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Abstract Following the anomalous warming event occurring in the tropical North Atlantic in 2010,
higher than usual surface fugacity of CO, (fCO,) was observed. To evaluate the spatial extent of these
anomalies and their drivers, and to quantify the sea-air CO, flux at basin scale, the Mercator-Ocean model is
used from 2006 to 2014 within the region 0-30°N, 70-15°W. Model outputs are generally in accordance with
underway sea surface temperature, sea surface salinity, and surface f{CO, recorded by two merchant

ships. The anomalous warming of 2010 is well reproduced by the model and is the main driver of fCO,
anomalies. The first coupled Empirical Orthogonal Function mode, between sea surface temperature and
fCO,, captures more than 70% of the total variance and is characterized by a basin-scale warming associated
to positive f{CO, anomalies. The corresponding principal components are correlated to the Tropical North
Atlantic Index and identify 2010 as the year with the highest positive anomaly over 2006-2014. Exceptions to
this general pattern are located near the African coast, where the weakening of the coastal upwelling
causes negative inorganic carbon anomalies, and close to the Amazon River plume, where fCO, anomalies
are primarily associated with sea surface salinity anomalies. Although the fCO, anomalies of 2010 appear
mostly in spring, they affect the annual CO, budget and lead to an increased CO, outgassing twice as large
(46.2 Tg C per year) as the mean annual flux over the 2006-2014 period (23.3 Tg C per year).

1. Introduction

Interannual variability in sea-air CO, fluxes is mainly driven by climate variability (e.g., Le Quéré et al.,
2000; Park et al., 2010; Roy et al., 2011). The strongest interannual variability of the CO, flux occurs in
the equatorial Pacific and is associated with the El Nifio Southern Oscillation. During El Nifio, the CO, out-
gassing of the equatorial Pacific is significantly reduced due to the weakness of the equatorial upwelling (e.g.,
Feely et al., 1995). Both the canonical El Nifio and the El Nino-Modoki affect the sea-air CO, flux on inter-
annual time scales (Valsala et al., 2014). In the North Atlantic, the role of the North Atlantic Oscillation
(NAO) in the CO, exchange with the atmosphere has been evidenced (e.g., Levine et al., 2011; Schuster
et al., 2013). Besides the NAO, one of the dominant multidecadal modes of variability in the North
Atlantic is the Atlantic Multidecadal Oscillation (AMO; equator to 70°N). It represents sea surface tempera-
ture (SST) changes in the North Atlantic Ocean and is characterized by warm and cold phases as a response
to the Atlantic Meridional Overturning Circulation, with a period of 60-80 years. Breeden and McKinley
(2016) showed the impact of the AMO on the seawater fugacity of CO, (fCO,) over the 1948-2009 period,
that is a result of the direct link between the AMO and the basin-scale SST.

Most of the studies of the interannual variability of fCO, have focused on the equatorial Pacific due to the El
Nifio events, and on the North Atlantic (e.g., Loptien & Eden, 2010) as it is a strong sink of atmospheric CO,.
The tropical Atlantic has received little attention although it is the second largest source of CO, after the
equatorial Pacific (e.g., Takahashi et al., 2014). However, current warming trend (Deser et al., 2010) is likely
to increase the outgassing of CO, and alter the CO, budget in this region. In addition, Pacific-North Atlantic
teleconnections may lead to strong warming events such as those observed in 2005 (Foltz & McPhaden,
2006) and 2010 in the tropical Atlantic (Taschetto et al., 2016). The impact of these events on the sea-air
CO;, flux is poorly known but the CO, monitoring programs provide a good means to study these events.
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In the tropical Atlantic, the interannual variability is mainly governed by the Atlantic Meridional Mode
(AMM), characterized by an interhemispheric SST gradient and a zonal mode similar to the El Nifio in
the Pacific (Brierley & Wainer, 2017). Associated to the AMM, other dominant pattern of climate variability
is the Tropical North Atlantic index (TNAI) in central and eastern tropical North Atlantic, including the
Cape Verde Islands (Enfield et al., 1999). TNAI exhibits interannual to multidecadal variations and is highly
correlated with the AMO (Enfield et al., 2001). Also, Chen and Wu (2017) found that the springtime TNAI
SST is highly correlated with the succeeding winter El Nifio Southern Oscillation after the 1980s.

In 2010, the tropical North Atlantic (0-30°N) experienced anomalous surface warming conditions (Blunden
et al., 2011), that resulted from a combination of mechanisms, such as the Pacific El Nifio of 2009, the nega-
tive NAO and the reduced latent heat flux, and the increasing shortwave radiation (Hong et al., 2015).

