4.5 mmol m~2 month™ " in May). This
contrasted with the net CO, efflux estimated by the main global sea-air CO, flux climatologies. Interannual
sea surface temperature changes in the TNA caused by large-scale climatic events could determine the
direction and intensity of the sea-air CO, fluxes in the NEC. Positive temperature anomalies observed in the
TNA led to an almost permanent CO, outgassing in the NEC in 2010.

1. Introduction

The tropical Atlantic is one of the largest oceanic sources of CO, to the atmosphere. Recent global sea-air CO,
flux climatologies estimated that this region is the second largest oceanic source of CO, to the atmosphere
after the tropical Pacific [Takahashi et al., 2009; Landschitzer et al., 2014], with a consistent mean sea-air CO,
flux between 0.11 Pg Cy ™' (year 2000) [Takahashi et al,, 2009] and 0.10 +0.06 Pg Cy~ ' (year 2010) [Landschiitzer
et al., 2014], estimated in the 18°5-18°N latitudinal band. The zonal spread of CO,-rich waters originated from
the equatorial upwelling system and transported westward by the South Equatorial Current (SEC) explains
this permanent net CO, outgassing [e.g., Andrié et al., 1986]. However, strong latitudinal gradients of the
fugacity of CO, (fCO,) in the tropical Atlantic appear associated to the main surface water circulation
[Lefévre et al., 2014]. Zonal current bands in the tropical Atlantic coexist with the meridional overturning
circulation, which determines a net northward transport of water and heat [Stramma and Schott, 1999;
Kirchner et al., 2009]. The complex sea surface circulation in the tropical Atlantic determines the interhemispheric
exchange of water with different origins and physical and chemical properties. Nevertheless, studies on the
influence of the surface water circulation over the sea-air CO, exchange in the tropical Atlantic are rare to date
[e.g.. Lefévre et al., 2014].

Despite that the tropical Atlantic is regarded as a net source of CO, to the atmosphere, CO, undersaturation
areas exist due to precipitation or riverine influence. The Amazon River is the largest river in the world in
terms of freshwater discharge to the oceans [e.g., Chen et al., 2012]. As it discharges to the western tropical
North Atlantic (hereafter TNA), the Amazon River develops a plume that can exceed 106km?, covering a vast
portion of the western tropical Atlantic and reaching latitudes as far as 30°W [Coles et al., 2013]. The upper
Amazon River is a net source of CO, to the atmosphere largely fueled by CO, and organic matter exportation
from flooded wetlands and organic matter mineralization along the river path [Abril et al., 2014]. When it mixes
with oceanic waters, the Amazon River plume becomes a significant atmospheric CO, sink [Ternon et al., 2000;
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Figure 1. Tracks of the MN Colibri, the transect perpendicular to the Amazon River mouth and the location of the sampling
station of the Camadas Finas 2 cruise (black square) used in this study. (a) Details of the studied area, along with the surface
velocity climatology for the month of October (computed for the period 1992-2012). The main surface currents are
indicated: the North Brazil Current (NBC), the North Equatorial Countercurrent (NECC), and the North Equatorial Current (NEC).
(b) Location of the sampling stations in the transect perpendicular to the Amazon River mouth.

Kértzinger, 2003; Cooley et al.,, 2007; Lefevre et al., 2010]. Kértzinger [2003] estimated that the Amazon River
plume would be responsible for a carbon sink of 0.014+0.005PgCyr~", a similar value to that reported
by Cooley et al. [2007] for the outer plume sink (0.015+0.006 PgCyr™"), and higher than that calculated
by Lefévre et al. [2010] (0.005 PgCyr~"), who considered a smaller River plume area. Thus, the Amazon River
plume could be responsible for an atmospheric CO, sink that could roughly represent 10% of the estimated
CO, outgassing associated to the tropical Atlantic.

The contribution of the different factors explaining the CO, undersaturation of the Amazon River plume and
its seasonal variability is not clear. Ternon et al. [2000] estimated that primary production within the plume
would be responsible for about 30% of the observed CO, undersaturation. On the other hand, Cooley et al.
[2007] suggested that net primary production in the River plume would enhance the observed CO, undersa-
turation by a hundredfold. Elucidation of the physical and biological processes responsible for the modulation
of the fCO, in the Amazon River plume and the western TNA may help in better constraining the role of the
tropical Atlantic in the global sea-air CO, exchange. Furthermore, the impact of interannual, large-scale climatic
events, which has been shown to strongly determine the sea-air CO, exchange in the eastern tropical Atlantic
[Lefévre et al., 2013], is currently unknown for the area. This information is crucial to understand how the tropical
Atlantic would react to the current and projected environmental changes such as atmospheric CO, increase or
sea surface temperature (SST) changes.

Here we present a high spatial and temporal resolution CO, fugacity (fCO,) data set obtained from a ship of
opportunity (MN Colibri) that has performed continuous measurements in the surface waters of the western
TNA since 2006. A total of 30 voyages of the MN Colibri have been made, allowing to obtain an almost
complete picture of the seasonality of the fCO, in the area affected by the Amazon River plume. The objective
of this study is to determine the main seasonal and interannual drivers of the sea-air CO, exchange variability
in the oceanic area affected by the Amazon River plume.

2. Methods

An automated CO, analyzer similar to that described by Pierrot et al. [2009] was installed on board the merchant
ship MN Colibri sailing from Le Havre (mainland France) to Kourou (French Guyana) in 2006. The ship was also
equipped with a Seabird thermosalinograph and a Druck barometer for continuous SST, sea surface salinity
(SSS), and atmospheric pressure (P) measurements. Data collected between 14°N and Kourou (5°12'N, 52°46'W)
were used to explore sea-air CO, fluxes along the MN Colibri tracks under the influence of the Amazon River
plume (Figure 1). A total of 30 voyages recorded data in the selected region (Table 1). The MN Colibri did not
follow the same route throughout the study period (Figure 1; see Table 1 for details on the individual routes
followed by the MN Colibri). Instead, the maximum longitudinal difference among the MN Colibri tracks at
the northernmost limit of the studied area was 7° (from 45 to 52°W, Table 1).

