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A B S T R A C T

The surface fugacity of CO2 (fCO2) has been measured hourly at a mooring at 8°N, 38°W, using a spectro-
photometric CO2 sensor, from June to October 2013. In September 2013, the fCO2 and the sea surface salinity
(SSS) decrease significantly. The high precipitation due to the presence of the Intertropical Convergence Zone
(ITCZ) and the propagation of low salinity waters from the Amazon River plume explain the decrease of SSS.
Indeed, in fall, the retroflection of the North Brazil Current (NBC) feeds the North Equatorial Counter Current
(NECC) and transports Amazon waters to the eastern part of the tropical Atlantic. Simulations from a three
dimensional physical and biogeochemical model and observations at the mooring show that the Amazon plume
reached the mooring in September 2013. The decrease of fCO2 is associated with a moderate peak of chlorophyll.
Over the period of the CO2 observations, the site is a source of CO2 to the atmosphere of
0.65 ± 0.47mmol m−2 day−1. Although the wind speed is at its lowest intensity in September 2013, the flux
over the whole period would be about 14% higher without this month. Every month of September from 2006 to
2017, the model simulates a decrease of dissolved inorganic carbon corresponding to the SSS minimum.

1. Introduction

The tropics are regions of large outgassing of CO2 due to high
temperatures and to CO2-rich waters coming up to the surface. The flux
of CO2 is a function of the difference in the fugacity of CO2 (fCO2)
between the ocean and the atmosphere. Because the atmospheric fCO2

is relatively constant, the CO2 flux is mainly controlled by variations of
fCO2 in seawater. The seawater fCO2 is linked to pH, alkalinity (TA) and
dissolved inorganic carbon (DIC) through the equations of the carbo-
nate system. Alkalinity usually follows the salinity distribution as it is
mainly affected by evaporation and precipitation. Alkalinity tends to
have higher values at low latitudes than at high latitudes. DIC tends to
follow the general pattern of surface temperature and has lower values
at low latitudes compared to higher latitudes. In the tropics, TA and DIC
are strongly correlated (Williams and Follows, 2011). TA and DIC have
opposite effects on seawater fCO2: an increase of TA would decrease
fCO2 whereas an increase of DIC would increase fCO2.

Most of the studies on the CO2 fluxes in the tropics have focused on
the Pacific because of the strong interannual variability associated with
the El Niño Southern Oscillation (ENSO). The tropical Atlantic, in
contrast, has been little studied (Wang et al., 2015) despite showing

complex physical dynamics. Within the Western Tropical Atlantic
(WTA), opposing mechanisms exist acting as sources or sinks of CO2 for
the atmosphere: on one hand, the equatorial upwelling and the warm
temperatures dominating the tropical Atlantic make it a source of CO2

to the atmosphere; on the other hand, the supply of freshwater from the
Amazon River has a significant impact on the stratification and on the
salinity distribution of the Atlantic (e.g. Varona et al., 2019).

In addition, the nutrient loads carried by the Amazon and dis-
charged into the oceanic region increase the primary production
(DeMaster and Pope, 1996; Smith and Demaster, 1996; Subramaniam
et al., 2008) and lead to substantial CO2 drawdowns (Cooley and Yager,
2006; Körtzinger, 2003, 2010; Lefèvre et al., 2010; Ternon et al., 2000).
These studies on the CO2 drawdowns have evidenced the strong cor-
relation between the surface fugacity of CO2 (fCO2) and the sea surface
salinity (SSS) with very low fCO2 associated to the lowest SSS. Both
river discharge and rainfall contribute to decrease the SSS. The
spreading of the Amazon plume varies seasonally depending on the
seasonal migration of the Intertropical Convergence Zone (ITCZ). The
ITCZ is located in the zone of confluence of the trade winds. In boreal
winter, the ITCZ is at its southernmost position and the North Brazil
Current (NBC) is under the influence of the northeast trade winds,
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remaining confined to the coast and flowing northwestward. In boreal
summer and autumn, the southeasterly winds prevail and the ITCZ is at
its northernmost position. The NBC is under the influence of the
southeast trade winds, and then it becomes detached from the coast at
about 7-8°N and retroflects eastward (Fig. 1). The NBC retroflection
feeds the North Equatorial Countercurrent (NECC) flowing eastward
and carrying surface waters, rich in nutrients, from the Amazon River
plume (Coles et al., 2013; Fonseca et al., 2004; Hu et al., 2004).

For a complete overview of the current system in the tropical
Atlantic, we refer the reader to Fig. 1 of Bruto et al. (2017). At this time
of the year, the CO2 undersaturation observed in the plume may be
encountered very far offshore due to the slow air-sea exchange (Ibánhez
et al., 2016; Lefèvre et al., 1998). In boreal spring and winter, the
northeasterly winds are dominant, the ITCZ is further south, and the
Amazon River plume is smaller and more confined near the coast, with
a transport mainly northwestward.

In addition to the river discharge, rainfall due to the ITCZ is also a
significant freshwater supply. Precipitation decreases fCO2 and leads to
CO2 undersaturation especially in the ITCZ (Lefèvre et al., 2010; Turk
et al., 2010). The propagation of CO2 undersaturations and their impact
on the CO2 budget of the tropical Atlantic, and on its variability, are still
poorly known. A better understanding of the fCO2 distribution in-
cluding the processes affecting its variability is needed.