Above-average SSTs were present during 2010 across the Atlantic and Indian Oceans, with the most promi-
nent warmth across the tropical Atlantic, where the SSTA increased by 0.33 °C from 2009 to 2010 and
reached a historical high (Blunden et al., 2011). Rugg et al. (2016) identified anomalous warming occurring
more steadily during January-April, peaking at about 1.58 °C in April. They also argue that during the 2010
warm event, March-May meridional wind stress and thermocline depth anomalies were considerably
weaker than during the same period in 2009, resulting in a much smaller contribution from these anomalies
in the vertical turbulent cooling.

These conditions affected the sea-air exchange of CO, in this region. In the western tropical Atlantic, Lefevre
et al. (2013) observed higher-than-average salinity south of the equator in boreal spring 2010. This anomaly
was explained by the anomalous position of the Intertropical Convergence Zone (ITCZ) that remained north
of the equator instead of migrating south in boreal spring. The lower than usual northeastern trade winds
were responsible for the anomalous northern position of the ITCZ. These conditions led to an increased
CO, outgassing in the equatorial Atlantic in spring 2010 as observed by underway measurements made
on board a Voluntary Observing Ship line from France to Brazil.

Further north, observations from two Voluntary Observing Ship lines (including the France-Brazil line
explored by Lefévre et al., 2013) also showed an anomaly of the CO, flux in 2010 caused by the surface warm-
ing of the ocean (Ibanhez et al., 2017). In order to provide an estimate at basin scale, Ibanhez et al. (2017),
using the thermodynamic fCO,-SST relationship of 4% per degree Celsius (Takahashi et al., 1993), calculated
the expected impact of this surface warming on the CO, flux. The analysis of the 2010 CO, anomalies was
thus based on observations of fCO, that could not cover the whole region. Furthermore, no information
was collected on other parameters of the carbon cycle such as dissolved inorganic carbon (DIC) and alkali-
nity (TA) that could provide some insight into the actual processes responsible for the observed
fCO, anomalies.

Here we use ocean numerical simulations to provide a complementary analysis of the basin-scale anomalies
observed in 2010 in the tropical North Atlantic. First, we evaluate the performance of the model by compar-
ing the simulations with our observations and available data fields.

Second, as the model reproduces well the 2010 warm event, we examine the impact on fCO, in the model
and the link to climate variability. Using these model simulations, we can determine whether the tempera-
ture is the only factor explaining the fCO, anomalies of spring. We also identify regions where the fCO,
anomalies are not driven by the temperature anomalies. Finally, we estimate the flux of CO, at basin scale
in 2010 and the impact of the CO, anomalies on the CO, budget in the region over the 2006-2014 period.

2. Data and Methods

2.1. Observations and Basin-Scale Fields

During the European project CARBOOCEAN, two merchant ships were equipped with a CO, system to
measure the fugacity of CO, underway using an autonomous system based on infrared detection described
by Pierrot et al. (2009). The MN Colibri, sailing between France and French Guiana, has measured surface
seawater fCO, since 2006. The voyages from France to Brazil, performed by the Rio Blanco, have started
in 2008. In 2010, the MN Colibri realized 8 voyages along the France-French Guiana line and the Rio
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Table 1

Voyages of the MN Colibri and the Rio Blanco in 2010

Reference Dates of the voyages Vessel name Minimum latitude (°N) Maximum latitude (°N) Route

RB1 18-22 January 2010 Rio Blanco 0 30 France-Brazil

RB2 10-14 February 2010 Rio Blanco 0 30 Brazil-France

RB3 1-5 March 2010 Rio Blanco 0 30 France-Brazil

RB4 24-28 March 2010 Rio Blanco 0 30 Brazil-France

C1 1-5 April 2010 Colibri 6.7 30 France-French Guiana
C2 11-17 April 2010 Colibri 8 30 French Guiana-France
RB5 10-15 May 2010 Rio Blanco 0 30 Brazil-France

C3 18-24 May 2010 Colibri 5.7 30 France-French Guiana
RB6 1-6 June 2010 Rio Blanco 0 30 France-Brazil

C4 20-26 June 2010 Colibri 8.5 30 French Guiana-France
RB7 28 June to 3 July 2010 Rio Blanco 0 30 Brazil-France

RBS8 20-25 July 2010 Rio Blanco 0 30 France-Brazil

C5 3-8 August 2010 Colibri 7 30 France-French Guiana
Co 15-18 August 2010 Colibri 14.8 30 French Guiana-France
RB9 16-21 August 2010 Rio Blanco 0 30 Brazil-France

RB10 7-12 September 2010 Rio Blanco 0 30 France-Brazil

RB11 5-9 October 2010 Rio Blanco 0 30 Brazil-France

C7 6-10 October 2010 Colibri 11 30 France-French Guiana
C8 18-22 October 2010 Colibri 10 25.6 French Guiana-France
RB12 26-30 October 2010 Rio Blanco 0 30 France-Brazil

RB13 22-27 November 2010 Rio Blanco 0 30 Brazil-France

Blanco realized 13 voyages along the France-Brazil line (Table 1). The fCO, data corresponding to these two
commercial lines are available in the SOCAT database (www.socat.info, Bakker et al., 2016).