Measurements of the atmospheric molar fraction of CO,, XCO54tm Mmade on board the MN Colibri during cruises
110 7,10, 12,15, 23, 24, 26, and 29 (Table 1) were contaminated by the flumes of the ship. In these cases, the
monthly xCO,,m recorded at the closest atmospheric station of the NOAA/Earth System Research Laboratory
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Table 1. Voyages of the MN Colibri Used in This Study®

Minimum Maximum Minimum Maximum Representative
Number Dates of the Voyages Latitude Latitude Longitude Longitude Route Month
1 4-6 March 2006 5°N 14°N 45°W 52°W Le Havre-Kourou March
2 8-10 March 2006 5°N 14°N 47°W 52°W Kourou-Le Havre March
3 28-30 April 2007 5°N 14°N 42°W 51°W Le Havre-Kourou April
4 7-8 May 2007 9°N 14°N 42°W 47°W Kourou-Le Havre May
5 21-23 June 2007 5°N 14°N 44°W 52°W Le Havre-Kourou June
6 24-26 August 2007 5°N 14°N 45°W 52°W Le Havre-Kourou August
7 3-5 July 2008 5°N 14°N 45°W 52°W Le Havre-Kourou July
8 1-3 March 2009 5°N 14°N 44°W 52°W Le Havre-Kourou March
9 7-9 March 2009 5°N 14°N 46°W 52°W Kourou-Le Havre March
10 10-11 July 2009 10°N 14°N 41°W 45°W Kourou-Le Havre July
11 16-18 August 2009 5°N 14°N 45°W 52°W Le Havre-Kourou August
12 26-28 August 2009 5°N 14°N 46°W 52°W Kourou-Le Havre August
13 3-5 April 2010 6°N 14°N 45°W 51°W Le Havre-Kourou April
14 11-13 April 2010 8°N 14°N 41°W 48°W Kourou-Le Havre April
15 21-24 May 2010 5°N 14°N 44°W 52°W Le Havre-Kourou May
16 19-22 June 2010 8°N 14°N 41°W 48°W Kourou-Le Havre June
17 7-8 August 2010 7°N 14°N 45°W 51°W Le Havre-Kourou August
18 9-10 October 2010 11°N 14°N 43°W 46°W Le Havre-Kourou October
19 18-19 October 2010 10°N 14°N 44°W 48°W Kourou-Le Havre October
20 31 December 2010 to 2 January 2011 5°N 14°N 44°W 52°W Le Havre-Kourou December
21 7-8 January 2011 6°N 14°N 46°W 51°W Kourou-Le Havre January
22 16-17 June 2011 5°N 14°N 45°W 52°W Le Havre-Kourou June
23 29-31 January 2012 6°N 14°N 44°W 51°W Le Havre-Kourou January
24 17-19 March 2012 5°N 14°N 45°W 52°W Le Havre-Kourou March
25 22-24 March 2012 8°N 14°N 42°W 49°W Kourou-Le Havre March
26 30 November to 1 December 2012 5°N 14°N 46°W 52°W Le Havre-Kourou November
27 5-7 December 2012 7°N 14°N 45°W 51°W Kourou-Le Havre December
28 27-29 January 2013 5°N 14°N 45°W 52°W Le Havre-Kourou January
29 1-3 February 2013 6°N 14°N 45°W 51°W Kourou-Le Havre February
30 17-19 July 2013 5°N 14°N 45°W 52°W Le Havre-Kourou July

*The limits of the ship tracks used here and the dates the ship performed each track are also shown.

(ESRL) Global Monitoring Division (Ragged Point, Barbados, 13.17°N, 59.43°W; http://www.esrl.noaa.gov/gmd/
ccgg/iadv/) was used. Atmospheric fCO, (fCO,4m) Was calculated from xCO, 4 according to

fCO2atm = XCOzatm (P — pH20)C¢ (1)

where pH,0 is the water vapor pressure at 100% humidity calculated from the measured SST and SSS and Cris
the fugacity coefficient calculated according to Weiss [1974]. Cruises 4, 8, and 9 lacked atmospheric pressure
measurements due to a malfunctioning of the barometer. For these three cruises, the monthly atmospheric
pressure obtained from the National Centers for Environmental Prediction (NCEP)/National Center for
Atmospheric Research reanalysis project was used for the subsequent fCO,,, calculation from xCO5atn. For
comparison, fCO,,ty derived from Ragged Point was also calculated for the voyages where xCOoam Was
measured. Good agreement between the fCO,,¢y, derived from the measured xCO,,;m and that calculated at
the Ragged Point station was obtained, with a close to 1:1 relationship (Colibri fCO54¢, = 6.1+ 0.99 Barbados
fCOsatm; R=0.94; n=16; p < 0.0001).

Sea-air CO, fluxes (F) along the tracks of the MN Colibri were calculated according to
F =k So(fCO25n — fCO2atm) (2)

where S, is the solubility of CO, as a function of SST and SSS [Weiss, 1974], k is the gas transfer velocity and fCO,,
is the fCO, of the surface ocean waters. Gas transfer velocity (k) was calculated according to Sweeney et al. [2007]:

k = 0.27 U?,(Sc/660) *° 3)

where Sc is the Schmidt number and U, the wind speed at 10 m above sea level. U;o was obtained from the
European Centre for Medium-Range Weather Forecasts reanalysis data set (ERA-interim). Monthly-averaged wind
fields were interpolated at each position of the MN Colibri where measurements were taken (SST, SSS, P, and fCO,).
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Monthly mean, zonal surface water velocities (0.5 m depth) and SST were obtained from the Mercator Ocean
GLORYS2V3 global ocean reanalysis with a 0.25° resolution. The downloaded surface water velocity grid
was interpolated at each location of the MN Colibri where measurements were performed. Additionally,
the Mercator monthly mean results for the period from 1992 to 2012 were used to compute climatological
monthly surface water velocities (Figure 1a) and SST. SST anomalies were then computed by comparing
the measured SST with the calculated climatological SST derived from the Mercator data.

