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The seawater fugacity of CO2 (fCO2) has been monitored hourly at an instrumented mooring at 6°S, 10°W since 2006. The mooring is located in the South Equatorial Current and is affected by the equatorial Atlantic cold tongue. This site is characterized by large seasonal sea surface temperature variations (>4°C). The fCO2 is measured by a spectrophotometric sensor deployed at about 1.5 meters deep. Measurements of seawater fCO2, sea surface temperature (SST) and sea surface salinity (SSS) are used to calculate total dissolved inorganic carbon (TCO2) and pH. Total alkalinity (TA) is calculated using an empirical relationship with SSS determined for this region. Satellite chlorophyll-a concentrations at 6°S, 10°W are low (<0.2 mg m-3) but some peaks over 0.8 mg m-3 are sometimes detected in August. Nevertheless, the site is a permanent source of CO2 to the atmosphere, averaging 4.7 ± 2.4 mmol m-2d-1 over 2006-2021. Despite the weakening of the wind, the CO2 flux increases significantly by 0.20 ± 0.05 mmol m-2d-1 yr-1. This suggests that the source of CO2 is increasing in this region. This is explained by seawater fCO2 increasing faster than the atmospheric increase during 2006-2021. Most of the seawater fCO2 increase is driven by the increase of TCO2, followed by SST. The fCO2 increase leads to a pH decrease of -0.0030 ± 0.0004 yr-1. The SST anomalies (SSTA) at 6°S, 10°W are correlated to the Tropical Southern Atlantic (TSA) index and to the Atlantic 3 region (ATL3) index with a correlation coefficient higher than 0.75. The strong positive phase of both ATL3 and TSA, observed towards the end of the time-series, is likely contributing to the strong increase of seawater fCO2.
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1 Introduction

The increase in anthropogenic atmospheric CO2 has caused an increase in seawater CO2, leading to a gradual decrease in seawater pH, which is the process of ocean acidification (Doney et al., 2009). This process might affect marine ecosystems and a global ocean acidification network has been established to better understand the ocean acidification conditions and the response of the various ecosystems (Newton et al., 2015; Tilbrook et al., 2019). Nevertheless, detecting significant CO2 and pH trends requires long-term monitoring because of the high natural variability. Long-term trends are also better assessed when there is sufficient monitoring as it is difficult to evaluate change over time in areas with large short-term spatio-temporal variability. Fixed time-series stations are useful for documenting the high frequency variability at key locations as the ocean acidification rate might vary depending on the processes occurring (Fassbender et al., 2017). Most of the time-series stations are located in the northern hemisphere, near the American and European coasts, as they are easier to access. Using 7 time-series stations, Bates et al. (2014) reported rates of pH decrease varying from -0.0026 to -0.0013 yr-1, over 15 to 30 years, and an increase of the partial pressure of CO2 (pCO2) from 1.28 to 2.37 μatm yr-1. This highlights the variability corresponding to different ocean environments.

Given the dynamics of the tropical Atlantic, there is currently a lack of CO2 monitoring in this region. In the western tropical Atlantic, using pH data of the CARIACO (CArbon Retention In A Colored Ocean) time-series (Muller-Karger et al., 2019), Bates et al. (2014) reported a significant decrease of -0.0025 ± 0.0004 over 1995-2012. A network of instrumented buoys is a good opportunity to install biogeochemical sensors and monitor the carbon properties. For example, in the Pacific, the TAO (Tropical Atmosphere Ocean) moorings are largely used with 7 moorings equipped with CO2 sensors (Sutton et al., 2019). In the Atlantic, the PIRATA (Prediction and Research Moored Array in the Tropical Atlantic) network, initiated in 1997, provides data for improving the understanding of ocean-atmosphere variability (Bourlès et al., 2019).

Since 2006, we took advantage of this network to monitor CO2 in the Eastern Tropical Atlantic (ETA) using the mooring at 6°S, 10°W. Measurements of the surface fugacity of CO2 (fCO2) at the site and in its vicinity highlighted the complexity and high dynamics in the ETA (Lefèvre et al., 2021).

The ETA exhibits a marked annual cycle of sea surface temperature (SST) (e.g. Caniaux et al., 2011). It is also affected by the meridional migration of the Atlantic intertropical convergence zone (ITCZ). Seasonal to decadal variability of the north-south interhemispheric SST gradient characterizes the Atlantic Meridional Mode (AMM) (Brierley and Wainer, 2018), which impacts the intensity and position of the ITCZ. AMM is the dominant mode of tropical SST-wind coupled variability, linked to changes in surface winds and evaporation feedbacks (Xie and Carton, 2004; Amaya et al., 2017). Another interannual signal affecting the ETA is the tropical Southern Atlantic (TSA) index, which is estimated from the SST anomalies (SSTA) in the box 30°W - 10°E, 20°S - 0° (Enfield et al., 1999). A zonal mode of variability is identified as the Atlantic cold tongue (ACT), which is the dominant seasonal SST signal in the eastern equatorial Atlantic.