In addition to the data collected along the tracks of the ships, we used observations available at the basin
scale. Monthly SST fields were obtained from the daily NOAA Optimum Interpolation SST v2 data on a
0.25° resolution (Reynolds et al., 2007). Monthly sea surface salinity (SSS) fields were obtained from the
Soil Moisture and Ocean Salinity (SMOS) mission at IFREMER (https://www.catds.fr). SMOS data version
2 are available from May to December 2010. The data acquired during the first 4 months of the commission-
ing phase in 2010 were not reprocessed because of reduced data quality during that period just post launch.
However, data from January to April 2010 are available in version 1 and are used to complete the compar-
ison of SSS with the model outputs during this period.

The monthly Era-Interim wind field at 10 m was used and downloaded from the European Centre for
Medium-Range Weather Forecasts at a resolution of 0.25° and available at http://www.ecmwf.int/ (Dee
et al., 2011).

2.2. Model Simulations

The Mercator-Ocean simulation is based on the NEMO modeling platform (Nucleus for European Modeling
of the Ocean) and covers the global ocean with a spatial resolution of 0.25° over the 1997-2014 period. The
biogeochemical NEMO component PISCES (NEMO version 3.5) is coupled offline to the hydrodynamic
NEMO component OPA (NEMO version 3.1) at a daily frequency. The biogeochemical simulation (product
001_018) is available on request on the Mercator-Ocean portal (https://www.mercator-ocean.fr/en). The
detailed features of this simulation are described in the Quality Information Document (http://marine.
copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-018.pdf). Biogeochemical and physical simula-
tions start at rest in December 1991 with the Levitus climatology of 1998 for temperature and salinity; the
World Ocean Atlas 2001 for nitrate, phosphate, oxygen, and silicate (Conkright et al., 2002); and the
GLODAPv1 for alkalinity and DIC (Key et al., 2005) as initial conditions. Nutrients are supplied to the ocean
via three different external sources (Aumont et al., 2015): atmospheric deposition of Fe, Si, and P; river sup-
ply of N, P, Fe, Si, and C; and inputs of Fe from marine sediments. River supplies of biogeochemical para-
meters are collocated with freshwater inflows prescribed by the physical model. A monthly runoff
climatology is used to force the hydrodynamic model. It is built with data of coastal runoffs from 100 major
rivers (Dai & Trenberth, 2002). River nutrient discharge is provided by a monthly climatology based on the
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Figure 1. Map of modeled sea surface temperature in March 2010 with the
tracks of the France-French Guiana line (in black) and the France-Brazil

line (in blue) for the year 2010.

model GLOBAL-NEWS2 (Mayorga et al., 2010) and the Global Erosion
Model of Ludwig et al. (1996). The PISCES model simulates the biogeo-
chemical cycles of oxygen, carbon, and major nutrients controlling phyto-
plankton growth (P, N, Fe, and Si). Among other variables, PISCES
simulates DIC and TA (Aumont et al., 2015; Aumont & Bopp, 2006).
The CO, chemistry is computed following the OCMIP protocols (http://
www.ipsl.jussieu.fr/OCMIP). We extracted the region bounded by 0-
30°N and 70-15°W. Figure 1 shows the domain of study with the tracks

250w of the voyages superimposed on the modeled SST of March 2010.

The model outputs used here are daily means of temperature, salinity,
DIC, and TA. Using these parameters for the surface layer of the ocean,
we calculated seawater fCO, (fCO,sy,) applying the dissociation constants
of Mehrbach et al. (1973) refitted by Dickson and Millero (1987) and the
CO2SYS program for Matlab. This fCO,, value is referred to as the
Mercator or modeled fCO,g,, hereafter.

The sea-air flux of CO, is then calculated as follows:
F=kS (fCOZSw_fCOZatm)7 (1)

where k is the gas exchange coefficient from Sweeney et al. (2007), S is the solubility of CO, in seawater
(Weiss, 1974), and fCO,,yy, is the atmospheric fCO,. fCO,yuy, is calculated from the interpolated molar
fraction of CO, at different atmospheric stations of the NOAA network as described by Ibadnhez et al.
(2017). For the calculation of k, we used the wind speed at 10 m, available from ERA-Interim reanalysis
(European Centre for Medium-Range Weather Forecasts). A positive flux indicates a source of CO, to the
atmosphere.