Monthly Amazon River discharge was obtained from 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 for the
period 1992-2013 were used to calculate the climatological river discharge. Discharge anomalies were then
computed for the period covered in this study (2006-2013). Satellite-derived, monthly-averaged chlorophyll a
concentration was obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS)/Aqua satel-
lite with a 4 km resolution and processed with the OC3M algorithm and standard NASA global coefficients
[O'Reilly et al., 1998].

Seawater samples for total inorganic carbon (TCO,) and alkalinity (TA) analyses were taken during the Camadas
Finas 2 cruise performed in October 2012 and a transect performed perpendicular to the eastern Amazon River
mouth during April 2013 (Figure 1b). TCO, and TA were measured by potentiometric titration using a closed
cell, following the method of Edmond [1970]. Equivalent points were calculated using the code published by
Department of Energy [1994]. Certified Reference Material, supplied by Professor A. Dickson (Scripps Institutions

of Oceanography, San Diego, USA), was used for calibration. The accuracy was estimated at 3 pmolkg™".

3. Results and Discussion
3.1. Distribution of SST, SSS, and fCO,,,, Along the MN Colibri Tracks

Almost all the cruises of the MN Colibri used here showed minimum salinities lower than 35 practical salinity
unit (psu) within the studied area (Figure 2), with values ranging from 36.6 to 17.3 psu. Steep latitudinal SST
gradients appeared closely related to SSS gradients, where the transition from oceanic to brackish waters
was characterized by an increase in SST. The spatial extent of the influence of brackish waters was highly
variable. From January to March, salinities lower than 35 psu were generally observed south of 8°N. From
April to December, brackish waters were detected progressively farther north, reaching 12.58°N in December
(Figure 2). In July—August, the retroflection of the North Brazilian Current (NBC) starts and transports the
Amazon River plume to the northeast, joining the North Equatorial Countercurrent (NECC, Figure 1). From
August to December, the presence of two separated SSS minima along the MN Colibri tracks (only one SSS
minimum was observed in October due to the lack of data south of 10°N) clearly shows the influence of
the local surface water circulation on the spread of Amazon waters in the TNA.

fCO,,,, along the tracks of the MN Colibri was highly variable, ranging from 122.9 to 438 patm. fCO,;,, showed
a strong relationship with SSS consistent with previous studies (Figure 3) [Ternon et al., 2000; Kértzinger, 2003;
Lefévre et al., 2010]. A significant linear relationship of fCO,s,, and SSS was obtained in our entire data set
(R=0.83, p < 0.0001, and n=27689). Nevertheless, for comparison with previous studies, the linear relationship
between fCO,s,, and SSS was calculated using the data associated to salinities lower than 35 psu (Figure 3). The
following relationship was obtained:

fCO26w = 15.5(£0.1)SSS — 159(x3)(R = 0.9;n = 6393), standard error of estimate + 23.5 patm  (4)

Lefévre et al. [2010] obtained a very similar linear relationship of fCOs,, with SSS (15.7 0.1 patmpsu™") by
using the seven cruises presented here from 2006 to 2008 together with a zonal cruise performed in 2008
(2314 observations). The high agreement between both estimations suggests that the salinity dependence
of fCO,, in the studied area remained very consistent from 2006 to 2013. Furthermore, these results point
out that the Amazon River plume was the main driver of the observed fCO,,, variability for the studied period.

Outside the direct influence of the Amazon River plume (hereby defined as SSS < 35 psu), the relationship
between In fCO,,, and SST was calculated by linear regression and compared to the thermodynamic coefficient

(ifscgz /fCO; = 0.0423°C™", i.e, 4.23%°C™") [Takahashi et al, 1993; Park and Wanninkhof 2012]. Values of In fCO s,

versus SST close to the thermodynamic coefficient characterize areas where sea surface warming/cooling is
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Figure 2. Latitudinal distribution of sea surface temperature (SST), sea surface salinity (SSS), and sea surface fCO, (fCO5s,,) for the 30 voyages of the MN Colibri used
here. Each color represents a year: pink represents 2006, black 2007, grey 2008, blue 2009, cyan 2010, red 2011, green 2012, and yellow 2013. Light and dark colors
were used when two voyages were performed during the same month of a year.
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Figure 4. Comparison of the difference in fCOq,,, salinity (SSS), and
temperature (SST) among consecutive voyages of the MN Colibri with a
time lag lower than a week between cruises. Values were averaged every
1/20 latitudinal degrees prior comparison. Data at latitudes lower than
8°N are represented with white dots, and black dots represent data at
latitudes higher than 8°N.

the main factor explaining the observed
fCO,,, Vvariability. In oceanic waters
(SSS > 35 psu), the coefficient of the
fCO,4,,-SST relationship was lower than
the thermodynamic coefficient (2.42
+0.03%°C™"). Thus, both physical and
biological processes seemed to act in
shaping the fCO,,, in the area outside
the direct influence of the Amazon River
plume. The net CO, outgassing at high
SST would also be a factor contributing
to the value of In fCO,,, versus SST lower
than the thermodynamic coefficient.