Here, we present the trend of CO2 parameters and the ocean acidification rate determined at the 6°S, 10°W time-series station from 2006 to 2021. With measurements of seawater fCO2 and a total alkalinity (TA)-sea surface salinity (SSS) relationship, pH and total dissolved inorganic carbon (TCO2) could be calculated. The pH calculation from 2006 to 2021 allows us to document the ocean acidification in the open ocean. Section 3 presents the site, the variability of the different parameters and the trends from 2006 to 2021. In the discussion (section 4), we determine the main factors explaining the trends and we examine the link between the CO2 parameters and the various climatic indices affecting the ETA, especially the TSA and ATL3 indices. We also compare the rates of changes with some other oceanic time-series stations.




2 Materials and methods



2.1 Study site

The mooring is far enough from the African coast and is not affected by the runoff of the Congo River (Figure 1). Rainfall is quite low at this site. The ITCZ is in its northernmost position in August-October and in its southernmost position in January-March (Liu et al., 2020), but is always located north of 6°S.




Figure 1 | Map of the ETA with the location of the mooring (in yellow) and the main surface currents: the Guinea Current (GC) and the central branch of the South Equatorial Current (cSEC). The colored background corresponds to the MODIS SST anomalies of December 2020 calculated over the 2003-2023 period.



The ETA has two main surface currents. The Guinea Current (GC), an extension of the North Equatorial Counter Current (NECC), flows eastward north of ~2°N. From 10°S to 2°N, the central branch of the South Equatorial Current (cSEC) westward across the Atlantic. The surface waters at the mooring come from the cSEC. In boreal spring and summer, the region is affected by the development of the cold tongue (e.g. Caniaux et al., 2011). Depending on the surface currents, waters from the cold tongue may reach the mooring.

The ACT is maximum south of the equator, between the African coast and 20°W, with maximum upwelling from March to July, in response to the intensification of the southeast winds (Caniaux et al., 2011; Lübbecke et al., 2014). The ACT is reduced due to the weakening of the southerly cross–equatorial winds from September onward (Deppenmeier et al., 2016). On interannual timescales, the ACT exhibits large variability, with warm (cold) interannual SSTA, also known as Atlantic Niño (La Niña) events. These Atlantic Niño/Niña events stand out in boreal summer, coinciding with the seasonal expansion of the equatorial cold tongue (Lübbecke et al., 2014; Lübbecke and McPhaden, 2017; Vallès-Casanova et al., 2020). The Atlantic Niño/Niña can be represented through the ATL3 index, defined as the anomalies of averaged SST in the region between 20 ° W – 0 °E and 3°S – 3°N (Zebiak, 1993). Using a fully coupled physical-biogeochemical model, Wang et al. (2015) compare the equatorial Pacific and Atlantic basins. They show that SST mainly drives the carbon fields in the equatorial Atlantic. Examining the impact of the Atlantic Niño on the sea-air CO2 flux, Koseki et al. (2023) conclude that the Atlantic Niño enhances CO2 outgassing in the central tropical Atlantic.

On interannual time scales, the SSTA, registered by the buoy at 6°S, 10°W, follow well the variability of the TSA index from 2006 to 2014, as analyzed by Lefèvre et al. (2016) and this explained the lower SST observed at the 6°S, 10°W site from December 2011 to March 2012.




2.2 Carbon parameters at the mooring site

The surface fugacity of CO2 has been measured continuously, on an hourly basis, at 6°S, 10°W since June 2006 (Lefèvre et al., 2008). The CO2 sensor is located at 1.5m depth on a mooring and measures CO2 by spectrophotometry with an accuracy of ±3 μatm (Hood and Merlivat, 2001). The sensor is calibrated before and after each annual deployment against fCO2 measurements made by an infrared detector. Due to several failures of the CO2 sensor, the dataset presents some gaps with few data at the beginning of the year and no data in 2014, 2018 and 2019 (Figure 2). July is the most frequently sampled month, with data collected over 11 years, while February is the lowest sampled month. In 2012, CO2 data are available every month.




Figure 2 | (A) Monthly, (B) yearly numbers of fCO2 measurements performed by the CO2 sensor at 6°S, 10°W over the June 2006 – October 2021 period, and (C) sampled months for each year, with the numbers 1 to 12 corresponding to the months from January to December.



The carbon system equations allow the calculation of pH, when it is not measured directly, by the knowledge of two carbon parameters such as fCO2 and TA (e.g. Lauvset et al., 2015) or TCO2 and TA (e.g. Azetsu-Scott et al., 2014; Bates, 2017).

During the annual cruises servicing the mooring, seawater samples are taken for TA and TCO2 analyses in the ETA. TA and TCO2 are measured on the same sample by potentiometric titration using a closed-cell (Edmond, 1970). Using the TA data collected between 2005 and 2007, Koffi et al. (2010) determined an empirical TA-SSS relationship for the region 10°N-10°S, 10°W-10°E:

 

This relationship is robust and has been confirmed by more recent observations in the ETA with a root mean square error (rmse) of 8.5 μmol kg-1 and a correlation coefficient (r) > 0.99 (Lefèvre et al., 2021). From 2005-2022, 20 total alkalinity samples were collected at 6°S, 10°W. The measured total alkalinity of these 20 samples and the corresponding total alkalinity estimated by Equation 1 give an rmse of 6.1 μmol kg-1 and an r of 0.98.