In the Western Tropical Atlantic, the mooring station at 8°N, 38°W,
equipped with a CARIOCA (Carbon Interface Ocean Atmosphere) CO2

sensor to monitor the surface fCO2, offers great insight into the fCO2

variability of the region and enables to study the different mechanisms
at play. Using data from 2008 to 2011, Bruto et al. (2017) found that
fCO2 was correlated with sea surface temperature variations during
January to July whereas from August to December the fCO2 variability
was very complex with several processes occurring simultaneously.
Performing a salt budget from the moored buoys along 38°W, Foltz
et al. (2004) showed that the precipitation and the zonal advection
were particularly important during summer and fall at 8°N. Examining
the transport of low-salinity water, Foltz et al. (2015) conclude that the
presence of the Amazon plume is not systematically observed at this
site. The reason is that the plume reaches its easternmost extension at
38°W. According to their analysis for the period 1998–2013, the plume
arrives at the mooring in 2001, 2003, 2009 and 2011. However, using a
1/6° model, Coles et al. (2013) report the Amazon influence beyond the
station, as far as 20°W, and conclude that the impact of the Amazon
River at 8°N, 38°W is similar to that of precipitation.

In this paper, we focus on the data of 2013 obtained at 8°N, 38°W.
Using in situ and satellite data as well as model simulations, we ex-
amine the processes affecting the distribution of fCO2 at this site. In
particular, we address whether the propagation of the Amazon plume is
observed and how it affects the sea-air CO2 flux at the mooring.

2. Material and methods

2.1. Measurements at the PIRATA site 8°N, 38°W

An instrumented buoy was deployed at 8°N, 38°W on 18 June 2013
as part of the PIRATA (Prediction Research Moored Array in the
Atlantic) program, a network of moored buoys installed in the Atlantic
since 1997 (Bourlès et al., 2019). The CARIOCA sensor measured
hourly surface fCO2, at about 1.5 m depth, from 19 June to 13 October
2013 at 8°N, 38°W. The accuracy of the fCO2 measurements, made by
spectrophotometry using thymol blue, is estimated at± 3 μatm (Hood
and Merlivat, 2001). The CARIOCA sensor has been deployed during
the PIRATA Brazilian cruise for servicing the moorings of the Western
Tropical Atlantic. At 8°N, 38°W the instrumented buoy measures sea-
water temperature at 1m, 20m, 40m, 60m, 80m, 100m, 120m,
140m, 180m, 300m, 500m, salinity at 1m, 20m, 40m, 80m, 120m,
shortwave radiation, precipitation, relative humidity, air temperature
and wind. However, in 2013, the anemometer did not work and the
surface salinity sensor stopped working after 23 July 2013. We use the
procedure of gap-filling described by Foltz et al. (2015) to reconstruct
the SSS from the salinity measured at 20m. The method consists of
using the salinity at a deeper level after correcting it by a seasonal bias.
We calculated a climatology of the difference between salinity at 20m
and SSS from 2006 to 2017. The daily climatology of the difference was
then subtracted from the daily salinity at 20m to reconstruct the daily
SSS from July to December 2013. This method reproduces the observed
SSS as shown by the comparison between observed and reconstructed
SSS from 2006 to 2017 (Fig. S1). Gaps remain when no data are
available.

During the PIRATA Brazilian cruises in 2009, 2010, 2011, 2014 and
2015, surface seawater samples were taken at 8°N, 38°W for DIC and TA
determination. The samples were poisoned with a saturated HgCl2 so-
lution and they were analyzed back in the laboratory LOCEAN, in Paris,
using a closed-cell potentiometric titration (Edmond, 1970). Prof. A.
Dickson (Scripps Institution of Oceanography, San Diego, USA) pro-
vided the Certified Reference Materials (CRMs) that were used for ca-
libration. The accuracy of DIC is estimated at 3 μmol/kg.

2.2. CO2 flux calculation

The CO2 flux is calculated using the following expression:

= −F k So (fCO fCO )2 2atm (1)

where So is the solubility of Weiss (1974) and fCO2atm is the atmo-
spheric fugacity of CO2. k is the gas exchange coefficient of Sweeney
et al. (2007) and is given by:

=
−Sck 0.27 U ( /660)10

2 0.5 (2)

where U10 is the wind speed at 10m above sea level and Sc is the
Schmidt number.

The wind speed at 10m is available from the Copernicus Climate
Change Service (C3S), ERA5 dataset available at https://cds.climate.
copernicus.eu/cdsapp#!/home. The 6-hourly wind speeds from the
cross-calibrated multi-platform version 2 (CCMP2 Wentz et al., 2015)
are averaged daily and are used to calculate the CO2 flux and to com-
pare it with the CO2 flux calculated with the monthly wind speeds of
ERA5.

As fCO2atm is not measured at the mooring, we use the monthly
molar fraction of the Ragged Point Barbados (RPB) station located at
13.17°N, 59.43°W where the molar fraction of CO2, xCO2, is recorded
since November 1987 (http://www.esrl.noaa.gov/gmd/dv/data). The
calculation uses the atmospheric pressure and the sea surface tem-
perature measured at the mooring. Atmospheric fCO2 was measured
underway during PIRATA cruises in 2009, 2010 and 2011. The com-
parison between the atmospheric values at 8°N, 38°W and the RPB
values calculated with the atmospheric pressure and the SST measured

Fig. 1. Main surface currents in the Western Tropical Atlantic. A MODIS Aqua
chlorophyll a (mgm−3) composite of September 2013 highlights the North
Brazil Current (NBC) retroflection.
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during the cruises gives a root mean squared error of 1.0 μatm, which is
within the uncertainty of the measurements.