3.2. Spatial Variability of SST, SSS,
and fCO,,,

The route of the MN Colibri was not con-
sistent throughout the studied period
(Figure 1). The paired cruises 1-2, 3-4,
8-9, 11-12, 13-14, 18-19, 20-21, 24-25,
26-27, and 28-29 were performed to
and from Kourou at a time lag of less
than 8 days (Table 1). Only paired cruises
3-4 and 28-29 used the same route,
while the MN Colibri followed routes
with up to 4° longitudinal distance at
the northernmost limit of the studied
area (14°N) in the remaining paired
voyages. Thus, these paired cruises were
used to evaluate the influence of the
spatial variability between the tracks.
The data measured on each cruise was
first averaged into 1/20° latitudinal bins,
and the absolute difference of SST, SSS,
and fCO,,, was calculated for each set
of paired cruises (Figure 4). Significant
differences were obtained for each set
of paired cruises. SSS showed higher dis-
persion of the data when compared with
SST, with maximum salinity discrepan-
cies higher than 10 psu (lower than 2°C
for SST). The northernmost limit observed
in the brackish water (SSS < 35 psu) trans-
port along the coast (i.e., transported
by the NBC, 8°N) was used to split the
calculated differences (Figure 4). Despite
the lower spatial distance among con-
secutive cruises when closer to Kourou
(Figure 1), data collected south to 8°N
showed the highest SSS and fCO,q,,
discrepancy among consecutive tracks.
The high number of surface eddies
present in the region of the NBC retro-
flection, which is a significant path of
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water transport in the area [Ffield, 2005], may be responsible for the high spatial variability found near the coast.
On the other hand, north to 8°N, the range of variability of SSS, SST, and fCO,s,, during consecutive voyages was
lower than that observed near the coast despite the higher zonal discrepancy among paired cruises.

The two cruises performed during October 2010 (cruises 18 and 19, Table 1) showed latitudinal SSS values in
the study area consistently different. SSS from cruise 18 was lower and highly variable when compared to
cruise 19 (Figure 2, October). Despite the robust correlation between SSS and fCO,,, found at SSS < 35 psu
in this study, fCO,s,, showed no significant differences among both cruises (p < 0.001). Water samples along
the MN Colibri tracks were collected by the French Sea Surface Salinity Observation Service for salinity validation.
During cruise 18, a blockage of the thermosalinograph installed on board the MN Colibri, which was solved
before cruise 19, was identified as responsible for the deviation between the salinity measured on the
collected samples and that measured on board. For the subsequent calculations, SSS from cruise 19 was
interpolated at the latitudes where data were collected during cruise 18 and assigned to it.

3.3. Latitudinal Distribution of AfCO, Along the MN Colibri Tracks and Influence of the TNA Surface
Water Circulation

As expected from the latitudinal distribution of fCOs,,, AfCO, (the difference between fCO,,, and fCO54im)
showed high latitudinal variability (Figure 5). Stronger CO, undersaturation in surface waters was found
during March, June, July, and August (lower than —200 patm recorded during August) concomitant with
the lowest SSS recorded. Outside the direct influence of the Amazon River plume, surface waters could be
divided into two distinctive latitudinal zones corresponding to the AfCO, distribution: south of approximately
10°N, surface waters were characterized by the highest CO, oversaturation systematically recorded in all
the voyages when brackish waters were not present (Figure 5). North of 10°N, a seasonal pattern was
observed, with CO, undersaturation generally observed from January to April, although CO, oversaturation
was also observed in some cruises (e.g., Figure 5). For the remaining period of the year, sea-air CO, exchange
showed higher variability, with fCO,s,, close to fCO,,im, Which determined a highly variable latitudinal
distribution of AfCO, (from August to December, a frontal zone was also observed close to 12°N probably
associated to the northern limit of the Intertropical Convergence Zone, ITCZ, as it appears on SSS as well;
Figure 2). Therefore, the AfCO, distribution suggests that these two regions corresponded to surface water
masses with different origin.

Monthly mean zonal surface water velocities obtained from the Mercator Ocean GLORYS2V3 global ocean
reanalysis are shown in Figure 5 for comparison with the latitudinal distribution of AfCO, (positive zonal
velocities denote eastward propagation). The system of surface currents in the area is dominated by the
NBC, the NECC, and the North Equatorial Current (NEC, Figure 1). From February to May/June, the NBC is
transported northwestward feeding the Guyana Current, concomitant with a weakened NECC [Johns et al.,
1998]. The interpolated zonal velocities for each of the MN Colibri tracks clearly show the weakness of the
NECC from March until June (Figure 5). From approximately June to January, the NBC retroflection driven
by the northward shift of the trade winds feeds the NECC with NBC waters, starting at between 5° and 8°N
[Fonseca et al., 2004; Garzoli et al., 2004]. Additionally, the NEC retroflection can also contribute to the water
transported eastward by the NECC [Zhang et al., 2003].

The interpolated latitudinal distribution of zonal surface water velocities along the MN Colibri tracks was used
to explore the significance of the differences observed in the measured parameters in relation to the main
sea surface current system. Thus, recorded values along the tracks with positive zonal velocities (eastward
propagation) at latitudes higher than 8°N were associated to the NECC, and negative zonal velocities were
associated to the NEC. Negative zonal velocities at latitudes lower than 8°N were associated to the NBC.
Recorded data with SSS lower than 35 psu were excluded from this analysis to minimize the interference
of the Amazon River plume in the characterization of the oceanic waters present in the studied area.
Furthermore, the three cruises performed during 2013 were excluded from this analysis due to the lack of
surface velocity data.