An empirical relationship has also been determined to estimate TCO2 from SST, SSS and the year for the ETA between 12°S-12°N, 12°W-12°E from 2005 to 2019 (Lefèvre et al., 2021):

 

The twenty TCO2 samples measured at 6°S, 10°W are in good agreement with TCO2 estimated by Equation 2 with an rmse of 11.8 μmol kg-1 and r of 0.93.

Using total alkalinity estimated by Equation 1 and the observed hourly fCO2 time-series, we calculate hourly surface pH at seawater conditions on the total hydrogen ion scale and TCO2 with the CO2SYS software for Matlab (Van Heuven et al., 2011; Sharp et al., 2021). The carbonic acid dissociation constants are taken from Mehrbach et al. (1973) refit by Dickson and Millero (1987), the bisulfate dissociation constant from Dickson (1990), the hydrogen fluoride constant from Perez and Fraga (1987) and the formulation of the borate-to-salinity ratio from Lee et al. (2010). Calculated TCO2 compared with TCO2 obtained with Equation 2 gives an rmse of 15.4 μmol kg-1 and an r of 0.86.

The uncertainty of TA estimated from SSS is taken as the rmse between calculated and measured TA, which is 6.1 μmol kg-1. Computing pH and TCO2 using the fCO2-TA pair leads to an error estimated by the routine uncertainty propagation from Orr et al. (2018). With an uncertainty of 0.01°C, 0.02 and 3 μatm for SST, SSS and fCO2 respectively, the mean error is 0.0031 for pH and 4 μmol kg-1 for TCO2, assuming no error in the dissociation constants. Lauvset and Gruber (2014) found a similar error on calculated pH (with an error of 0.0033) using the fCO2-TA pair to detect trends in the North Atlantic.

Atmospheric fCO2 (fCO2atm) is calculated from 2006 to 2021 using the monthly molar fraction of CO2 (xCO2) at the Ascension Island (7.92°S, 14.42°W), an atmospheric station of the international air sampling network (Lan et al., 2022). Atmospheric pressure from the NCEP/NCAR reanalysis project is used (Kalnay et al., 1996), instead of the atmospheric pressure measured at the mooring, to avoid data gaps due to sensor failure.

The daily CO2 flux is calculated as follows (Equation 3):

 

where k is the gas exchange coefficient from Wanninkhof (2014), and S is the solubility of Weiss (1974). The daily wind speed measured at 6°S, 10°W at 4 m is converted to a 10 m wind speed for the flux calculation using the logarithmic wind profile formula (e.g. Hood et al., 2001; Sutton et al., 2017). It is in good agreement with the daily Cross Calibrated Multi-Platform (CCMP) wind product from 2006 to 2016 with an r of 0.98 and an rmse of 0.28 m s-1 (3652 observations). As the wind speed at the mooring is wrong after 2016, we use the CCMP wind fields for the calculation of the flux and the trends.




2.3 Physical parameters measured at 6°S, 10°W

The CO2 sensor is installed on an instrumented mooring of the PIRATA network and is equipped with various sensors. Temperature and salinity are measured at different depths in the water column. The mooring has an anemometer and a rain gauge. The parameters used in this study are listed in Table 1. The salinity is derived from conductivity and temperature measurements. The details on sensor specifications can be found at https://www.pmel.noaa.gov/gtmba/sensor-specifications. We use an accuracy of ±0.01°C and ±0.02 for SST and SSS respectively.


Table 1 | Parameters measured at 6°S, 10°W in the ocean and in the atmosphere.






2.4 Satellite data and climatic indices

No biological parameter is available at the mooring. In order to examine the impact of the biological activity on the carbonate system, we use the chlorophyll-a concentrations from Moderate-resolution Imaging Spectroradiometer (MODIS) Aqua at a resolution of 4 km. We use the 8-day composites from 4 July 2002 to 27 December 2022 extracted at the 6°S, 10°W location. Monthly sea surface temperatures from MODIS Aqua at 4 km resolution are used to calculate the climatic indices relevant to the region. The MODIS SST extracted at 6°S, 10°W is in good agreement with the monthly SST measured at the mooring with r>0.99 and an rmse of 0.43°C. For the TSA index, monthly temperature anomalies from MODIS SST are calculated from 2006 to 2021 in the region 30°W - 10°E, 20°S - 0°. For the ATL3 index, monthly anomalies are calculated in the region 20 ° W – 0 °E and 3°S – 3°N. We apply a low-pass filter of 36 months (moving average of 36 months) to the climatic indices to remove the high frequency fluctuations from the time-series and to highlight the slow variations.

Both chlorophyll-a and temperature products are downloaded from the Goddard Earth Sciences Data and Information Services Center (GES DISC).




