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Editorial on the Research Topic 


Time-series observations of ocean acidification: a key tool for documenting impacts on a changing planet


Ocean acidification (OA) is a pressing global issue characterized by fundamental changes in ocean chemistry, including the reduction of pH levels, due to the absorption of increased atmospheric CO2. This phenomenon poses significant threats to marine ecosystems, affecting biodiversity, food security, and coastal economies. Time-series observations remain indispensable for documenting these changes, offering insights into the drivers and consequences of OA over temporal and spatial scales. This editorial summarizes the 17 studies in this Research Topic, highlighting the advancements in understanding OA dynamics and their broader implications.




Global and regional trends in ocean acidification

Several studies in this Research Topic provide comprehensive analyses of long-term OA trends and add to the existing evidence of its ongoing process. Bates and Johnson report on four decades of data from Bermuda’s Atlantic Time-series Study (BATS) and Hydrostation S, revealing continuous ocean warming, salinification, and CO2- carbonate shifts. These findings emphasize the region’s persistent acidification trends. Similarly, González-Dávila and Santana-Casiano examine 25 years of observations at ESTOC in the Canary Islands, noting increased dissolved inorganic carbon (DIC) and declining pH. In the Mediterranean Sea, Wimart-Rousseau et al. analyze a decade of data from two North Western Mediterranean sites, DYFAMED and ANTARES, demonstrating the role of deep-water convection and biological processes in modulating seasonal carbonate chemistry. Tsiaras et al. integrate model simulations with in-situ data, showing how winter mixing and primary production dominate DIC and CO2 variability across the Mediterranean Sea. While based on Tropical Atlantic observations, Musetti de Assis et al. reconstructed 20 years of carbonate system variability using PIRATA data in the Western Tropical Atlantic. They highlight rainfall and riverine influences on CO2 solubility. Lefèvre et al. focus on Eastern Tropical Atlantic data, showing significant fCO2 (fugacity of CO2) increases over 15 years due to DIC accumulation and SST anomalies. In Polar Oceans, Shadwick et al. document an amplification of seasonal CO2 cycles in the Southern Ocean Time Series (SOTS), driven by mixed-layer dynamics and biological productivity. Also, Vance et al. analyze the Munida Time Series off New Zealand, finding decadal pCO2 (partial pressure of CO2) increases driven by regional circulation changes and anthropogenic CO2 invasion.





Impacts of ocean acidification on marine ecosystems

Understanding the interplay between chemical changes associated with OA and biology is vital for the understanding of present and future changes in marine biodiversity and ecosystem services. For Coastal Ecosystems, George et al. study the Tanga-Pemba Seascape, suggesting an interplay between upwelling-driven OA and oxygen depletion, with consequences to the vulnerability of resident organisms; additionally, they suggest an important role of seagrass meadows in mitigating OA. Hall et al. connect harmful algal blooms (HABs) in Florida estuaries with changes in carbonate chemistry, showing how these blooms exacerbate acidification. In offshore waters of Columbia, Ricaurte-Villota et al. find that significant seasonal variability of the carbonate system is influenced by annual changes in coastal upwelling, rainfall, and river runoff. Vance et al. describe seasonal DIC patterns across a coastal margin of the Subantarctic Zone, linking them to mixed-layer processes and community production, which maintain the region’s status as a net CO sink. Furthermore, studies in the Eastern Mediterranean highlight the unique carbonate system dynamics (Frangoulis et al.), emphasizing the need for sustained observations to assess the impacts of rapid warming and acidification on marine organisms. In Coral Reefs, Knor et al. assess coastal reefs in Honolulu, revealing how freshwater runoff and biological processes buffer OA effects, with implications for coral health.





Innovations in monitoring and modeling

Long-term, ship-based time-series are now joined by new autonomous observing tools with the capability to constrain a broader suite of temporal scales of OA in its impacts. The utilization of time-series data by statistical and predictive models enhances our ability to fill observing gaps and forecast future OA scenarios. By bridging observational data with modeling efforts, researchers can develop more accurate projections of OA progression and its potential impacts on marine ecosystems, thereby informing policy decisions and management strategies. García-Ibáñez et al. showcase new Mediterranean time-series stations for high-resolution CO2 observations. Tsiaras et al. use sensitivity simulations to identify biological, hydrodynamic, and atmospheric controls on the Mediterranean carbonate system. For long-term data applications, Lefèvre et al. utilized the PIRATA network for tropical Atlantic monitoring, providing crucial insights into regional OA variability, while Wimart-Rousseau et al. highlight the value of sustained multi-decadal data for disentangling natural variability from anthropogenic trends.