2.3. Model and satellite measurements

The Mercator-Ocean simulation is based on the NEMO modelling
platform (Nucleus for European Modelling of the Ocean) and covers the
global ocean with a spatial resolution of 0.25° over the 1993–2019
period. The biogeochemical component PISCES (Aumont et al., 2015) is
coupled offline to the hydrodynamic NEMO component at a daily fre-
quency. Both components are forced by ERA-Interim atmospheric
fields. The biogeochemical simulation is available on the Copernicus
marine service catalogue (product GLOBAL_REANALY-
SIS_BIO_001_029). The detailed features of this simulation are described
in the Quality Information Document (http://marine.copernicus.eu/
documents/QUID/CMEMS-GLO-QUID-001-029.pdf). The hydro-
dynamic forcing simulation is available on request at the Mercator-
Ocean service desk. We use the daily means of salinity, temperature,
inorganic carbon, alkalinity, nutrients, chlorophyll and current fields
for the period 2006–2017 for the region 0°–12°N, 55°W–35°W to ex-
amine the spatial environment around the mooring.

8-day composites of chlorophyll a concentrations from MODIS Aqua
at 4 km resolution are used to determine the biological activity close to
the mooring site.

Monthly precipitation rate from January to December 2013 is
available from the Tropical Rainfall Measuring Mission (TRMM) on a
0.25°× 0.25° grid. The maximum precipitation is a good indicator of
the position of the ITCZ.

The surface ocean circulation in 2013 is examined using the OSCAR
currents (Bonjean and Lagerloef, 2002) available at https://www.esr.
org/research/oscar/oscar-surface-currents/. The OSCAR product is on a
1/3 degree grid on a 5-day time base.

2.4. Lagrangian particle tracking

The surface daily velocity fields of the ocean model run are used
together with the Lagrangian particle tracking software ARIANE
(Blanke and Raynaud, 1997) to examine the origin of waters reaching
the station 8°N-38°W during the period 2 September–5 November cor-
responding to the decrease in SSS.

Virtual Lagrangian particles are seeded within the site neighbouring
cells (within a 1.75° distance) of the model grid (at the surface only), at
a resolution of 1/12° – i.e. at higher resolution than the model grid with
9 particles per grid cell, and advected backwards in time for a duration
of 90 days. Particles are released every 3 days across the period, con-
stituting a series of 22 releases of 1383 particles amounting to a total of
30,426 particles released for the period. The resolution of particle re-
leases in space and time, together with the extent around the mooring
site, enable to obtain a comprehensive cloud of potential water trajec-
tories reaching the site. This experiment is repeated every year for the
period 2006–2017. For each trajectory, four variables are recorded at
every position; temperature, salinity, inorganic carbon and chlorophyll.

3. Results

3.1. Hydrological setting in 2013

The mooring at 8°N, 38°W is located in the North Equatorial
Counter Current (NECC), a surface zonal current that flows eastwards
between 3°N and 10°N (Fonseca et al., 2004). The NECC is formed by
the North Brazil Current (NBC) and the North Equatorial Current
(NEC). It is well developed in summer and reaches its maximum velo-
city (Richardson and Reverdin, 1987) while it is weaker during the first
period of the year and is even replaced by a westward flow in spring
(Garzoli and Katz, 1983). The maps of March and September 2013 il-
lustrate the seasonal variations of the surface current field using the

OSCAR product, and of the distribution of SSS using the SMOS data
(Fig. 2).

Averaging the zonal velocity in the 5°N–8°N, 45°W–35°W region
gives a good estimate of the strength of the NBC retroflection (Grodsky
et al., 2014). Following this criteria, we calculate the zonal velocity for
the year 2013. From January to June 2013, the zonal velocity is weak
and even negative (westward) ranging from −0.16m/s to 0.15m/s
with a mean of −0.045 ± 0.097m/s. Very low salinities (< 31 psu)
are observed close to the coast of South America and originates at the
equator near the Amazon mouth. In March 2013, a water mass of low
salinities (< 35 psu) flows northwards along the coast, towards the
Caribbean (Fig. 2a). At the mooring, the SMOS SSS is about 36 psu. The
meanders and rings of the NBC are visible on the maps. For example,
near the coast around 8°N–10°N, in March 2013, a core of high salinity
is surrounded by low salinity water (Fig. 2a).

From July to December 2013, when the NECC is well developed, the
zonal velocity is always positive (i.e. eastward) ranging from 0.14m/s
to 0.37m/s with a mean of 0.247 ± 0.075m/s. The maximum zonal
velocity is reached in September 2013, which is consistent with pre-
vious studies (e.g. Garzoli et al., 2004). In September 2013, the retro-
flection of the NBC is well visible by low salinity waters transported to
the mooring (Fig. 2b). Between 8°N and 10°N, the NBC becomes de-
tached from the coast and turns eastward, transporting a water mass of
salinity 30–31 psu. South of this water mass, values of high salinity
close to 36 psu are observed and are typical of surface tropical oceanic
water. Within the NECC, the salinity increases gradually towards the
east as the low salinity water mass mixes with tropical oceanic water
during its journey. As shown by the March and September maps
(Fig. 2), the seasonal variations of the surface currents affect the dis-
tribution of the SSS in the Western tropical Atlantic, and in particular
the mooring site.