2.3. Model Validation and Performance

The 21 voyages performed by the voluntary ships used here during 2010 (Table 1) were used to evaluate the
performance of the Mercator-Ocean model in the tropical Atlantic. The modeled values of temperature, sali-
nity, DIC, and TA were extracted along the track of each voyage for the time period spanning the 0-30°N
latitudinal range (Table 1). The calculated fCO,g, from modeled DIC and TA were then compared to the
fCO,s Observations obtained along the tracks of the ships.

A Taylor diagram (Taylor, 2001) was used to compare the model results and the observations. This diagram
provides a graphical representation of how closely a simulation matches the observations. The correlation
coefficient, the standard deviation, and the centered root-mean-square difference are the three statistical
parameters displayed on the diagram.

2.4. Statistical Analysis

In order to study the link between the observed anomalies and climate variability, we performed a coupled
empirical orthogonal function (EOF) analysis applied to the daily SST from 2006 to 2014 and the fCO, cal-
culated using DIC and TA extracted from the Mercator-Ocean model. The daily climatologies of SST and
fCO, were removed before the analysis. To explain the interannual variability, the principal components
(PCs) of each EOF mode are monthly averaged and correlated with predominant climatic indices in
the region.

3. Results and Discussion
3.1. Comparison Between Model Outputs and Observations for the Year 2010

The model outputs corresponding to the year 2010 are compared with observations made along the tracks of
the merchant ships and with basin-scale fields. The voyages of the Rio Blanco in July 2010 and of the MN
Colibri in August 2010 are presented with the collocated model outputs along the tracks, as an example of
the comparison of the model results with the 21 voyages (Figure 2). Similar agreement is found for the other
transects. The modeled SST is in very good agreement with the underway observations (Figures 2a and 2b)
but slightly lower along the France-French Guiana line. The model reproduces well the salinity distribution
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Figure 2. Latitudinal distributions of (a and b) SST, (c and d) SSS, and (e and f) fCO, along the track of the France-Brazil
line in January 2010 and the France-French Guiana line in August 2010. SST = sea surface temperature; SSS = sea surface
salinity; fCO, = fugacity of CO,.

but tends to be fresher (Figures 2c and 2d). The highest discrepancy occurs near the Kourou region (5-10°N)
along the France-French Guiana line where the influence of the Amazon outflow is strong (Figure 2d).
Along the France-Brazil line, the fCO, distribution is well reproduced by the model (Figure 2e). Near the
Amazon outflow, the model does not reproduce the decrease of fCO, associated with the Amazon plume,
although the modeled SSS shows a large decrease (Figure 2d) and the modeled fCO, remains at high oceanic
levels (Figure 2f).

The results of the comparison of the Mercator-Ocean model with the France-Brazil line are summarized in a
Taylor diagram (Figure 3) and each cruise is identified with its reference label given in Table 1. The correla-
tion between modeled and observed SST is always between 0.97 and 0.99 with a root-mean-square difference
between 0.2 and 0.6 °C and a standard deviation similar to the observed variations of SST (Figure 3a). The
modeled SSS is usually well reproduced by the Mercator-Ocean model but exhibits higher variability than
the observations (Figure 3b). The performance of the modeled fCO, shows high variability between the
voyages. The highest discrepancy is observed in July 2010 and is explained by modeled fCO, higher than
the observations by about 20 patm in the 20-30°N latitudinal band (Figure 2e).

The Taylor diagram along the France-French Guiana line is shown in Figure 4. As for the France-Brazil line,
the SST is well reproduced by the model (Figure 4a). Regarding the salinity, the model is not as good as along
the France-Brazil line. The correlation coefficient is still higher than 0.7 and the model results show more
variability than the observations except for one voyage in early October 2010 (Figure 4b).
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divided by the standard deviation of the observations to include all the voyages on the same diagram. The reference is
indicated in gray. SST = sea surface temperature; SSS = sea surface salinity; fCO, = fugacity of CO,.

As illustrated in Figures 2d and 2f, the region close to the Amazon outflow is the main region of discre-
pancy between the model and the observed SSS, which explains the difficulty to simulate fCO, correctly
in this region. The western tropical Atlantic is characterized by numerous rings (e.g., Fratantoni &
Glickson, 2001) and the spreading of the Amazon plume, which promotes a large spatial and temporal
variability of these parameters even at the scale of days (Ibdnhez et al., 2015). In addition, the
Mercator-Ocean model uses climatological monthly river discharge data to simulate the impact of rivers
into the ocean. In 2010, the Amazon river showed a pronounced negative discharge anomaly which
affected both the extension and the atmospheric CO, drawdown associated to the river plume (Ibanhez
et al., 2016). These characteristics are not appropriately simulated by the Mercator-Ocean model and thus
large differences between simulated and observed salinity (and fCO,) are expected in the region of the
Amazon plume. In fact, the root-mean-square difference between these two salinity fields reach values
higher than 2 psu in the vicinity of the Amazon mouth. The differences between the modeled and the
observed salinities impact the distribution of fCO,. May-June is the period of highest discharge of the
Amazon and corresponds to the highest fCO, differences between the model and the observations as
shown by the very low correlation coefficients (Figure 4c). However, after removing the data where
root-mean-square difference >1.5, the fCO, results at the basin scale remain unchanged, which suggests
that the discrepancy has a local impact only. Therefore, the area of the Amazon plume was not removed
when performing basin-wide calculations.