Conclusion and future directions

The contributions to this Research Topic emphasize the pivotal role of time-series observations in advancing our understanding of OA. These studies highlight the urgent need for sustained monitoring efforts, the development of standardized methodologies, and the integration of multidisciplinary data to effectively document and address the challenges posed by OA in a rapidly changing global environment. The research presented also underscores the critical importance of interdisciplinary approaches to understand and mitigate OA’s impacts, particularly that many of the studies showed the importance of various natural and/or anthropogonic drivers in contributing to OA variability at local and regional scales. High-frequency monitoring, robust modeling frameworks, and collaborative international efforts are essential to deepening our knowledge of OA dynamics and its far-reaching implications for marine ecosystems.

By providing a comprehensive perspective on OA research across diverse ecosystems and timescales, this Research Topic reaffirms the necessity of sustained observations and innovative methodologies in tackling the pressing challenges of a changing ocean. Moving forward, it is imperative to strengthen global cooperation and advance scientific tools to better predict, monitor, and mitigate the impacts of ocean acidification on marine life and human communities.
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Using 25 years of data from the North-East Atlantic Ocean at the ESTOC site, we confirm the surface ocean is actively absorbing carbon emissions caused by human activities and undergoing ocean acidification. The carbon dioxide is also increasing in the subsurface and deepest waters. Seawater salinity normalized inorganic carbon (NCT), fugacity of CO2 (fCO2) and anthropogenic CO2 increase at a rate of 1.17 ± 0.07 µmol kg−1, 2.1 ± 0.1 µatm yr−1 and 1.06 ± 0.11 μmol kg−1 yr−1, respectively, while the ocean pHT fixed to the average temperature of 21°C, declines at a rate of 0.002 ± 0.0001 pH yr−1 in the first 100 m. These rates are 20% higher than values determined for the period 1995–2010. Over the 25 years, the average surface fCO2 increased by 52.5 µatm while the pHT declined by 0.051 pH units (~13% increase in acidity), like the observed seasonal signal. After 2020, seawater conditions are outside the range of surface fCO2 and pHT seasonal amplitude observed in the 1990s. It was also predicted by the year 2040, fCO2 seawater data will be smaller than atmospheric one and the area will be acting as a sink the full year around. Parameterizations of AT, CT, pHT and fCO2 using observations of water temperature, salinity and dissolved oxygen were determined for the ESTOC site with standard error of estimation of 6.5 µmol kg−1, 6.8 µmol kg−1, 0.010 pH and 9.6 µatm, respectively, and were applied to the North-East Atlantic Ocean. The observations and the parameterizations showed that the trends of the carbonate variables along the water column in the eastern subtropical ESTOC region are dominated by anthropogenically induced changes, observed in the whole water profile.




Keywords: time series, ESTOC, ocean acidification, long-term trends, inorganic carbon, anthropogenic carbon




1 Introduction

Global climate change is primarily attributed to the dominant influence of human activities, particularly the emission of carbon dioxide into the atmosphere through the combustion of fossil fuels (Denman et al., 2007; Friedlingstein et al., 2022). The ocean plays a crucial role in mitigating the effects of this perturbation to the climate system, having to date sequestered roughly a third of the cumulative anthropogenic CO2 emissions from the atmosphere. The 2022 assessment carried out by the Global Carbon Project revealed that over the decade spanning 2012 to 2021, the ocean actively absorbed an average of 2.9 ± 0.4 PgC yr−1, which constituted a significant 26% portion of the total anthropogenic CO2 emissions, CAnt. The estimation provided is obtained by analyzing simulation results generated by global ocean biogeochemical models (GOBMs) and is contrasted with data-products derived from observations of surface ocean pCO2 (partial pressure of CO2). Although surface ocean pCO2 and GOBMs display a reasonable level of accord, disparities arise when comparing the resulting sink estimate from GOBMs to the data-products (Hauck et al., 2020).