Under the imposed constraints, averaged SSS associated to the NECC at each cruise of the MN Colibri was
significantly lower than that associated to the NEC (paired t test p < 0.01, n = 23). No other significant differences
regarding SSS were found among the three main currents present in the area (p > 0.4). Averaged SST and fCO5,,
associated to the NECC were significantly higher than those found for the NEC (p < 0.0001; n = 23; Figure 6a,
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Figure 6. Comparison of cruise-averaged (a) SST and (b) temperature and salinity-normalized fCO,s,, associated to the
main surface currents present in the studied area: NBC, NECC, and NEC. Black dots represent the comparison between
the NEC and the NECC, while white dots represent the comparison between the NBC and the NECC. Dashed lines represent
the 1:1 relationship. Error bars represent the standard error of the estimate.

black dots). Cruise-averaged SST associated to the NEC ranged from 25.8 to 29.0°C (average 27.4+0.2°C),
while mean SST ranged from 26.4 to 29.6°C in the NECC (average 28.0 £ 0.2°C). Furthermore, averaged SST
was not significantly different between the NECC and the NBC (p > 0.08; n=15; Figure 6a, white dots). Due
to the important SST and SSS differences found between the NECC (NBC) and the NEC, the thermodynamic
dependence of fCO,,, with SSS and SST was used to remove the temperature and salinity effects over the
observed fCO,,, [Takahashi et al., 1993]. The mean SST from all the data presented here was used as reference
value (27.7°C; n=27975) for SST normalization of the fCO,s,,. The thermodynamic effect of SSS over the
observed fCO,,,, was used to normalize the data to a SSS of 35 psu by using (0fCO,/0SSS)/(SSS/fCO,) =7s,
where 7y is the thermodynamic factor. The thermodynamic effect of SSS over fCO,;,, reflects the changes
in the solubility of CO, and in the dissociation constants of carbonic acid. This effect is not well constrained
as it depends on several factors, resulting in reported ys values ranging from 0.93 to 1.7. Higher y, values
reflect the thermodynamic effect of SSS over fCO,q, when resulting from the admixture of waters with
significantly different TCO, content, such as the influence of rainfall on seawater [Sarmiento and Gruber,
2006]. Here the influence of the Amazon River plume is assumed negligible since fCO,,, values associated
to SSS < 35 psu were removed from this analysis. Thus, the y, value reported by Takahashi et al. [1993] for
warm waters and for a SSS range of 33.5 to 37 psu was used (ys=0.93). SSS and SST differences could not
explain the different fCO,,, (and consequently AfCO,) associated to the NECC (NBC) compared to the NEC
(Figure 6b). SSS and SST-normalized fCO,,, associated to the NECC (and NBC) were significantly different
to those associated to the NEC (p < 0.0001), whereas no significant differences were found in the normalized
fCO,s,, associated to the NBC and the NECC (p > 0.5). Thus, these results indicate that the NBC is the main
contributor to the NECC in the studied area throughout the year.

In a series of transects performed farther east in the tropical Atlantic, Lefévre et al. [2014] observed that
the warm waters associated to the SEC presented permanent strong CO, oversaturation despite the
seasonal influence of the Intertropical Convergence Zone (ITCZ). These waters are associated to the equatorial
upwelling system and are transported westward by the SEC toward the Brazilian coast, feeding the NBC
[Stramma and Schott, 1999]. Thus, the spread of Southern Hemisphere waters in the TNA that transports
CO,-rich waters originated from the equatorial upwelling system is the most probable explanation for the
permanent CO, oversaturation associated to the NBC and the NECC. Despite the CO, outgassing and the
cooling effect as these waters were transported from the southeast tropical Atlantic into the studied area,
permanent seawater CO, oversaturation remained effective throughout the year, only dramatically changed
by the influence of the Amazon River plume.

3.4. Seasonal Variability of AfCO, and Resulting Sea-Air CO, Fluxes in the TNA

The main driver of spatial variability along the tracks of the MN Colibri was related to the location of the
Amazon River plume affected by mesoscale circulation rather than the meridional discrepancy of the tracks.
Thus, for the evaluation of the seasonal changes, the influence of the meridional discrepancy among tracks
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was assumed negligible. Monthly means of SSS, AfCO,, sea-air CO, fluxes, wind intensity, and the zonal
component of the surface water velocity were computed by averaging the data at every 0.1° of latitude for
each month (Figure 7).

Monthly-averaged SSS and AfCO, reflected the latitudinal distribution of the main surface water currents and
the seasonal change in the transport of the Amazon River plume (Figure 7). The NBC retroflection transported
brackish waters and the associated CO, undersaturation to the north during the second half of the year
(Figures 7a and 7b). On the other hand, the maximum CO, oversaturation in surface waters was permanently
located south to 10°N throughout the year, in the area influenced by the NBC and the NECC (Figure 7e). In the
area where NEC dominated the surface water transport (12-14°N; Figure 7e), surface waters acted on average
as a source of CO, to the atmosphere from May to October/November and a sink the rest of the year. The
thermodynamic effect of SST variations largely explained the seasonal pattern in the sea-air CO, exchange
in the NEC. The cooling of surface waters during boreal winter led to the reversing of the direction of the
CO, fluxes at the sea-air interface.

Calculated, monthly mean sea-air CO, fluxes ranged from 3.7 to —11.0mmol m~2d ™" (Figure 7c). The seasonal
northward shift of the trade winds, which is responsible for the start of the NBC retroflection, promoted a
wind intensity relaxation in the second half of the year (Figure 7d). As a consequence, the seasonal wind
intensity change had an important impact on the sea-air CO, fluxes. The monthly mean CO, oversaturation
observed in the NBC and the NECC from January to May was less pronounced than that observed during
November and December. Nevertheless, the higher wind intensity during the first half of the year drove
higher CO, outgassing during this period when compared to November and December. A similar influence
of the seasonality in the wind field was observed in the NEC: equivalent CO, undersaturation found during
January-February and November-December in the NEC (Figure 7b) resulted in higher atmospheric CO,
absorption during January-February due to the increase in wind intensity.