In addition to observations along the tracks of the merchant ships, we also compared the modeled SST and
SSS with basin-scale fields obtained from Reynolds Optimum Interpolation v2 (January to December 2010)
and from SMOS (January to April, V1 and May to December 2010, V2), respectively (Figure 5). All the data of
each month of 2010 are compared with the corresponding observations in the region 0-30°N, 70-15°W. The
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Figure 4. Taylor diagram for modeled (a) SST, (b) SSS, and (c) f{CO, compared to the voyages along the France-French
Guiana line. The root-mean-square difference and the standard deviations are normalized and nondimensional as they
were divided by the standard deviation of the observations to include all the voyages on the same diagram. The reference is
indicated in gray. SST = sea surface temperature; SSS = sea surface salinity; fCO, = fugacity of CO,.
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2010. SST = sea surface temperature; SMOS = Soil Moisture and Ocean Salinity; SSS = sea surface salinity.

main conclusions of the comparison along the tracks of the ships remain valid at basin scale. The tempera-
ture field is well simulated by the model with a correlation coefficient higher than 0.95 (Figure 5a). The com-
parison of SSS along the tracks of the ships presents some discrepancy mainly in the North Brazil Current
and Amazon outflow region. At the basin scale, the comparison with the SSS from SMOS for each month
of 2010 in the region 0-30°N, 70-15°W gives a correlation coefficient higher than 0.8 with a standard devia-
tion higher than the one given by the observations. A similar result is obtained along the tracks of the ships
except for a few voyages. Overall, the measurements taken on board the merchant ships give similar statistics
as the comparison between the basin SST and SSS fields and the model results.

3.2. Basin-Scale Anomalies in the Tropical North Atlantic During 2010

The Mercator-Ocean model reproduces well the 2010 warm event. The comparison of the monthly SSTA of
2010 between the model and the Reynolds data shows a correlation coefficient ranging from 0.77 to
0.93 (Figure 6).

As observed by Ibanhez et al. (2017), the strongest positive SSTA occur
mainly in February-May 2010. The strongest SSTA are observed close to

Mercator-Reynolds SSTA the African coast and spread westward. There, SSTA are sometimes

higher than 2.5 °C. Throughout the basin, SSTA >1 °C are encountered
from the eastern to the western coast in spring 2010. In the western tropi-
cal Atlantic, near the American coast, the SSTA are mainly present south
of 20°N. From June 2010, the warming of the basin is decreasing, but
remains strong near the African coast. In December 2010, a strong posi-
tive SSTA is observed in the region of the coastal upwelling of
Mauritania. In contrast, negative SSTA are almost throughout the year
2010 observed in the north westernmost region of the basin. Thus, the
warming occurs mainly in the equatorial region and in the southern part
of the subtropical gyre.

Current atmospheric CO, increase leads to a seawater fCO, increase.
Different studies in the tropical region reported an increase of seawater
fCO, slightly lower than the atmospheric CO, increase (e.g., Lefévre
et al., 2014; Park & Wanninkhof, 2012). Using an annual seawater fCO,

Standard deviation

i increase of 1.1 patm/year (Park & Wanninkhof, 2012), we use the results
0.6 0.8 10 12 of the Mercator model to build a climatology of seawater fCO, over the
2006-2014 period, referenced to the year 2010 as in Ibdnhez et al.

Figure 6. Taylor diagram for monthly Mercator-Ocean and Reynolds SSTA (2017). The seawater fCO, anomalies (fCO,A) of 2010 are the difference

of 2010. SSTA = sea surface temperature anomaly.

between the 2010 fCO, and this climatology. The maps of fCO,A exhibit
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Figure 7. Monthly maps of modeled SSTA (in °C), calculated over the 2006-2014 period, for the year 2010. SSTA = sea
surface temperature anomaly.

the highest values during the first half of the year (Figure 8, January to June). In March and April 2010, the
positive fCO,A correspond to the positive SSTA except near the African coast where negative fCO,A are
observed. From July 2010, positive SSTA are still present but weaker compared to those observed during
the previous months. Accordingly, during the second half of the year, the strong positive fCO,A observed
during boreal spring have vanished and seawater fCO, become closer to the climatological values
(Figure 8, July to December). In December 2010, offshore the African coast, a large area exhibits SSTA
higher than 1 °C (Figure 7) associated with positive fCO,A (Figure 8) suggesting a predominant
warming effect.