In addition to the surface ocean circulation, the SSS at the mooring
is also affected by the seasonal migration of the ITCZ. The position of
the ITCZ can be detected as the region of maximum precipitation. Each

Fig. 2. Surface ocean circulation showing the spread of low salinity water
during autumn. Surface currents from OSCAR are superimposed on the SMOS
salinity fields for a) March 2013 and b) September 2013. The position of the
mooring is indicated by the black dot.
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year, the ITCZ migrates from boreal Spring when it is located at its
southernmost position, close to the equator, to its northernmost posi-
tion, about 10°N, reached in July (Gu and Adler, 2006). According to
Tzortzi et al. (2013), the western tropical Atlantic displays a strong
seasonal SSS signal, with the maximum SSS in February and the
minimum in August, that varies in phase with precipitation.

In 2013, at 8°N, 38°W, the ITCZ is present during the months of
August to September as shown by the highest precipitation from TRMM
(Fig. 3). Nevertheless, precipitation occurs on a wider period, from May
to November due to the width of the ITCZ. From December to April,
there is no precipitation at 8°N as the ITCZ is further south, close to the
equator.

The comparison of the daily TRMM precipitation of 2013 indicates
that the month of September is not significantly different from any
other month of the rainy season, using a Wilcoxon rank-sum test. The
hypothesis that the median are equals cannot be rejected at the 5%
level (p-values ranging from 0.08 to 0.43 for June to November 2013).
The months from June to November 2013 define the rainy season and
are significantly different from the months from December to May,
which corresponds to the dry season at 8°N, 38°W.

3.2. Variability at the mooring in 2013

The CO2 sensor at 8°N, 38°W transmitted hourly data from the 19th
of June until the 13th of October 2013 (Fig. 4a). Variations of fCO2 are
affected by variations of temperature and salinity. A decrease of salinity
due to precipitation would cause a decrease of carbon properties by
dilution. Warming of surface waters increases fCO2 by 4%/°C, every-
thing else being constant (e.g. Takahashi et al., 1993). From June to
September 2013, the fCO2 varies slightly around a mean value of about
400 μatm (Fig. 4a). During that period, the daily means of fCO2, SSS
and SST are respectively 396.3 ± 8.9 μatm, 35.43 ± 0.31 psu, and
28.23 ± 0.29 °C. In September 2013, fCO2 decreases sharply by about
50 μatm and subsequently increases to reach a mean value of
400.5 ± 4.8 μatm in October. The decrease of fCO2 corresponds to a
decrease of SSS by over 2 psu. The SSS minimum of 33.2 psu is reached
on 24 September 2013 (Fig. 4b) and coincides with the lowest daily
fCO2 of 361 μatm. Then, the SSS increases gradually to reach 36 psu in
December. The SST exhibits small variability around 28.2 °C until
September (Fig. 4c) then, from September to December, SST and SSS
vary in opposite direction with a correlation coefficient of −0.81. The
lowest salinities (< 34 psu) are associated with the highest SST
(> 29 °C). They occur in September and are concomitant with the
lowest fCO2. SSS and SST have opposite effects on fCO2 but the domi-
nant process is salinity, which explains the decrease of fCO2. After
reaching its minimum value, the fCO2 increases faster than the salinity
that remains below 35 psu in October.

Over the whole period of observations, fCO2 varied by 63 μatm
(June–October), SSS by 2.87 psu and SST by 3.37 °C (June–December).

High frequency variability is visible on hourly data of fCO2, SSS and
SST (Fig. 4a, b, c, in red) as previously observed and studied by Bruto
et al. (2017). Low salinity peaks correspond to rainfall events and the
dilution causes a decrease of surface fCO2. Near the end of June 2013, a
particularly strong decrease of hourly fCO2 and hourly SSS is observed
on a short period of time, which leads to low fCO2 (< 350 μatm) and
salinity (34 psu).

Peaks of hourly SST are mostly observed when the temperature is
higher than 28 °C under conditions of clear sky, low wind and strong
ocean stratification.

As no biological parameter is measured at 8°N, 38°W, we use the
chlorophyll a concentration from MODIS. In 2013, the chlorophyll a at
the mooring is quite low with concentrations always below
0.28mgm−3 (Fig. 5). The lowest concentrations are observed from
January to August. In September, the chlorophyll a increases abruptly
to reach a maximum of 0.26mgm−3 followed by a sharp decrease to
remain at concentrations between 0.13 and 0.18mgm−3. From Oc-
tober to December, the chlorophyll concentrations, although quite low,
are significantly higher than the concentrations from January to August
(t-test, p < 0.0001).