2.5 Statistics and trend analysis

Monthly climatologies are calculated from the time-series at 6°S, 10°W. The anomalies are obtained by subtracting the monthly climatology to the observations to remove the seasonal signal. The trends are then calculated by linear regressions of the anomalies over the period. Physical parameters are measured on a longer period at 6°S, 10°W (2000-2023). However, to compare with the CO2 trends, the regressions are calculated for 2006-2021. The slopes of the regressions are compared using t-test to determine whether the trends are similar. A trend is statistically significant when the p-value is less than 0.05. Sutton et al. (2022) presented a method to detect trends and made their software package (TOATS) available. Their method assumes normal distribution of the data. Although our hourly fCO2 are not normally distributed, we calculated the trend using TOATS for comparison.

Seawater fCO2 depends on SST, SSS, TCO2 and TA and can be calculated as a function of these four parameters using CO2SYS (Equation 4):

 

For each parameter, a trend is calculated and represents a variation over 2006-2021. For example, SSS varied by ΔSSS over this period. This variation of SSS is converted to a seawater fCO2 variation, by keeping other parameters constant to their mean values over 2006-2021, and varying SSS only (Equation 5):

 

The calculation is done for each parameter. Thus, the seawater fCO2 trend is attributed to changes in SST, SSS, TCO2 and TA as was done at other time-series station (e.g. Bates et al., 2012).





3 Results



3.1 Time-series of SST, SSS, wind speed and chlorophyll-a

Daily SST at 6°S, 10°W are minimum in July-September, at the season of the cold tongue, and maximum in March-April with a mean seasonal amplitude over 4°C (Figure 3A). The seasonal variability is stronger than the interannual variability. The year-to-year amplitude over 2006-2021 is of the order of 1°C with a minimum of 25.6°C in 2012 and a maximum of 26.6°C in 2019. The SST over the 2006-2021 period averages 26.23 ± 0.28°C.




Figure 3 | (A) Daily SST (Seabird sensor) and (B) SSS measured at 6°S, 10°W, (C) daily wind speed (WSP) at 10 m from CCMP, and (D) 8-day composites of chlorophyll-a concentrations (Chla) from MODIS Aqua extracted at 6°S, 10°W.



The daily SSS time-series is far less regular than the SST time-series. It exhibits some sharp decreases that vary from year to year (Figure 3B). The mean SSS at 6°S, 10°W over the 2006-2021 period is 35.95 ± 0.26, ranging from 34.88 in June 2011 to 36.57 in April 2019. Rainfall is low at this site (0.011 ± 0.11 mm hr-1) and is characterized by some rain events occurring mainly in April. The lowest SSS are usually observed in May-June whereas the highest peak values occur mainly in March-April. Within a month or so, the SSS decreases abruptly each year at the time of the development of the cold tongue.

The daily CCMP wind speed at 10 m presents a more regular pattern, with a distinguishable seasonal pattern (Figure 3C). It averages of 6.96 ± 1.22 m s-1 over 2006-2021 but there is a strong daily variability with values ranging from 1.4 to 10.5 m s-1. The lowest wind speeds are observed in January-March and the highest in May-July.

The MODIS chlorophyll-a concentrations at the mooring are usually low with a mean of 0.16 ± 0.08 mg m-3 (Figure 3D). Some peaks of chlorophyll-a may occur, mainly in August, during the cold tongue season. There is strong year-to-year variability. The highest concentration is observed in August 2013 with a peak reaching 1.2 mg m-3 associated to the lowest SST (23.24°C). Strong chlorophyll-a peaks are usually associated with lowest SST. There is a noticeable exception with an unusual peak of high chlorophyll-a in April 2008 when the SST reaches high values (29.13°C).




3.2 Time-series of seawater carbonate system variables

The time-series of hourly seawater fCO2 at 6°S, 10°W shows an increase from 2006 to 2021 (Figure 4A). The seawater fCO2 calculated from the discrete measurements of TCO2 and TA (indicated in red) are close to the fCO2 measurements. On the seasonal scale, the lowest fCO2 are usually observed in June. Overall, with the exception of May-July in 2006 and 2011, seawater fCO2 is higher than the atmospheric fCO2 (Figure 4A) making this site a source of CO2 to the atmosphere.




Figure 4 | (A) Hourly fCO2 measurements from the mooring at 6°S, 10°W (black line), fCO2 estimated from TA and TCO2 samples (red dots), fCO2 calculated at a temperature of 26.2°C (cyan line), and atmospheric fCO2 (dashed line) (B) hourly TCO2 (in black) calculated from measured fCO2 and TA estimated using Equation 1 (black line), discrete measurements of TCO2 (red dots), and daily TCO2 estimated using Equation 2 (blue line); (C) hourly pH (total hydrogen ion scale at seawater temperature) calculated from measurements of fCO2 and TA estimated using Equation 1 (black line), and pH estimated from TA and TCO2 measurements (red dots).