The monthly maps of SSS anomalies (SSSA), DIC anomalies (DICA), and TA anomalies do not exhibit sig-
nificant patterns (not shown) unlike the maps of SSTA and fCO,A.

On average for the tropical North Atlantic, SSTA and fCO,A are visible during spring 2010 (Figures 9a and
9b). From January to May 2010, mean DIC and TA anomalies are less than 5 umol/kg (Figure 9c). The wind
speed is lower than the climatological mean during that period (Figure 9d). This is consistent with the
weaker northeast trade winds and the anomalous position of the ITCZ reported by Lefevre et al. (2013).
‘When compared to the monthly wind speed climatology from 2006 to 2014, the wind speed in 2010 is lower
than the climatology (¢ test, p-value = 0.006), whereas the other years have a similar mean as the climatol-
ogy. From July to December 2010, positive SSTA remain but are much lower (Figure 9a). The slightly nega-
tive fCO,A are associated with negative DICA (Figures 9b and 9c). At basin scale, fCO,A are mainly caused
by positive SSTA and occur during the first half of the year 2010.

3.3. Localized Anomalies During 2010

The mean anomalies at basin scale highlight the strong SSTA and fCO,A co-occurrence during the spring
2010 and are mainly located between the equator and 20°N (Figures 7 and 8). Nevertheless, DICA do not
follow the general SSTA or fCO,A patterns and are negative from April to December 2010 on average in
the whole region (not shown). In the African upwelling, positive SSTA (Figure 10a) are associated with
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Figure 8. Monthly maps of fCO,A (in patm) from January to December 2010 calculated over the 2006-2014 period.

fCO,A = fugacity of CO, anomaly.

strong negative DICA (Figure 10b), concomitant with negative fCO,A (Figure 10c). These negative fCO,A
are especially striking from March to May 2010 when SSTA are the strongest (Figure 8). The strong

Mercator 0-30°N, year 2010
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Figure 9. Basin-scale anomalies of (a) SST, (b) seawater fCO,, (c) DIC and
TA, and (d) wind speed at 10 m in 2010. fCO,A = fugacity of CO, anom-
aly; SSTA = sea surface temperature anomaly; DIC = dissolved inorganic
carbon; TA = alkalinity.

positive SSTA from 10 to 16°N (Figure 10a) suggest a reduced
upwelling. The upwelling brings cold waters with high CO, content to
the surface, the deeper the water the richer the CO, content. In case of
reduced upwelling, the water comes from shallower depth and the CO,
content is poorer. This leads to lower-than-usual surface fCO,, hence
the negative fCO,A (Figure 9c). These negative fCO,A close to the
African coast appear during all the months of 2010 (Figure 8). The
spatial correlation between DICA and fCO,A is always above 0.64 and is
stronger from February to June 2010 with a coefficient above 0.83 in the
10-22°N, 15-20°W region. Furthermore, these appear negatively
correlated with SSTA in the region. As an example, in April 2010,
within the 10-22°N, 15-20°W region, fCO,A and DICA are negatively
correlated with SSTA (—0.72 and -—0.87, respectively) and the
correlation between fCO,A and DICA is positive (0.90).

Negative fCO,A are mainly present south of 16°N. North of 16°N, these
negative anomalies vanish. Menna et al. (2016) show a different behavior
of the upwelling off the coast of north-western Africa. They find that the
southern sector south of 16°N has most favorable upwelling conditions
in December-June and strongly depends on the wind forcing. They report
that the northern sector does not show significant correlation with the
wind stress. In 2010, the weakening of the northeastern trade winds
may have affected mostly the southern sector causing the reduced upwel-
ling and the negative DICA showed by the model results.
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Figure 10. (a) SSTA, (b) DICA, and (c) fCO,A close to the coast of Africa in April 2010. SSTA = sea surface temperature
anomaly; DICA = dissolved inorganic carbon anomalies; fCO,A = fugacity of CO, anomaly.

During the highest Amazon discharge, in May-June, positive anomalies of SSS occur close to the Amazon
mouth, near the equator, in 2010 (not shown). However, these SSSA are probably underestimated because,
as previously discussed, the model is forced with a monthly climatology of river discharge and thus does not
reproduce the negative discharge anomalies observed in 2010 (Ibanhez et al., 2016). The retroflection of the
North Brazil Current starts in July and transports Amazon waters eastward in the North Equatorial Counter
Current. In the region including the Amazon plume and part of the North Equatorial Counter Current (0-
12°N, 60-40°W), fCO,A associated with SSTA occur mainly during the first months of 2010 (Figures 11a and
11b). Although SSTA remain positive in the second part of the year, the negative DICA are the main driver of
the fCO,A that become negative. DICA are strongly correlated with the SSSA (r > 0.99). Negative DICA start
at the time of the highest Amazon discharge and remain until the end of 2010. Positive SSTA and negative
DICA act in opposite way on fCO,. The warming tends to increase fCO, whereas the decrease of DIC reduces
fCO,. Thus, the slight negative fCO,A observed from August to December 2010 in this region suggest that
fCO,A are mainly controlled by DICA (r = 0.65), and hence SSSA, rather
than by SSTA (r = 0.46) in the region of the Amazon plume.