As no wind speed is available at the mooring in 2013, the flux of
CO2 is calculated with available wind speed products. As expected, the
daily CCMP wind speeds exhibit much more variability compared to the
monthly ERA5 wind speeds (Fig. 6a). The comparison between the daily
CCMP wind speeds averaged monthly and the ERA5 monthly wind
speeds shows that these two wind products are similar (paired t-test, p-
value= 0.075). The daily CO2 flux calculated with the monthly wind
speed is smoother (Fig. 6b) and gives a lower mean value
(0.65 ± 0.47mmol m−2 day−1 over June–October 2013) compared to
the flux calculated with the daily wind speeds
(0.75 ± 0.86mmol m−2 day−1). The direction of the flux (source or
sink to the atmosphere) depends on the difference between the sea-
water and the atmospheric fCO2, and the magnitude of the flux depends
on the intensity of the wind. The flux shows similar variations as the
seawater fCO2 with a decrease in September (Fig. 6b). From July to
October, the monthly wind is weak with a mean of 4.19 ± 0.46m/s.
Although the daily SSS and fCO2 are the lowest in September, the
lowest flux occurs in June because of the strong wind reaching a speed
of 6.81m/s. As a result, the daily flux has the strongest positive and
negative values in June. The negative flux is observed when low SSS
and fCO2 are measured and the wind affects its magnitude.

Overall, using the monthly wind speeds, the mooring site is a source
of CO2 to the atmosphere with a mean value of
0.71 ± 0.49mmol m−2 day−1. The decrease of seawater fCO2 ob-
served in September leads to some CO2 absorption. It remains small as
the wind reaches its lowest speed of 3.70m/s in September. During the
months of January to May and November to December, the wind is
significantly stronger than from July to October with a mean of
8.12 ± 0.98m/s (t-test, p < 0.0001).

3.3. Model simulations

The model results at 8°N, 38°W in 2013 show a decrease of SSS in
September corresponding to the decrease of observed SSS and fCO2

(Fig. 7). The model underestimates the SSS by about 0.5 psu. The
modelled SSS minimum is below 33 psu and is reached on the 15
September. It is followed by an abrupt increase of SSS whereas the
observations show a more gradual increase of SSS. Nevertheless, the
main patterns of SSS are similar to the observations. The sharp SSS
decrease is concomitant to the fCO2 decrease.

The mixed-layer of the model is calculated using a density criterion
of 0.01 kgm−3. At 8°N, 38°W the model has a shallow mixed layer
slightly deeper than 50m from December to February that decreases to
reach about 10m from June to October. It is in good agreement with

Fig. 3. Maximum precipitation indicating the migration of the ITCZ. TRMM
precipitation (in mmh−1) is plotted from 0°N to 15°N along 38°W in 2013. The
white dashed line corresponds to the location of the mooring at 8°N.
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the mixed layer climatology of de Boyer Montégut et al. (2004) that
gives a mixed layer of 14.4 ± 1.5m from June to October and close or
deeper to 50m during the first period of the year at 8°N, 38°W.

There is no nitrate (NO3) throughout the year 2013 except in
September when a small peak (< 0.1 μmol/kg) appears and is asso-
ciated with an increase of silicates (SiO4) from 2 to 5 μmol/kg (Fig. 8a).
The silicate concentrations decrease slowly from October whereas the
nitrates are rapidly depleted. The distribution of DIC is similar to the
distribution of TA with a relatively constant concentration from De-
cember to June and lower values from June to November (Fig. 8b).
From the beginning of September, both DIC and TA decrease suddenly
by over 60 μmol/kg and 80 μmol/kg respectively to reach a minimum
on 15 September 2013. The SST exhibits a seasonal cycle with the
highest values (> 29 °C) in September and the lowest in February
(Fig. 8c). The amplitude of the seasonal cycle is less than 2.57 °C. It is in

good agreement with the PIRATA SST data.

3.4. Water origin

The tracking of water parcels shows the influence of the NECC, the
NBC and the SEC (in backward order) for the September–November
period of the year (Fig. 9a and b, Supplementary material), with par-
ticles within the SEC reaching the NBC between 4°S and 2°N.

For 2013, a large number of backtracked particles show low salinity
levels nearby the Amazon shelf (Fig. 9c). Typical trajectories of such
particles show a sudden drop in both salinity and inorganic carbon
when travelling northward in the NBC and passing in front of the
Amazon estuary (Fig. 9c). This occurs between 50 and 65 days prior to
reaching the station 8°N 38°W, with values slowly rising as particles
travel to the station. Note also that a moderate peak in chlorophyll
develops soon after the passing in front of the shelf.

Waters from the Amazon show much lower salinity values than
waters coming from elsewhere and contribute to setting the low salinity
levels at 8°N38°W.

The proportion of particles with low salinity, when passing in front
of the Amazon shelf, vary annually, with the largest proportion found
for the years 2006, 2008, 2009, 2010 and 2017 (Fig. 9d). The years
2009 and 2014 show high and low proportion of low salinity particles
respectively (Fig. 9a, b).

4. Discussion

4.1. Origin of the fCO2 decrease in September 2013

With the exception of the month of September 2013, the daily fCO2

at 8°N, 38°W is relatively constant around 400 μatm from June to
October, with a mean of 396.8 ± 9.5 μatm. The decrease of fCO2

Fig. 4. Variations of hourly (in red) and daily (in black) a) fCO2, b) SSS and c) SST at 8°N, 38°W in 2013. In b) the blue line corresponds to the daily SSS reconstructed
from the salinity at 20m. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Seasonal variations of chlorophyll at 8°N, 38°W in 2013 showing the
sharp increase of chlorophyll in September. Chlorophyll a (mgm−3) data are
from MODIS.
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observed in September is associated with a decrease of salinity. The
lowest SSS are associated with the highest SST. Both the ITCZ and the
Amazon plume are characterized by low SSS and high SST.