Although the dataset presents several gaps, fCO2 in recent years seem well above the atmospheric level. In particular, values less than 400 μatm are often observed at the beginning of the time-series whereas, in recent years, fCO2 remains above 400 μatm (Figure 4A). Given this dataset, the fCO2 time-series can be divided in two time periods with stronger values observed after the year 2014. Hourly fCO2 values are significantly different before and after 2014. The monthly fCO2 values from 2006-2014 and 2014-2021 are also significantly different (p< 0.05). However, when the temperature effect is removed, monthly fCO2 calculated at the mean temperature of 26.2°C does not present any significant difference between the two periods. This implies that the difference of fCO2 at monthly scale is mainly due to SST.

As the main jump of fCO2 values is due to a temperature effect, the TCO2 time-series calculated from hourly fCO2 and total alkalinity does not present a difference before and after the year 2014 (Figure 4B). The reconstruction of the TCO2 time-series by Equation 2 shows that the lowest carbon content is found in May-June (Figure 4B). The sharp TCO2 decreases coincide with the sharp SSS decreases as TCO2 is partly driven by SSS changes and the calculation using Equation 2 includes SSS. On the seasonal scale, TCO2 increases from September, with maximum concentrations usually observed around November, and decreases from May.

The upwelling season or development of the cold tongue can be detected on the daily CO2 parameters with negative fCO2-SST correlations of -0.62 (-0.87 for TCO2-SST) from 2006 to 2013 and -0.81 (-0.90 for TCO2-SST) from 2014 to 2021 for the June-September period. The regressions are different for each period and the correlation coefficient drops to 0.13 (-0.52 for TCO2-SST) when the whole period is considered.

The pH time-series is inversely correlated to fCO2 (r = -0.99) and shows a decrease from 2006 to 2021 (Figure 4C). The first year of the time-series presents pH values above 8 whereas pH values below 8 are often observed in more recent years. Overall, the mean pH is 8.026 ± 0.023.




3.3 Trends detected at 6°S, 10°W

The trends of the time-series are calculated from the monthly anomalies over the 2006-2021 period (Table 2) although the observations of physical parameters cover a longer period. Trends with p-values higher than 0.05 are not statistically significant at the 95% confidence level.


Table 2 | Regressions of parameters measured at 6°S, 10°W.



Although the daily wind speed does not increase or decrease (Figure 3C), a trend can be detected when the monthly anomalies are calculated. The wind speed and the meridional component of the wind at 10 m are both decreasing significantly. The zonal component of the wind speed is increasing but the trend is not significant over 2006-2021 (Table 2). However, if the trend is calculated over the 2000-2021 period it becomes significant with an increase at a rate of 0.010 ± 0.003 m s-1 yr-1. The mooring is affected by the southeasterly trade winds and a weakening of these winds will result in less advection of colder southern waters and predominance of the warmer water mass coming from the North.

The weakening of the winds is consistent with an increasing SST over 2006-2021. Even with some data gaps, the SST measured at the same time as the CO2 sensor exhibits a significant increasing trend that is similar to the trend detected by the SST sensor installed on the mooring (Table 2) that provides a more complete time-series (Figure 3A). This suggests that the data gaps do not affect the calculation of the SST trend.

The biological activity does not play an important role on the CO2 variation at this site. The chlorophyll-a concentrations are low, with the exception of some isolated peaks (Figure 3D). The seasonal variability of chlorophyll-a is similar to the observations of Pérez et al. (2005) for the ETA between 0-10°S, 20-0°W. Radenac et al. (2020) observed that the main phytoplankton bloom occurred in the cold tongue in July-August and that it was driven by a vertical supply of nutrients in May-July. At 6°S, 10°W, some peaks of higher chlorophyll-a concentrations are observed in August. This suggests that the water mass sampled at the mooring is probably coming from the cold tongue. Over 2006-2021, the chlorophyll-a concentrations show a small decrease that is not statistically significant.

The seawater fCO2, TCO2 and the CO2 flux increase from 2006 to 2021 (Table 2, Figure 5). As TA is expressed as a function of SSS, TA is also increasing significantly at a rate of 0.51 ± 0.15 μmol kg-1 yr-1 over 2006-2021. Over the same period, pH decreases by 0.0030 ± 0.0004 yr-1. The rate of increase of atmospheric fCO2 is slower than the seawater fCO2 increase (Figure 5A). Using TOATS of Sutton et al. (2022), the seawater fCO2 trend is slightly higher with a rate of 4.3 ± 0.5 μatm yr-1 and the pH decreases by 0.0035 ± 0.0004 yr-1. Both trends are significant with p-value< 0.05 and are in agreement with our results. The pH values are calculated from measured fCO2 and derived TA with an estimated error of 0.0031 (section 2.2). This error remains smaller than the change of pH of 0.04, given the pH trend of 0.0030 yr-1 over the 2006-2021 period.