3.4. Origin of the 2010 SST Anomalies
The strong co-occurrence of SSTA and fCO,A observed suggest that the

warming of the basin is the dominant process responsible for the unusual

M Mg S Oo B b seawater fCO, increase in the first half of 2010. A coupled EOF is per-

formed to identify the dominant modes of variability in the 0-30°N region
and to better understand the 2010 warming anomaly.

The first two EOF modes together explain 86.8% of the total covariance

between SST and fCO,, with each mode containing 70.3% and 16.5% of

the total covariance, respectively.

In the first EOF mode, the spatial pattern of SST is characterized by a

basin-scale warming from the central to the eastern North Atlantic, asso-
ciated with positive fCO, anomalies (Figures 12a and 12b). Associated to
the first mode in SST, fCO, also presents a positive anomaly pattern in

30 " H H H '
Jan Feb Mar Apr May Jun

Jul Aug Sep Oct Nov Dec the central and eastern North Atlantic, except in the upwelling region
confined along the African coast, where the fCO, anomalies are negative

Figure 11. Time-series of monthly anomalies of (a) fCO,, (b) SST, and (c)
DIC in the region of the Amazon plume and NECC (0-12°N, 60-40°W) in
2010. DICA = dissolved inorganic carbon anomalies; SSTA = sea surface
temperature anomaly; f{CO,A = fugacity of CO, anomaly.

and, to a lesser extent, the region of the Amazon plume where fCO,A are
more related to SSSA as discussed before. This first mode of fCO, is similar
to the fCO, anomalies identified in 2010 (Ibanhez et al., 2017). The PC
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EOF = empirical orthogonal function; SST = sea surface temperature; fCO, = fugacity of CO,; PC = principal compo-

nent; SCF = Squared Covariance Fraction.

associated to the first mode of both parameters (Figure 12c) displays a coupled time evolution, evidencing
the strongest positive SST anomaly in 2010. This coupled pattern confirms an interannual dependence of
the fCO, on the SST variability in the western tropical Atlantic. The PCs of both variables were monthly
averaged to correlate with the climatic indices. At zero lag, the first PC (PC1) of SST has a correlation of
0.92 with TNAI, 0.72 with AMM, and 0.61 with AMO. The PC1 of fCO, is correlated with TNAI (0.6),
AMM (0.52), and AMO (0.42). TNAI and AMO present a strong positive phase during the year of 2010,
associated with the observed sea surface warming (Figure 12). The TNAI (Enfield et al., 1999) is a climatic
index calculated over the tropical North Atlantic region, covering the easternmost portion close to the
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Figure 13. Monthly maps of the sea-air CO, flux (in mmol~m_2-day_l) from January to December 2010 (positive flux
means outgassing of CO,).
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Table 2

Annual Wind Speed at 10 m (m/s), Wind Speed Anomaly (m/s), and CO,
Flux (in mmol-m_Z-day_l ) From 2006 to 2014 in the Region 0-30°N, 70—

African coast. As the TNAI covers better the region of study, it captures
better the main interannual variability of SST and consequently of fCO,.
Over the period 2006-2014, the correlation between AMO and TNALI is