In September 2013, the ITCZ is located at the mooring and the
rainfall is strong but similar to the rainfall from June to November.
According to the salinity budget of Foltz et al. (2015) at 8°N, 38°W,
from June to December, the salinity is affected mainly by rainfall due to
the presence of the ITCZ balanced by horizontal advection. They con-
sider that the mooring is at the easternmost location of the spatial ex-
tent of the Amazon plume so that the plume only occasionally reaches
the mooring. They mention the possible arrival of the Amazon plume
for some years, such as 2009 and 2011, but the year 2013 was not
mentioned.

Nevertheless, as precipitation levels in September 2013 are not
higher compared to the other months of the rainy season, the sudden
drop of salinity is likely caused by the Amazon plume, given that,

during September, the zonal current is maximum. Previous studies have
shown the propagation of the Amazon in the Atlantic. For example,
examining satellite images of chlorophyll and CDOM distributions for
1997–2002, Hu et al. (2004) reported that the Amazon water turned
eastward at about 9°N during June–August and reached 35°W in late
September. Using a 1/6° model, Coles et al. (2013) conclude that the
Amazon plume and rainfall have similar impact on the seasonal cycle in
the Western Tropical Atlantic and in particular at 8°N, 38°W. The La-
grangian experiment shows that most of the particles released at the
mooring site in September–October come from the Amazon shelf unlike
other months of the year (see the Supplementary material for the sea-
sonal variability of the origin of the particles, Fig. S2). The salinity
drops when particles transported by the SEC arrive at the Amazon shelf
(Fig. 9c). Then, their salinities increase slowly until they reach the
station 8°N, 38°W in September 2013.

The propagation of the Amazon plume affects not only the dis-
tribution of SSS but also the nutrient load and therefore the chlorophyll
a concentration. In 2013, the maximum daily discharge at Obidos, a
station about 600 km of the Amazon mouth (Callede et al., 2004), oc-
curs in early July. At this time, the NBC starts its retroflection and the
Amazon plume is transported eastward. The minimum SSS at 8°N, 38°W
is observed mid-September. This corresponds to a travel time of about
2months for the Amazon plume to arrive at the mooring. This is con-
sistent with the work of Coles et al. (2013) who calculated a time of
about 40–60 days to reach 40°W-35°W for drifters advected away from
the river mouth, using the 1/6° HYCOM model.

The mixing of the Amazon River with oceanic water leads to strong
biological activity and the productive waters are advected by the sur-
face currents. They can be detected from satellite by their chlorophyll
concentration. The chlorophyll is very high close to the river mouth and
the coast (> 0.8mgm−3), then it gradually decreases during the
transport of the water (Fig. 9). In September 2013, the mooring is
slightly affected by the plume and the chlorophyll concentration at the
site is around 0.2–0.3 mgm−3 (Figs. 5 and 10). Further east, in the
NECC, the chlorophyll concentrations are close to zero and there is no
sign of biological activity.

Fig. 6. Decrease of the daily CO2 flux at 8°N, 38°W in
September 2013 at the time of the lowest wind speed. a)
Monthly and daily wind speed are from ERA5 (black) and
CCMP2 (cyan) products respectively. b) The daily flux of CO2

is calculated with the monthly ERA5 wind speed (in black)
and with the daily CCMP wind speed (cyan). Positive values
of the flux correspond to a source of CO2 to the atmosphere.
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this ar-
ticle.)

Fig. 7. Modelled SSS, oceanic fCO2 and SSS observations in 2013 at 8°N, 38°W
decreasing at the same time in September.
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Although the model does not reproduce the magnitude of the
chlorophyll concentration and of the salinity, it captures well the timing
of the salinity decrease and chlorophyll increase. At the same time,
nitrates and silicates increase to reach their maximum concentration on
15 September 2013, while the carbon parameters (DIC, TA) decrease to
their minimum concentrations. The calculation of fCO2 from modelled
DIC and TA gives a higher value than the observed fCO2. Using DIC and
TA to calculate fCO2 gives the largest error on fCO2 as DIC and TA co-
vary (McLaughlin et al., 2015). Previous studies show that including pH
as an input parameter gives a better estimate of fCO2 (e.g. Hoppe et al.,
2012; Millero, 1995). The correlation coefficient between DIC and TA is
higher than 0.97 for the samples and higher than 0.99 for the model.
The model usually underestimates DIC and TA by 15 μmol/kg for the
lowest discrepancy. The propagation of these errors to calculated fCO2,
using the routine of Orr et al. (2018), gives an error of about 35 μatm.
Moreover, underestimating DIC would underestimate fCO2 but under-
estimating TA would counteract this effect because a decrease of al-
kalinity increases fCO2. The fCO2 calculated from modelled DIC and TA
is then much smoother than the observed fCO2. In addition, as the
modelled chlorophyll concentration is much lower than the satellite
chlorophyll, this suggests that the model underestimates the biological
productivity, which leads to a lower carbon consumption. The model
fails to reproduce the magnitude of the chlorophyll in September 2013.
This can either be due to the Amazon plume that is not rich enough in
limiting nutrients (the model uses climatological river inputs) or to the
assumption of fixed elemental ratios in the biogeochemical model
(Redfield ratios for phytoplankton). A variable stoichiometry model
(Quota model) could be used to explore this hypothesis. Such models
lead to higher biological production than model using a fixed Redfield
ratio (e.g. Christian, 2005; Flynn, 2010). Nevertheless, the biological
signature is present in the model and in the observations, which gives
additional evidence that the Amazon plume arrives at the mooring in
September 2013.