The studied area acted as a net sink of atmospheric CO, (Table 2), mainly driven by the CO, undersaturation pro-
moted by the Amazon River plume and also due to the seasonal pattern identified in the NEC. Monthly-averaged
sea-air CO, fluxes ranged from —72.2 +10.2 mmolm~2month™" in February to 14.3+4.5 mmolm~2month™"
in May. Although the higher latitudinal distribution of the Amazon River plume occurred during the second
half of the year, when the NBC retroflection took place, maximum atmospheric CO, absorption occurred
during boreal winter (January-February). During these months, the NEC acted as a sink of atmospheric CO,,
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Table 2. Estimated Monthly Sea-Air CO, Flux Derived From the Monthly Means Calculated for the Study Area®

This Study Takahashi et al. [2009] Landschtitzer et al. [2014]
(mmol m 2 month_1)

January —42.7+10.9 464+ 384 —3.8+£10.1
February —722+10.2 —2.0+£50.6 —10.6+£10.3
March —8.1x57 28.2+24.2 —127+75
April —1.1+28 11.6+149 0.6+6.7
May 143 +45 209+ 144 16.0+5.8
June —315+7.1 544+159 248+4.2
July —36+23 424+31 153+09
August —298+77 35.0+34 92+1.6
October —109+27 304+74 36+1.4
November —44+56 16.5+17.6 14+19
December —237+73 419+19.0 1.7+59

@Monthly sea-air CO- flux for the study area computed from the climatology of Takahashi et al. [2009] (reference year
2000) and that presented by Landschditzer et al. [2014] (reference year 2010) are also shown. September is absent due to
the lack of cruises of the MN Colibri during this month.

which together with the CO, undersaturation caused by the Amazon River plume and the increase in the wind
velocity during the first half of the year, caused the strong atmospheric CO, absorption.

Seasonal sea-air CO, fluxes calculated here were compared with the sea-air CO, flux climatologies of
Takahashi et al. [2009] and Landschiitzer et al. [2014] made for the reference year 2000 and 2010, respectively
(Table 2). Comparison of the results presented here with the climatology of Takahashi et al. [2009] (4°x 5°
resolution) was made by integrating the pixels contained within the area covered by the different tracks
of the MN Colibri (i.e., 5 pixels). As the climatology of Landschditzer et al. [2014] presents a much finer spatial
resolution (1°x 1° resolution), the integration of the pixels contained within the averaged track of the
MN Colibri was used for comparison (16 pixels). With the only exception of February, the climatology of
Takahashi et al. [2009] estimated a net CO, efflux from surface waters in the studied area throughout the
year (Table 2). The climatology of Landschditzer et al. [2014], based on the Surface Ocean CO, Atlas (SOCAT)
database [Bakker et al.,, 2014], also characterized the area as a net source of CO, to the atmosphere (Table 2).
Both climatologies reproduced the seasonal pattern identified in the NEC (data not shown) but were not able
to reproduce the magnitude and extent of the CO, undersaturation caused by the Amazon River plume.
The high spatial extent of the CO, undersaturation associated to the Amazon River plume, the coarser spatial
resolution of the climatology of Takahashi et al. [2009], and the scarce fCO,s,, data in the area might be
responsible for the strong disagreement between both sea-air CO, flux climatologies and our results. The
significance of the Amazon River plume in terms of atmospheric CO, uptake has been highlighted in previous
studies [Kdrtzinger, 2003; Cooley et al., 2007; Lefévre et al., 2010] and roughly represents 10% of the total CO,
outgassing estimated for the tropical Atlantic. Results suggest that the Amazon River plume should be taken
into account to better constraint the role of the tropical Atlantic in the global sea-air CO, exchange.

3.5. Origin of the CO, Undersaturation in the Amazon River Plume

The upper Amazon River acts as a source of CO, to the atmosphere largely supported by the export of
both inorganic and organic carbon from flooded wetlands and organic matter mineralization along the river
path [e.g., Abril et al., 2014]. As in other major river systems, the Amazon River progressively changes its role
downstream and becomes a net sink of atmospheric CO, in the coastal ocean [Chen et al., 2012]. The linear
relationship between fCO,;,, and SSS within the plume determined here (Figure 3) presented a negative
intercept at zero salinity, which suggests that the CO, undersaturation originated from the midsalinity range.
Primary production at this mixing zone could contribute to the observed CO, undersaturation but, as shown
by Kértzinger [2010], the nonlinearity of the thermodynamics of the CO, system alone permits a CO, under-
saturation zone to develop in the mixing zone of CO, saturated seawater and CO, supersaturated river
waters. To evaluate the role of physical versus biological processes in explaining the permanent CO, under-
saturation of the Amazon River plume, Ternon et al. [2000] and Kértzinger [2003] compared their TA, TCO,, and
fCO,s\, data with curves resulting from the conservative mixing of Amazon River waters and the surrounding
oceanic waters using the composition of the end-members given in Table 3. As the observed fCO,,, values
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Table 3. Main Characteristics of the Freshwater and Seawater End-Members Used by Ternon et al. [2000], K6rtzinger
[2003], and This Study for the Calculation of the Mixing Effect Between the Amazon River and the Tropical Atlantic
Over the Observed fCO5q,,°

Silicates Phosphates Temperature Salinity TCO, TA
Reference (umol/kg) (umol/kg) (°Q) (psu) (umol/kg) (umol/kg)
Ternon et al. [2000] 142 28 0 600 600
Kértzinger [2003] 150 0.8 29 0 744 600
April 2013 n.m. n.m. 29 1.08 397.7 3223
Ternon et al. [2000] 2 0 28 36.2 2018 2403
Kértzinger [2003] 15 0 29 349 1948 2306
October 2012 n.m. n.m. 29 36 2020 2360

a a
n.m. denotes not measured properties.

were lower than those expected from conservative mixing, they concluded that biological processes were
responsible for the CO, undersaturation found in the Amazon River plume.