The North Atlantic Ocean is recognized as a key player in the absorption and long-term storing of CAnt, highlighting its critical significance in global carbon balance (up to 25% of that in oceans, despite its surface representing only 13% of the global ocean, Sabine et al., 2004) (Vázquez-Rodríguez et al., 2009; Watson et al., 2009; Pérez et al., 2010). The entrance of CAnt into the Atlantic Ocean interior takes place through deep convection in the North Atlantic Subpolar Gyre (NASPG). The process of lateral transport is responsible for sustaining approximately 65 ± 13% of the CAnt, which involves the transportation of CO2-rich subtropical waters to northern latitudes via the upper branch of the Meridional Overturning Circulation (MOC) (Álvarez et al., 2003; Macdonald et al., 2003; Pérez et al., 2013). Due to the importance of the North Atlantic Subtropical Gyre (NASTG) in the uptake of CAnt from the atmosphere, two oceanic Carbon time-series stations were established in the NASTG for the evaluation and quantification of the North Atlantic high resolution of in situ CO2 system. These are the Bermuda Time Series (BATS), to the west, and the European Time Series in the Ocean at the Canary Islands (ESTOC), to the east. It is widely acknowledged that the most fundamental and robust method for directly detecting CO2 uptake rates and variations is through the acquisition of more accurate and longer time-series observations at designated fixed stations (Dore et al., 2009; Currie et al., 2011; Bates et al., 2014; Takahashi et al., 2014; Bates and Johnson, 2020; Skjelvan et al., 2022).

As CO2 is absorbed by the ocean, its buffering capacity diminishes, affecting to the carbonate distribution. The observed decrease in pH of 0.1 since the onset of the industrial era intensifies the concentration of hydrogen ions (H+), leading to a lower pH level, while simultaneously reducing the saturation state of CaCO3 (Ω) by diminishing the concentration of carbonate ions (CO32−) and increasing the bicarbonate ion concentration (HCO3−) (Caldeira and Wickett, 2003). This phenomenon, known as ocean acidification (OA), even when pH of ocean seawater will be kept basic, would subsequently reduce the saturation levels of significant biominerals such as calcite and aragonite (Orr et al., 2005). These alterations in carbonate chemistry profoundly impact marine organisms and ecosystems across the global ocean (e.g., Riebesell et al., 2000; Doney et al., 2009; Gao et al., 2020). The complex interplay of climate-related physical and biological feedbacks within the carbon cycle, such as rising temperatures, deoxygenation (Gruber, 2011), stratification (Bopp et al., 2013), and intensified winds (Borges et al., 2008), is expected to complicate future changes in carbonate chemistry.

Increases of pCO2 and dissolved inorganic carbon (CT) together with a pH decrease in the surface waters from 1995 to 2010 were detected by time-series observations at ESTOC in the subtropical eastern North Atlantic Ocean (Santana-Casiano et al., 2007; González-Dávila et al., 2010; Bates et al., 2014; Takahashi et al., 2014). The seasonal changes of surface inorganic carbon normalized to a constant salinity, NCT, were attenuated when compared to CT seasonality, reflecting the influence of salinity changes on CT. The residual seasonal variability in NCT is a composite of biological and physical processes such as net community production (NCP), air–sea CO2 gas exchange, mixing, and advection (González-Dávila et al., 2007). To validate the observed trends, it is imperative to conduct more comprehensive and extended studies that encompass a wider range of data points, as the previously reported changes in the surface subtropical eastern North Atlantic were solely derived from a 10–15-year period from 1995 to 2010 (González-Dávila et al., 2010; Bates et al., 2014). González-Dávila et al. (2010) presented ESTOC trend data for the period September 1995 to February 2004, which only allowed the determination of significant changes over the first 1000 m, due to the short time-span that was considered. Therefore, the chemical characteristics of time-series which include intermediate and deep-water data in addition to surface data are valuable as they can contribute to highlighting the changing carbonate cycle within the whole water column.