4.2. Impact on the variability of the CO2 flux at seasonal and interannual
timescales

The monthly CO2 flux at 8°N, 38°W reaches its lowest value in
September 2013 with a mean of 0.34 ± 0.49mmol m−2 day−1. The
flux is at its lowest value compared to the other months because of the
decrease of fCO2 associated with the low salinity water mass. According
to Foltz et al. (2015), the Amazon plume arrives at the mooring in 2011.
The fCO2 series of 2011 covers the period from 3 September to 31
December (Bruto et al., 2017) and, in September 2011, the CO2 flux is
similar to the September 2013 value with a mean of
0.34 ± 0.28mmol m−2 day−1. Although there is no long CO2 record at
this mooring, the few data available show high fCO2 values leading to
CO2 outgassing. According to Bruto et al. (2017), the SST variations
drive the fCO2 variability during the first period of the year. Although
there is evidence of the strong correlation between fCO2 and salinity for
the second half of the year, when the ITCZ is present and when the
NECC is well developed, an fCO2-SSS relationship valid for a long
period could not be determined.

The salinity minimum observed in September 2013 at the mooring
occurs every year at the same time when the NECC transports the
Amazon plume and when the ITCZ is present. This minimum shows a
significant variation from year to year as previously reported by Foltz
et al. (2015). As an example, the PIRATA and MERCATOR series from
2006 to 2017 are presented (Fig. 11a). The minimum of SSS observed at
8°N, 38°W varies between 31 in 2009 to 33.5 in 2014.

The WTA is known to exhibit interannual variability. Indeed, some
of the Pacific ENSO events affect the distributions of SST, SSS and
biogeochemical properties of the tropical Atlantic (e.g. Lefèvre et al.,
2013; Wang, 2005). According to the amount of rainfall, the Amazon
basin is subject to droughts and floods (Marengo et al., 2011; Marengo
et al., 2012) that affect the freshwater supply to the Atlantic. Among
these events, the year 2009 is characterized by an exceptional Amazon
flood, tied to a La Niña event in the Pacific, that led to an intense
discharge into the WTA (Chen et al., 2010; Tyaquiçã et al., 2017). Al-
though the SSS in 2009 is the lowest of the time-series at 8°N, 38°W, the
interannual variations of the Amazon discharge cannot fully explain the

Fig. 8. Model simulations of a) NO3, SiO4, b) DIC, TA and c)
SST at 8°N, 38°W in 2013 showing the biological signal in
September. The SST observations at PIRATA (in red) are in-
cluded for comparison with the modelled SST. (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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minimum SSS variations.
The model is forced by constant seasonal river discharge and re-

produces well the variability of this salinity minimum even though the
magnitude of the SSS decrease may be slightly different. The other
factors that may affect the SSS are the local rainfall, due to the presence
of the ITCZ, and the surface ocean circulation. However, we could not
find a direct relationship between local rainfall and the salinity
minimum. In fact, in 2009 the mean annual rainfall at 8°N, 38°W is the
lowest of the 2006–2017 series. A wavelet analysis of the rainfall at
8°N, 38°W did not show stronger variance of the signal in 2013 over the
2006–2017 period. Most of the SSS variability at this site is likely

caused by ocean circulation. Urbano et al. (2008) describe the surface
circulation of the region as very complex with a two-core structure for
the NECC. In addition, this current displays interannual variations (e.g.
Fonseca et al., 2004; Hormann et al., 2012). Hormann et al. (2012) also
identify north-south shifts of the NECC in response to the meridional
and zonal climate modes of the tropical Atlantic. The Lagrangian ex-
periment shows that the salinity decrease observed each year at 8°N,
38°W is explained by the salinity of the water mass originated from the
SEC, 90 days before (Fig. 9d), and transported by the NBC and the
NECC, as the same salinity pattern is observed (Fig. S3). The salinity
varies from year to year with the lowest salinity occurring in 2009 and

Fig. 9. Example of surface pathways of ocean model particles released uniformly within 1.75° from the station 8°N, 38°W during the period 2nd September–5th
November for the years 2009 (a) and 2014 (b), years for which minimum and maximum salinity are recorded, respectively. Particles are backtracked in time for
90 days with trajectories represented in grey and particles position of origin colored according to the salinity value. Note the low salinity values for particles
downstream of the Amazon shelf. Particle's release positions around 8°N, 38°W in red (colored circle) are colored according to the mean salinity level for the release
period. (c) Example of SSS, DIC and chlorophyll values along a particle trajectory flowing northward in the NBC, crossing the Amazon shelf, and reaching 8°N, 38°W
on the 5th of September 2013 through the NECC. (d) Box plot of the interannual variability of salinity levels for particles at origin (90 days prior to reach 8°N, 38°W).
Whiskers correspond to the 1st and 99th percentiles. Note the influence of low salinity levels corresponding to the Amazon plume for the years 2008, 2009 and 2010
where minima in salinity are observed at 8°N, 38°W. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. Advection of high chlorophyll a waters, within the NECC, in September 2013, reaching the mooring at 8°N, 38°W (represented by a black square).
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the highest in 2014. We can see on Fig. 9d that in 2009 there are many
more very low SSS values (outliers) than in 2014. These outliers in-
fluence the mean salinity at 8°N, 38°W 90 days later.