Due to the difficulty in defining the characteristics of the Amazon River end-member, uncertainty remains about
the relative contribution of mixing versus biological activity in explaining the permanent CO, undersaturation
associated to the Amazon River plume. In April 2013, TA and TCO, were measured at a salinity of 1.08 psu in
the transect performed perpendicular to the Amazon River mouth (Figures 8a and 8b; Table 3). These values
were compared with the linear relationships of TA and TCO, with SSS found by Lefévre et al. [2010] who
included the data used by Ternon et al. [2000] (Figures 8a and 8b). TA measured during the transect
performed in 2013 at $=1.08 psu was in good agreement with the value given by the TA-SSS correlation
found by Lefevre et al. [2010] (Figure 8a):

TA = 58.1 * SSS + 265 (5)

This suggests that TA acted conservatively during the mixing between the Amazon River and the oceanic waters.

On a similar fashion, TCO, measured in April 2013 was compared with the linear relationship of TCO, and SSS
found by Lefévre et al. [2010]. The linear relationship of TCO, and SSS found by Lefévre et al. [2010] gave a TCO,
of 244 pmol kg™ at 1.08 psu, contrasting with the much higher value measured (398 umol kg™ '; Table 3). This
suggests a biological CO5 uptake of 154 umol kg™ within the early Amazon River plume.
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Figure 8. (a) TA and (b) TCO, as a function of SSS in the transect performed near the river mouth during April 2013
(white dots). The measurements made within the Amazon plume and presented in Lefévre et al. [2010] are also represented
(black dots). (c) Distribution of calculated fCO,,, as a function of SSS for the water samples collected in the transect
performed during April 2013 together with that predicted by the mixing-only thermodynamic model. The calculated
fCO24tm for the period when the samples were taken is also shown (dashed line). (d) Resulting sea-air CO, fluxes calculated
from the samples collected in April 2013 and those resulting from the thermodynamic model.
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fCO5a¢m in the Amazon River plume can be roughly estimated to ~390 patm during the period the MN Colibri
cruises were performed. During the cruise Camadas Finas 2, performed in October 2012, fCO,,, close to
atmospheric values was observed at SSS ~36 psu. This corresponded to TCO, ~2020 umolkg™" and TA
~2360 pmol kg™ ', hereby defined as the seawater end-member. Using the seawater end-member and the
TCO, value measured during the transect performed during 2013 at the lowest SSS (1.8 psu), the mixing
equation for TCO, becomes

TCO, = 46.46 * SSS + 347.5 (6)

This characterizes the freshwater end-member with TCO, = 347.5 pmol kg ™" at 0 psu.

The discrepancy between our mixing equations and those presented in Ternon et al. [2000] was mainly due to
the TA and TCO, values assigned to the freshwater end-member. The TA value reported here as Amazon River
end-member was within the range of TA values given by Gibbs [1972] (247-551 pmol kg™"). Furthermore, the
TA and TCO, measurements performed in April 2013 gave a calculated fCO,,, over 2500 patm at the lowest
salinity measured (Figure 8c), which is consistent with the strong CO, outgassing observed within the
Amazon River in previous studies [Richey et al., 2002; Abril et al., 2014].

The theoretical fCO,q,, resulting from the mixing equations of TA and TCO, presented here was calculated
for the conditions found in the Amazon River plume (SSS, SST, and atmospheric pressure). For this, we used
the thermodynamic relationships of the CO, system in aquatic environments [Mojica Prieto and Millero, 2002]
and assumed no CO, exchange with the atmosphere [Kértzinger, 2010]. As shown by Kértzinger [2010], mixing
alone could lead to CO, undersaturation due to the nonlinear thermodynamics of the CO, system (Figure 8c).
Nevertheless, the calculated fCO,,, from our measurements made in April 2013 significantly deviated from
the thermodynamic model (Figure 8c). In the midsalinity range, the observed CO, undersaturation was stronger
than that predicted by mixing alone. As a consequence, at a SSS of 11.4 psu, biological CO, drawdown was
responsible for a CO5 flux of —8.6 mmolm~2d ™" (i.e,, 64% of the total —13.4mmolm~2d~" observed).

Although the assumption of no CO, exchange with the atmosphere in the thermodynamic model presented
could lead to deviations in the contribution of abiotic factors to the CO, undersaturation in the Amazon plume,
the time scale of CO, equilibration is much larger than the propagation of the plume at the spatial scale of the
transect of April 2013 [Kdrtzinger, 2010]. Furthermore, at salinities lower than 10 psu, the fCO,,,, observed
during April 2013 was higher than that calculated by the mixing model, which could be attributed to the
dominance of organic matter mineralization near the River mouth. Thus, the calculated contribution of primary
production to the observed CO, undersaturation at the midsalinity range is a conservative estimation.

Despite the high spatial variability of the Amazon River plume as shown in the analysis of the data from con-
secutive cruises presented here, interpolated, monthly-averaged chlorophyll a derived from the MODIS/aqua
satellite showed high significant correlation with measured SSS in 22 of the 30 voyages of the MN Colibri
(Figure 9). In these cruises, apparent chlorophyll a concentration within the Amazon River plume could be
up to 2 orders of magnitude higher than in the surrounding oceanic waters. The oceanic waters of the tropical
Atlantic present permanent oligotrophic conditions which explain the presence of low-chlorophyll a concentration
[Subramaniam et al., 2008]. The spread of Amazon waters in the area dramatically changes this content, providing
the conditions to sustain important N, fixation and primary production [Subramaniam et al., 2008], thus explaining
the resilience of the permanent atmospheric CO, sink associated to the Amazon River plume.