2 Materials and methods



2.1 Site, cruise overview and sampling scheme

The history of the ESTOC time-series research and basic understanding of the physicochemical and biological characteristics of this site have been described in detail in prior works (González-Dávila et al., 2003; Neuer et al., 2007; Santana-Casiano et al., 2007). ESTOC is positioned at 29°10’N 15°30’W in the northeast Atlantic Ocean with a depth of 3685m (Figure 1). The first visit to the ESTOC site took place in February 1994, while carbonate system observations were established in October 1995. Until December 2019, a total of 212 visits were carried out, with 4350 discrete samples analyzed along the 3650 m deep water profile. From those, a total of 2876, 2632 and 1156 samples were analyzed, respectively, for total alkalinity (AT), pH in total scale (pHT), and total dissolved inorganic carbon (CT). On each ESTOC cruise, a quasi-Lagrangian sampling scheme is employed and for the purposes of this work, all CTD/hydrocasts at ESTOC site (29°10’N, 15°30’ W) were considered. Until 2005, monthly samples (over 9 different sampling months a year with gaps related to bad weather conditions) were established. Between 2005 and 2011, sampling was carried out every two months. Ship operations were stopped during 2012 and 2013, and re-started on February 2014, with seasonal visits to ESTOC since then. On 2016, a surface buoy with physical and biochemical sensors was included in ESTOC. Starting on February 2019, a General Oceanic™ GO 8050 continuous underway pCO2 system with four calibration gases together with sea surface temperature and salinity sensors (Curbelo-Hernández et al., 2021) was included in a volunteer observing ship (CanOA VOS line, ICOS-ERIC, https://meta.icos-cp.eu/labeling/last visited 07/05/2023) passing close to ESTOC (25–30 km to the East). Surface seawater fCO2 data (located at 7 m) were included in this work to provide extended trends covering 28 years of surface data. Samples for a wide range of core measurements (Table 1) were collected at 24 depths between the surface and 3650 m and are considered in the present work. However, since the number of samples analyzed for carbonate variables at 900 m was low, trends were not computed for this depth. Brief descriptions of the relevant methods are included in the following sections.




Figure 1 | Location of the ESTOC site (29°10’N, 15°30’ W, red dot) at the Canary Islands in the Eastern North Atlantic Ocean. The location of GLODAP oceanic data for the period 1995–2005 in the region 20°N–45°N and east of 40°W is indicated (blue dots). The area between 20°N–35°N and east of 30°W is indicated by the black line. (Ocean Data View images, Schlitzer, 2021),.




Table 1 | Average measured variables for the period 1995–2019 at the 24 CTD depths including standard deviation(SD, 95% confidence) and amount of data(n).






2.2 Analytical methods

Dissolved oxygen (DO) samples were taken from the Niskin bottle first, by using 125 calibrated glass bottles, with replicates including the surface, the deepest depth, and the oxygen minimum. Samples were analyzed using an automated potentiometric Winkler titration method (e.g., Dickson, 1996) calibrated to a potassium iodate solution.

Samples for the carbonate system characterization were drawn after DO samples. pH and AT samples were the two variables measured until 2004. From 2004 through present, which accounts for most of the samples (over 90%), a third variable, CT, was also included in the sampling strategy. Samples for pH were always measured on board while AT and CT samples, when not analyzed during the cruise, were fixed (100 µl) with saturated mercury chloride solution and analyzed on land no later than a week after their collection. For the pH in total scale, a potentiometric system was used during the first 2 years, calibrated against TRIS-artificial seawater buffers at 25°C. After 1996, an automatic spectrophotometric pH system was developed using m-cresol purple (Sigma-Aldrich) with a precision of ± 0.0015 (n=15 for different batches of certified reference material, CRM) (González-Dávila et al., 2003). Samples for AT were potentiometrically titrated with HCl in a closed cell to the carbonic acid endpoint until 2004, as described in detail in Mintrop et al. (2000). Since 2004, AT and CT were measured for the same 500 ml borosilicate glass bottle sample using a VINDTA 3C system (González-Dávila et al., 2010) with coulometric determination. Sample accuracy for the three measured variables (pH ±0.0015; AT ±1.5 µmol kg−1, CT ± 1.0 µmol kg−1) was maintained by routine analysis of seawater certified reference materials (CRMs; prepared by and acquired from Andrew Dickson, UCSD).




2.3 Computation of seawater carbonate variables

The program CO2sys V2.3 (Pierrot et al., 2006) was used to compute the values of seawater carbonate variables that were not measured. It provides pCO2, pH and CT when not measured, [CO32−], mineral saturation states for calcite (ΩCal) and aragonite (ΩAra), and the Revelle factor, R. These are computed from AT and pHT pairs (when pH is the only second measured variable) or AT and CT (when CT is a measured variable), together with temperature and salinity. Phosphate and silicate data were obtained from the PANGAEA data repository for ESTOC (https://www.pangaea.de/). Using the three measured carbonate variables (more than 1000 samples), the highest consistency of experimental data was determined considering the set of carbonic acid dissociation constants of Lueker et al. (2000) that was used in the further calculations. CT computed from AT and pHT pairs were better than 2.9 ± 3.2 µmol kg−1 (n = 1020). The Mehrbach et al. (1973) set of constants, as refit by Dickson and Millero (1987) were also valid for AT and CT inputs and presented a slightly higher error of estimate for pH from ±0.003 to ± 0.005. When xCO2 for the surface waters was the only measured variable (VOS line), AT was computed from salinity (see below).