Figure 5 | Monthly anomalies at 6°S, 10°W of (A) seawater fCO2 (in μatm) with the black dotted line corresponding to the atmospheric rate of increase, (B) TCO2 (in μmol kg-1), (C) pH, (D) SST (in °C), (E) SSS and (F) flux of CO2 (in mmol m-2d-1). The black dashed line in each panel corresponds to the trend line. The red and blue shadings correspond to positive and negative anomalies respectively.



When the time-series is split in two periods, no significant trend in seawater fCO2 is detected over both 2006-2014 and 2014-2021 periods. Using the data of the SST sensor at the mooring (SST time-series in Figure 3A), an increase of SST, at a rate of 0.095 ± 0.023°C yr-1, is detected from 2014 to 2021 only (p< 0.0001). This is higher than the overall trend over 2006-2021. Positive SSTA over 1°C are encountered in recent years, from 2018, whereas negative SSTA are found around 2014 (Figure 5D), which contributes to the higher slope of the regression line.

Calculated TCO2 increases at 6°S, 10°W over 2006-2021 but the trend of 1.61 ± 0.29 μmol kg-1 yr-1 is lower than the year coefficient of Equation 2, 2.49 ± 0.19 μmol kg-1 yr-1. This equation was determined in an area including the region of the cold tongue and the year coefficient of Equation 2 also reflects the variations in upwelling intensity. However, it is difficult to assess the evolution of the upwelling over 2006-2021 from the surface parameters measured in this region.

The SSS increases over the same period (Figure 5E), which leads to an increase of total alkalinity as total alkalinity is expressed as a function of SSS.

The CO2 flux depends on both the difference of fCO2 between the ocean and the atmosphere (ΔfCO2) and the wind speed. Overall the CO2 flux is increasing significantly over 2006-2021 (Figure 5F).





4 Discussion



4.1 Drivers of the CO2 trends

The oceanic fCO2 trend depends on several factors and can be attributed to changes of SST, SSS, TCO2 and TA. An increase of total alkalinity would contribute to decrease seawater fCO2 whereas an increasing TCO2 would increase seawater fCO2. This suggests that TCO2 dominates over total alkalinity, which results in an increasing trend of seawater fCO2. The rate of increase of seawater fCO2 is faster than the atmospheric one, as shown by the increase of ΔfCO2 that is statistically significant (Table 2). The increasing trend of ΔfCO2 would tend to increase the CO2 flux whereas the decrease of the wind speed would act in the opposite direction. The increasing CO2 flux suggests that ΔfCO2 is the main driver of the trend. Using the mean values of seawater and atmospheric fCO2, SST and SSS averaged over 2006-2021, the decrease of the wind speed alone would decrease the CO2 flux by 9%.Each contribution of SST, SSS, TCO2 and TA on the seawater fCO2 trend can be calculated by assuming no variation of the other parameters using the equations of the carbonate system as described in section 2.4. Figure 6 shows the contribution of each parameter to the seawater fCO2 increase. Over the full length of the time-series, the increase of TCO2 amounts to 25 μmol kg-1 given its yearly trend (Table 2). TCO2 contributes to about 98% of the observed fCO2 making it the main contributor to the fCO2 increase. The surface warming and its effect of 4%/°C increase on seawater fCO2 (Takahashi et al., 1993) contributes to an increase of 13%. The SSS has a minor effect (about 3%). The total alkalinity, expressed as a function of SSS, contributes to a decrease in the fCO2 trend by 14% but its effect is not strong enough to counteract the impact of TCO2.




Figure 6 | Increase of seawater fCO2 (in μatm) from 2006 to 2021 and the attribution to changes in SSS, SST, TA and TCO2 over the same period. This corresponds to a contribution of +3%, +13%, -14% and +98% of SSS, SST, TA and TCO2 respectively to the fCO2 trend.



We have compared our results to different oceanic time-series stations to determine whether the trends observed here are similar to what is found at other sites, and to explain any difference that may arise. Table 3 lists the main time-series stations considered and reported the trends observed in seawater fCO2 and pH, when available, with the period chosen for the calculation of the trend.


Table 3 | Trends of seawater fCO2/pCO2 (in μatm yr-1) and pH (in yr-1) at different oceanic time-series stations and the period used for the calculation of the trend.



At the BATS (Bermuda Atlantic Time-Series Study, 31°40’N, 64°30’W) station, located in the subtropical Atlantic, the fCO2 trend from 1983 to 2011 is smaller than the one found at 6°S, 10°W (Table 3), and is similar to the atmospheric increase. At BATS, TCO2 was the main factor accounting for 122% of the fCO2 trend (Bates et al., 2012). For both BATS and the 6°S, 10°W site, the fCO2 trend is attributed to TCO2 first, followed by TA, SST and SSS.

In the North-East Atlantic, at the European Time-Series in the Ocean at the Canary Islands (ESTOC), the seawater fCO2 increase is mainly attributed to the atmospheric fCO2 increase (Gonzalez-Davila and Santana-Casiano, 2023). This location, further north of our site, exhibits different environmental conditions compared to the tropical region. Results obtained at ESTOC are similar to the BATS station further west. Both stations are situated in the North Subtropical Gyre and seawater fCO2 follows the rate of atmospheric increase.