3.6. Interannual Variability of Sea-Air CO, Fluxes in the TNA

The spatial extent of the Amazon River plume and the associated CO, undersaturation depend on factors like
river discharge, wind intensity, and the magnitude of the local system of surface currents [Molleri et al., 2010].
Large-scale, climatic events exert an important control over precipitation and wind intensity (and therefore
the system of surface currents) in the western tropical Atlantic and the Amazon River basin. Precipitation
anomalies in the Amazon basin have been related to the El Niflo-Southern Oscillation (ENSO), resulting in
increased (reduced) river discharge during La Nifa (El Nifio) events (Figure 10) [Sombroek, 2001]. The ENSO
variability is also known to have a remote influence on the tropical Atlantic climate variability [e.g., Alexander
and Scott, 2002; Rodrigues and McPhaden, 2014]. Warming of the tropical Pacific during El Nifio events produces
a warming in the troposphere which then propagates eastward, generally promoting positive SST anomalies
in the tropical Atlantic with a time lag of a few months [Alexander and Scott, 2002; Chiang and Sobel, 2002].
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Figure 9. Monthly-averaged chlorophyll a concentration in surface waters obtained from the MODIS/Aqua satellite and
interpolated at each point where measurements were taken along the MN Colibri tracks. The significance of the Spearman
correlation between the SSS measured along the MN Colibri tracks and the interpolated monthly-averaged chlorophyll a
concentration is also shown. Note the logarithmic scale in the chlorophyll a concentration.

The zonal component of the surface water circulation used here (Figure 5) was used to obtain the averaged
SST anomalies associated to each sea surface current (after excluding salinities lower than 35 psu). SST
anomalies showed significant lagged correlation with the NINO3.4 index. Maximum positive correlation
between SST anomalies associated to the three main currents in the area and the NINO3.4 index was
obtained with a time lag of 6 months (Spearman'’s p =0.53, n =65, and p < 0.00001). Furthermore, SST anomalies
associated to each individual sea surface current were also significantly correlated with the NINO3.4 index.
Maximum correlation of SST anomalies associated to each sea surface current with the NINO3.4 index was
also found with a time lag of 6 months (NEC: p=0.44, n=27, and p < 0.05; NECC: p=0.61, n=23, and
p < 0.005; NBC: p=0.61, n=15, and p < 0.05).

The year 2010 was of significant changes in the tropical Atlantic and the Amazon River basin: a severe
drought in the Amazon River basin led to the lowest River discharge rates of the studied period, concomitant
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Figure 10. (a) Computed SST anomalies for the three main surface currents present in the studied area. Amazon River
discharge anomalies and the NINO3.4 index are also shown for comparison. (b) Temporal evolution of calculated CO, fluxes
for each of the three main surface currents present in the studied area. Error bars represent the standard error of the estimate.
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with positive SST anomalies in the three sea surface currents present in the studied area (Figure 10). SST
changes can induce rapid changes in the sea-air CO, fluxes. Whereas the NBC and the NECC acted as almost
permanent sources of CO, to the atmosphere throughout the studied period, the NEC showed to be more
sensitive to SST changes (Figure 10). SST has an important effect over the CO, fluxes in the NEC, driving
the seasonal change in the direction of the CO, fluxes as discussed before. Nevertheless, the temporal evolution
of the sea-air CO, fluxes in the NEC reveals that it acted as a net source of CO, to the atmosphere during
2010 and early 2011. This contrasts with the other years explored here where the NEC acted as a net sink
of atmospheric CO, or it was in near equilibrium with the atmospheric CO, (Figure 10).

By analyzing underway fCO, data measured on board a merchant ship performing the route France-Brazil
farther east in the tropical Atlantic, Lefévre et al. [2013] identified an increased CO, outgassing in the boreal
spring of 2010 compared to 2009 and 2011 in the 8°S to 8°N latitudinal band. Positive SST anomalies conco-
mitant with positive SSS anomalies caused by the northward shift of the ITCZ were identified as responsible
for this increased CO, outgassing. As the NEC extends farther north of the studied area until approximately
20-25°N, the results presented here suggest that the CO, outgassing caused by the anomalous climatic
conditions of 2010 may have a much larger impact on the sea-air CO, exchange in the tropical Atlantic.

4, Conclusions

Global sea-air CO, flux climatologies identify the studied area (5-14°N, 41-52°W) as a net source of CO, to the
atmosphere. The results presented here showed that the spatial extent of the Amazon River plume together
with the seasonality in the sea-air CO, exchange in the NEC characterized the studied area as a net sink of
atmospheric CO,. In the case of the Amazon River plume, its spread in the western TNA changed the perma-
nent CO, oversaturation of the oceanic waters transported by the NBC and the NECC and largely affected the
sea-air CO, exchange in the western tropical Atlantic. Intense primary production promoted by the river
discharge seemed to be the main driver of the observed CO, undersaturation within the Amazon River plume.
Net primary production within the inner plume was shown to reverse the CO, oversaturated conditions of
the Amazon waters and develop CO, undersaturated conditions near the River mouth. This CO, drawdown
was associated to a significant increase in the satellite-derived chlorophyll a concentration.

The combination of measured fCO, data with interpolated surface water zonal velocities permitted to identify
the influence of surface water circulation on the sea-air CO, fluxes in the area. Results demonstrated the
presence of two distinctive surface water masses with different fCO,s,, characteristics. As a result, CO5-rich
waters probably originated from the equatorial upwelling system spread in the TNA carried by the NBC
and the NECC. These waters were characterized as permanent sources of CO, to the atmosphere throughout
the studied period. On the other hand, surface water transported by the NEC showed to be more sensitive to
SST changes, determining not only the seasonality in the direction of the CO, fluxes at the sea-air interface
but also the impact of large climatic events such as the ENSO on the sea-air CO, exchange in the region.

The data used in this study have proved that regular monitoring of CO, in the ocean permits to investigate the
seasonal and interannual variability of the sea-air CO, exchange. This is particularly important regarding the
current and projected environmental changes in the area such as increasing SST or changes in the equatorial
upwelling that will alter the CO, exchange in the tropical Atlantic. Thus, CO, monitoring programs are crucial
for better understanding the dynamics of CO, in the oceans and the impact of climate variability on the sea-air
CO, exchange and carbon storage in the oceans.
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