i - - 0.73. Breeden and McKinley (2016) show that positive AMO leads to an
Year Windspeed Wind speed anomaly CO; flux Mercator-Ocean increase of fCO, in the subtropical gyre due to the increase of SST. As
2006 6.03 0.00 0.45 the region 0-30°N includes part of the subtropical gyre, the PC1 of SST
igg; 2'8; _8'82 8';‘2 and fCO, is correlated with the AMO but correlations are stronger with
2009 6:18 0:15 0:38 the TNAIL The spatial pattern of the second EOF coupled mode (not
2010 5.76 _0.28 0.62 shown) is characterized by negative SSTA in the eastern basin north of
2011 6.05 0.02 —0.07 20°N, and a warm area, restricted from the equator to 20°N. This mode
2012 5.99 —0.05 0.16 represents about 16% of the covariance between SST and fCO..
zgii 2:(1); 8:(1)1 8:;2 However, the spatial pattern of this PC is not associated to the fCO, varia-
bility during the period of study.
3.5. Basin-Scale CO, Flux in 2010
The CO, flux in the tropical North Atlantic is calculated from the seawater fCO, obtained from the
Mercator-Ocean simulation, the monthly atmospheric fCO,, and the Era-Interim wind speed at 10 m
(Figure 13). The monthly CO, flux in 2010 is lower in winter and higher in summer as it follows the seasonal
cycle of SST in the region. Even with higher seawater fCO, than usual in spring 2010, the seasonal pattern
remains, and the CO, flux is still higher during summer.
From January to May 2010, the wind speed is weaker especially from January to April where the wind anom-
aly ranges from —0.86 to —0.14 m/s (Figure 9d). As the wind intensity is significantly weaker in 2010, the
absorption of CO, is strongly reduced during this part of the year compared to other years. After a period
of weak wind anomalies, a strong decrease of the wind intensity occurs again in November-December
2010 with a wind anomaly of —0.43 m/s. On annual average, 2010 is characterized by a lower wind speed
than the other years from 2006 to 2014 (Table 2).
As the lower wind intensity occurred mainly in winter 2010, the fCO, anomaly associated to the strong
warming in spring 2010 leads to a significant reduction of the atmospheric CO, absorption from January
to May 2010 at the basin scale (Figure 14). The climatological sink of CO, observed in the tropical North
Atlantic during the first months of the year has even reversed to a source in 2010. This fact corroborates with
Ibanhez et al. (2017), that have identified an abrupt change of CO, sink of —29.3 Tg C to a source of CO, to
the atmosphere of 1.6 Tg C from February to May of 2010. The Mercator-Ocean model gives a source of
0.01 mmol-m~2.day ™" from February to May 2010 (which corresponds to 0.24 Tg C), whereas the same per-
iod averaged over 2006-2014 is a sink of CO, of —0.89 mmol-m™~2.day " (=22 Tg C). From June to December
2010, the CO, flux is similar to the flux observed during the other years analyzed here. On annual average,
the CO, flux in the tropical North Atlantic in 2010 is 0.62 mmol-m~2-day
~! which gives a CO, outgassing of 46.2 Tg C per year for the region. The
3 mean annual flux in the northern tropical Atlantic over the 2006-2014
period is 0.31 mmol-m~2.day™", which gives an outgassing of 23.3 Tg C
/\“‘ per year, half the value of 2010.
é’; 4. Conclusions
é \ AN Following the anomalous warming event occurring in the tropical North
~ —%—2006 \ o . .
x 2007 % Atlantic in 2010, simulations of the Mercator-ocean model have been used
Z“' o L to quantify the CO, flux in 2010 at basin scale and to determine the drivers
° it of the 2010 fCO, anomalies.
i;g:i ] SST, SSS, and fCO, observations of 2010 from two merchant ships are gen-
| N I 2074 . erally in good agreement with the collocated Mercator-Ocean model out-
Tan Feb Mar Aw May kn Wl Aug Sep Oa Nov Dec puts. The largest differences among Mercator-Ocean results and

Month

underway measurements are encountered in the western tropical

Figure 14. Monthly means of the CO, flux (in mmol-m~>-day ") from 2006  Atlantic near the Amazon outflow region. The ocean dynamics is particu-

to 2014.

larly complex with the numerous rings that develop in this area. In
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addition, the model is forced by a climatology of river discharge and, hence, does not consider the lower dis-
charge of the Amazon river observed in 2010. The monthly salinity outputs are in agreement with the SMOS
salinity fields but also exhibit the largest differences in this region.

SST fields and SSTA of 2010 are well reproduced by the model. Over the 2006-2014 period, the strongest
positive fCO, anomalies occur in boreal spring 2010, when the SST anomalies are the highest. At the basin
scale, the fCO,A are not associated with anomalies of DIC and TA, which confirms that SSTA is the main
driver of the fCO,A. However, near the African coast, strong positive SSTA associated with strong negative
DICA and fCO,A are explained by a weakening of the coastal upwelling in 2010, probably caused by the
weaker northeastern trade winds. Near the Amazon plume region, f{CO,A are primarily controlled by
DICA that follow closely SSSA. Overall, the fCO,A of 2010 affect the CO, budget of the tropical North
Atlantic and lead to an increased CO, outgassing twice as large (46.2 Tg C per year) as the climatological
mean over the 2006-2014 period of 23.3 Tg C per year.

SSTA are attributed to a combination of climatic events, evidenced through the strong positive TNAI and
AMO in 2010, that affected the tropical North Atlantic and the surface fCO,. The first PC of SSTA and
fCO,A presents the strongest positive anomaly in 2010, which is a response to the TNAIL This analysis sug-
gests that low-frequency modes as TNA index lead to SST anomalies that affect biogeochemical processes.
Thus, this index could help to monitor the sea-air CO, exchange in the tropical North Atlantic at interannual
time scales.
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