To remove the effects of evaporation and precipitation we applied the traditional normalization NXT = XT/Smea · SRef, where SRef was fixed to the salinity of 35, even though this salinity is in the low salinity range of most Atlantic seawater (e.g., Pérez et al., 2001). When surface data were compared or plotted with and without normalization, the average salinity for surface ESTOC seawater (36.8) was used and indicated. The TrOCA (Tracer combining Oxygen, Inorganic Carbon and total Alkalinity) (Touratier et al., 2007) was used to test ocean chemistry changes in the ocean surface and water column. CAnt estimations are not valid for surface and mixed layer depth (MLD) waters, where the apparent oxygen utilization (AOU) could be negative due to gas exchange and biological activity (i.e., Metzl et al., 2022). For surface waters inside the 100 m, a theoretical CAntTheo (e.g., Equation 5b in Matear et al., 2003) was computed assuming disequilibrium between the atmosphere and the ocean has not changed since preindustrial time (Matear et al., 2003 and reference herein). For this calculation, the preformed alkalinity normalized to constant salinity of 35 for surface waters at ESTOC was fixed to 2307 µmol kg−1 (González-Dávila et al., 2010). The average CAntTheo inside the MLD and the CAnt computed for the sub-surface water just below the MLD (where always AOU > 5 µmol kg−1) were inside ± 0.08 µmol kg−1.




2.4 Trend analyses and statistics

Trend analyses were conducted at 23 different depth levels for the time-series of temperature and salinity, seawater carbonate chemistry (CT, AT, fCO2, Revelle factor) and ocean acidification indicators (pHT, carbonate concentration, ΩCal and ΩAra) (e.g., Sutton et al., 2022). Here, trend analyses were carried out for NCT and NAT as well as for fCO2 and pHT normalized to a mean temperature of 21°C (fCO2,21 and pHT,21, respectively) to account for salinity and temperature controls on those variables. Trend analyses were performed using the observed data values from samples taken beneath the MLD of 100 m (González-Dávila et al., 2010) and with seasonally detrended data for those samples taken within the MLD (Table 2). Regression statistics provided slope, Standard Error (SE), r2, p-value and n, but only the two first values are presented in Table 2. The n value for each variable in Table 2 is that indicated in Table 1 for AT (maximum number of measured variables) and p-value results were always better than <0.01. SE values presented are those computed for the linear fitting of the experimental data without considering the experimental error of the measurements.


Table 2 | Trend analysis (rate yr−1 and standard error of the fitting, SE) of seawater carbonate variables and ocean acidification indicators at ESTOC from 1995 to 2019.






2.5 Seasonal detrending of data

Trend analyses for observed data inside the MLD would exhibit seasonal variability as well as different weighting due to sampling irregularity during the 25 years of observation. Seasonal detrending of the ESTOC data was accomplished following the same strategy used in other time series (e.g., Bates et al., 2012). Data were binned into each appropriate month throughout the time series. For each month between 1995 and 2019, the mean and standard deviation was determined for the surface (first 10 m) (Figure 2) data and for depths of 25, 50, 75 and 100 m (± 5 m) (Table 1; Figure 3). Anomalies were computed by subtracting the mean monthly value from each experimental data points. Trends and regression statistics for seasonally detrended data in the first 100 m and for data until the bottom depth are given in Table 2 and depicted in Figure 3 for 12 selected depths. This analysis allowed the lack of temporal uniformity to be reduced as much as possible. The use of harmonic fitting as presented in previous ESTOC data (González-Dávila et al., 2010) was also applied and provided similar trends inside the estimated error for each variable.




Figure 2 | Mean and standard deviation seasonal climatology of surface (5 ± 5 m) seawater properties at ESTOC (1995–2019) for (A) sea surface temperature (SST, °C) and salinity (SSS), (B) total alkalinity (AT) and salinity (36.8) normalized alkalinity (NAT) in µmol kg−1, (C) inorganic carbon (CT), salinity (36.8) normalized CT (NCT), preformed CT (NCT,P) in µmol kg−1 and anthropogenic carbon (CAnt)) in µmol kg−1, (D) fugacity of CO2 at in situ (fCO2,is) and at constant temperature of 21°C (fCO2,21) in µatm, and Revelle factor (R), (E) pH in total scale at in situ (pHT,is) and at constant temperature of 21°C (pHT,21) and [CO32−] (µmol kg−1), (F) saturation states for calcite ΩCal and aragonite ΩCal. Third order polynomial fitting is used for joining average monthly values.