In the tropical Atlantic, at the CARIACO time-series station, Astor et al. (2013) found a dominant role of surface warming explaining 72% of the fCO2 trend (1.77 ± 0.43 μatm yr-1) for 1996-2008. Their deseasonalized fCO2 trend is similar to the one observed at BATS but the main driver of the trend at CARIACO is SST.

Over 2006-2013, Lefèvre et al. (2016) could not observe any significant trend of seawater fCO2 but, due to the atmospheric CO2 increase, the CO2 outgassing was reduced. The longer time-series presented here enables us to detect a significant trend of seawater fCO2 over 2006-2021 with an increase at a rate of 3.65 ± 0.46 μatm yr-1 higher than the atmospheric increase.

The trends of seawater fCO2 and CO2 flux detected from 2006 to 2021 differ from those observed over the shorter 2006-2013 period. As noticed earlier, CO2 observations after 2014 exhibit higher values, which leads to an upward trend. In the North Pacific, at the WHOTS (Woods Hole Oceanographic Time-series Station, Hawaii, 22.7°N, 158°W), Sutton et al. (2017) reported a trend of 3.4 ± 0.2 μatm yr-1 from 2004 to 2015. This is a similar value as the one found at 6°S, 10°W. At both time-series stations, the warm anomalies, observed towards the end of the time-series, intensify the upward trend. After removing the warm Pacific anomaly, the pCO2 and pH trends become lower with a rate of 2.4 ± 0.2 μatm yr-1 and -0.002 ± 0.0003 yr-1 respectively. The CO2 increase is then closer to the atmospheric increase (Sutton et al., 2017). Given the high CO2 variability and the large data gaps, it is difficult to detect a trend at 6°S, 10°W over the 2006-2013 period. The trends are easier to detect over a longer period which explains the source of CO2 increasing over time observed from 2006 to 2021. This is also the case for the meridional component of the wind speed that becomes significant over 2000-2021 although the same rate of increase was not statistically significant over 2006-2021.

As the seawater fCO2 increases at a high rate at 6°S, 10°W, the pH is decreasing at a higher rate than most oceanic stations (e.g. Bates et al., 2014). Both high rates are likely caused by the warm anomalies observed at the end of the time-series. Anomalies affect the trends and are also observed at other oceanic time-series stations. For example, Bates et al. (2014) reported ocean acidification from 7 stations and the highest rate is observed in the Irminger Sea in a subpolar region (45.7°S, 171.5°E) with an increase of pCO2 of 2.37 ± 0.49 μatm yr-1 and a decrease of pH of -0.0026 yr-1 from 1983 to 2012. This rate is about twice as high as the rates observed at subtropical stations and is explained by strengthening of winter mixing (Olafsson et al., 2009).

Nevertheless, Amaya-Vías et al. (2023) reported different rates of increase of fCO2 for the Strait of Gibraltar, depending on water masses. In particular, the rates observed in the North Atlantic Central Water (NACW) are similar to our observations.




4.2 Impact of climate variability on the CO2 trends

Over the 2006-2021 period, the SST time-series presents several strong positive and negative anomalies. In early 2012, the negative SSTA is the strongest, with a value below -1°C. This anomaly affects the fCO2 distribution. Lower fCO2 associated with the negative SSTA led to a lower CO2 flux (Lefèvre et al., 2016). The strongest positive SSTA (>1°C) have been observed in recent years. Over the whole time-series the fCO2 shows the strongest values at the end, in 2021.

Unfortunately, some CO2 data gaps occurred during strong SSTA, which did not enable us to determine the impact of these anomalies on the CO2 flux. Given the gaps in the CO2 time-series and the complexity of the CO2 dynamics at 6°S, 10°W, there is no correlation between SSTA and the CO2 flux anomalies. However, seawater fCO2 anomalies are weakly but significantly correlated with SSTA (r = 0.33, p<0.005), and ATL3 and TSA indices shown in Figure 7 (r = 0.35, p<0.005). The wind speed modulates the CO2 flux, and its weakening might counterbalance the impact of the anomalies, which would explain the lack of correlation between the flux anomalies and the climate indices. Nevertheless, the link between fCO2 and the SSTA is evidenced in some years when strong SST anomalies occur. For example, in early 2012, negative SSTA close to -1°C (Figure 5D) are associated with negative fCO2 anomalies (Figure 5A). In 2021, SSTA over 1°C are associated with high seawater fCO2 values.




Figure 7 | (A) ATL3 index and (B) TSA index from 2006 to 2023. ATL3 is an index of equatorial variability (20°W-0°, 3°S-3°N) and the TSA index is an indicator of the tropical southern Atlantic variability (30°W-10°E, 20°S-0°S). The dashed line corresponds to a 36-month low pass filter. The red and blue shadings correspond to positive and negative anomalies respectively.