Although the salinity minimum in September 2013 was not as low
as in 2009 or 2011, the fCO2 variations show that the Amazon plume
also arrives at the mooring in 2013, which is confirmed by the
Lagrangian experiment. Using satellite data and empirical surface
salinity model over the period 2002–2017, Gouveia et al. (2019) con-
clude that the export of the Amazon plume water has intensified in
recent years. Their study area is bounded at 40°W and the Amazon
plume reaches 40°W each year from 2009 to 2017. In fact, as reported
by Cooley et al. (2007), the carbon deficit induced by the biological
activity can persist even though the physical structure of the plume is
no longer detectable. Even if the presence of the Amazon plume is
difficult to detect because the salinity is close to open ocean values, it
takes time to equilibrate the surface water with atmospheric CO2 (Jones
et al., 2014). After strong CO2 drawdowns associated to the biological
activity within the river plume, the CO2 content of the water mass will
gradually increase to reach CO2 equilibrium with the atmosphere. This
process is of the order of the month (Broecker and Peng, 1974).

From the fCO2 observations only, it is difficult to conclude that the
fCO2 decrease will take place each year at the mooring because of the
short record. As the model reproduces the salinity variations and some
impact of the Amazon propagation in September 2013, we examine the
simulations of DIC from 2006 to 2017 (Fig. 11b). The modelled SSS is
strongly correlated to DIC (r= 0.96). The DIC minimum coincides with
the SSS minimum. In addition, the lowest DIC value occurring in 2009
corresponds to the lowest SSS observed in 2009. Although very few DIC
data are available at this site, the samples collected are in reasonable
agreement with the modelled DIC values. The CO2 properties are in-
fluenced by the SSS variability in autumn, which suggests that the fCO2

decrease is likely to be observed each year around September–October.
This high natural variability of the tropical Atlantic makes it diffi-

cult to determine the evolution of the source of CO2 to the atmosphere.
A network of instrumented moorings covers the tropical Atlantic and
monitors the meteorological (wind, rainfall, air temperature, atmo-
spheric pressure, radiation) and oceanic (temperature, salinity) prop-
erties but monitoring of biogeochemical properties is rare (Foltz et al.,

2019). The biogeochemical properties of the tropical Atlantic are still
undersampled and more measurements are required to improve the
estimates of the CO2 flux for the global carbon budget. At first order,
decreasing SSS in the tropics would probably lead to a decrease of the
CO2 source because of the relationship between these two parameters.
However, SSS changes might affect other parameters. For example,
Jahfer et al. (2017) report that a considerable reduction in Amazon
runoff would result in cooling the equatorial Atlantic. The cooling
would decrease fCO2 and tend to counteract the fCO2 increase asso-
ciated with a salinity increase. Nevertheless, the CO2 budget is likely to
be affected by SSS and SST changes in the tropics and the evolution of
the tropical source of CO2 remains difficult to predict.

5. Conclusions

From June to October 2013, the hourly fCO2 measured at 8°N, 38°W
is relatively constant except in September 2013 when fCO2 decreases
rapidly by 50 μatm. The lowest fCO2 of 361 μatm, reached on 24
September 2013, corresponds to the lowest salinity of 33.2 psu. In fall,
two main processes decrease the SSS at the mooring. First, high pre-
cipitation caused by the presence of the ITCZ leads to SSS values lower
than 35 psu. Secondly, the retroflection of the NBC starting in July feeds
the NECC with Amazon waters. In September 2013, the NECC is well
developed and strong so that the Amazon plume can reach 8°N, 38°W.
This explains a further decrease of SSS but the main feature is the
biological imprint in the water mass. MODIS data exhibit a peak of
chlorophyll over 0.2mgm−3 at 8°N, 38°W in September 2013. The
advection of the Amazon plume is visible from the MODIS image in
September with the highest chlorophyll concentrations near the
Amazon mouth that decrease eastward during the water transport
within the NECC. The Lagrangian experiment confirms that most of the
particles released at the mooring site in September–November come
from a water mass passing close to the Amazon shelf. Although the
model does not reproduce the magnitude of the chlorophyll, the dis-
tribution over time is similar with a peak in September. In addition,
modelled nutrients exhibit peak values while DIC and TA are at their
lowest concentrations at the same time. The simulations over the
2006–2017 period highlight the interannual variability of the SSS
minimum, as previously reported, but also the strong correlation be-
tween DIC and SSS (r= 0.96). Overall, the site is a source of CO2 to the
atmosphere of 0.65 ± 0.47mmol m−2 day−1 from June to October
2013. Ignoring September, the mean CO2 flux is
0.76 ± 0.41mmol m−2 day−1. The impact of the fCO2 decrease in
September remains moderate because the wind is at its lowest intensity
during this month. As SSS is an important driver of the carbon para-
meters, future variations of the water cycle, by changes in river dis-
charge and/or rainfall, are likely to affect the CO2 budget in the tropical
Atlantic.
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