The SSTA at 6°S, 10°W vary like the ATL3 and TSA indices (Figure 8). The main positive and negative SSTA are observed on both climatic indices and SSTA at the mooring. In particular, the negative SSTA in 2012 and the positive SSTA of 2020 of about 1°C appear clearly on all signals. The SSTA at 6°S, 10°W follow more closely the TSA variations. Overall, the correlations of the SSTA at 6°S, 10°W with ATL3 and TSA are 0.76 and 0.81 respectively. The AMM index presented low correlation (0.16) with the SSTA at the mooring. Both ATL3 and TSA exhibit low frequency variations, as highlighted by the 36 months low pass filter (dashed line in Figure 7). In recent years, both ATL3 and TSA indices are in a strong positive phase. This corresponds to the strong positive SSTA (Figure 5D) and the high fCO2 values (Figure 5A) observed towards the end of the time-series.




Figure 8 | (A) ATL3 SSTA and monthly SSTA measured at 6°S, 10°W (correlation of 0.76) and (B) TSA SSTA and SSTA at 6°S, 10°W (correlation of 0.81) from 2006 to 2021. Both ATL3 and TSA SSTA are calculated using monthly MODIS SST.



Lately, SST values were often over 30°C in the ETA during the PIRATA cruises. In late 2019, Richter et al. (2022) reported a strong equatorial warming as shown by positive ATL3 SSTA calculated over 1988-2017, and a decrease in the meridional wind stress in the ATL3 region. Li et al. (2023) reported two strong Atlantic El Niños in January 2020 and July 2021.

In boreal spring-summer 2021, the Atlantic El Nino was the warmest equatorial event since 1982 (Illig and Bachèlery, 2023). These events are evidenced by the ATL3 index and the positive SSTA. As shown in section 3, there is a strong correlation between this index and the warming at 6°S, 10°W.

As the time-series at 6°S, 10°W ends in 2021, the high values measured in this year tend to increase the slope of the regression line. The method proposed by Sutton et al. (2022) consists of calculating statistically the number of years of observations that are needed to detect a significant trend. The result is called the time of trend emergence or the trend detection time. This calculation applied to our dataset gives a length of 15 years to detect the seawater fCO2 trend at 6°S, 10°W. Based on 40 moored time-series, Sutton et al. (2019) calculated a time of emergence ranging from 8 to 15 years for seawater pCO2 and pH at open ocean sites. However, as the time-series at 6°S, 10°W presents large data gaps and includes warm events, a longer record is required to provide a more robust estimate of the acidification rate at this site. This would allow us to filter the anomalous events as was done in the Pacific Ocean where El Niños were removed from the calculation of the trends (e.g. Sutton et al., 2014). It is therefore crucial to continue the CO2 monitoring at this site, especially as there is no other CO2 long time record in the equatorial Atlantic after the end of the CARIACO time-series.





5 Conclusions

The hourly fCO2 monitoring at the time-series station 6°S, 10°W highlights the strong CO2 variability in the ETA. Over the 2006-2021 period, despite the CO2 data gaps and the variability observed at this site, an increasing trend of seawater fCO2 emerges that is stronger than the atmospheric CO2 increase. An increasing trend of the CO2 flux is also detected as the effect of increasing ΔfCO2 is stronger than the effect of the decreasing wind speed. Despite lower fCO2 values measured at the beginning of the time-series in 2006, this site is a source of CO2 to the atmosphere throughout the period, averaging 4.7 ± 2.4 mmol m-2d-1. Due to the high values of seawater fCO2 (mean of 428 ± 28 μatm), the pH averages 8.026 ± 0.023 at this site.

Recent observations suggest that Atlantic El Niño, characterized by a strong positive phase of the ATL3 index, is a climatic driver that accelerates the CO2 outgassing in the ETA. The upward trend of fCO2 is likely affected by the positive phase of both ATL3 and TSA indices. Over the 2006-2014 period, seawater fCO2 values are significantly lower than over 2014-2021. The acidification and fCO2 rates (-0.0030 ± 0.0004 yr-1 and 3.65 ± 0.46 μatm y-1, respectively) are among the highest of the Atlantic ocean time-series, which is explained by the warm anomalies observed towards the end of the time-series, and associated to Atlantic El Niño events.

Pursuing the CO2 monitoring will give more confidence in detecting trends and enable us to remove events such as Atlantic El Niños. In addition, a longer CO2 record with more reliable data would allow the analysis of SSTA and their impact on the CO2 flux. Although statistically significant, the correlation between SSTA and fCO2 anomalies remains quite low, with a value of 0.33. Presently, it is difficult to determine the contribution of SSTA to the evolution of the CO2 flux.
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The trends are calculated on the monthly anomalies with N the number of data over the 2006-
2021 period. The physical variables are measured by the instruments deployed at 6°S, 10°W
with the exception of the wind that comes from the CCMP product. The chlorophyll-a
concentrations are extracted at 6°S, 10°W from MODIS Aqua. The SST trends are from the
temperature sensor installed with the CO, sensor and from the Seabird sensor present on
the mooring.
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Sensor specifications for the physical parameters can be found on the PIRATA website at

https://www.pmel.noaa. gov/gtmba/sensor-specifications.