Figure 3 | ESTOC average and standard deviation values at the 24 selected depths for (A) Temperature and salinity, (B) AT, NAT and carbonate NAT,C and soft-tissue remineralization NAT,R contributors (µmol kg−1), (C) CT, NCT and preformed (NCT,P), remineralization (NCT,R), carbonate (NCT,C) and anthropogenic (NCAnt) contributors (µmol kg−1), (D) pH in total scale and fugacity of CO2 (µatm) at 21°C, (E) the Revelle factor and saturation states for calcite (ΩCal) and aragonite (ΩAra). Values for the top 100 m are seasonally detrended.







3 Results



3.1 Surface seasonality at ESTOC averaged over 25 years

Given the non–uniform sampling frequency at ESTOC, we determined the monthly mean physical and chemical properties (Figure 2) and the average value for the period 1995–2019 (Table 1) The range of mean surface seasonal temperature at ESTOC varies between 18.7°C in February–March to 23.5°C in October, with an average standard deviation in each month of 0.6°C with a maximum of 0.8°C during the warmest months (Figure 2A). The observed monthly variability over long periods of years highlights the need to leverage long time series to account for accurate long-term trend studies. Salinity at ESTOC presented average values of 36.8 (Table 1), being lower during winter due to winter convection, during which the MLD reached over 100 m (Santana-Casiano et al., 2007) and increasing in the summer to close to 36.9 (Figure 2A). Accordingly, AT presented a similar seasonality with a concentration of 2407 µmol kg−1 during winter, increasing to values of 2414 µmol kg−1 after June (Figure 2B). After normalization to the average salinity of 36.8, the value remained at 2409.2 ± 2.2 µmol kg−1, like that determined in the first 10 years of study (2409.7 ± 2.2 µmol kg−1, Santana-Casiano et al., 2007). This constant value for NAT allows us to compute surface AT from salinity (AT = 2409.2/36.8 * S) when xCO2 is the only measured concentration.

The surface inorganic carbon content CT (Figure 2C) showed increased values until April, reaching an average concentration of 2108.5 ± 7.2 µmol kg−1, due to winter convective mixing. The notable deviation in the observed mean value is related to both inter-annual variability of the mixed layer depth that brings CT-rich sub-surface waters up from depth and to the interannual increase in CT during the study period. The drawdown of CT in the Spring–Summer, related to the biological uptake in the mixed-layer, decreases the concentrations to an average value of 2094.1 ± 9.7 µmol kg−1. When normalized to a constant salinity of 36.8, the maximum average concentration was recorded in March at 2109.2 ± 8.0 µmol kg−1, which decreased to 2092.9 ± 7.2 µmol kg−1 by October. González-Dávila et al. (2007) showed that the significant interannual variability in CT anomalies was negatively correlated to the SST. To explain these anomalies, a model including the biological processes, the air-sea exchange, lateral transport, entrainment, and vertical diffusion processes acting on the surface and MLD carbon cycle was applied and discussed in detail previously (González-Dávila et al., 2007). The most important conclusions were that the model confirmed the entrainment transport, controlled by the seasonal change of the mixed layer, and to a lesser degree, the NCP, were the major drivers for the seasonal variations in CT. There were not significant changes in the model contributor when data were extended to the period 1995–2019 (data not shown). Moreover, these processes were also affected by the seasonal displacement of the Eastern sub-tropical gyre, which is closely linked to the Trade wind regime. The gyre is stronger West of the Canary Islands from October to March, while from April to September, the Southward transport is near the African coast. Therefore, a significant correlation (González-Dávila et al., 2007) was obtained with the winter North Atlantic Oscillation index, NAO, with a 3-year lag for the ESTOC biogeochemical properties and for all the CT contributors. The NAO seems to control the baroclinic transport and the spatial pattern of the Eastern part of the sub-tropical gyre (González-Dávila et al., 2007; Santana-Casiano et al., 2007).

In ESTOC, the surface derived CAnt (CAntTheo) presented an average concentration of 76 ± 8 μmol kg−1 (Figure 2C). The high standard deviation in CAnt reflects the significant increase in the signal throughout the 25 years of data collection.

The surface partial pressure of CO2 expressed as fugacity, fCO2, (Figure 3D) varies seasonally, with lower values during the cold months that increase to values over 400 µatm in September, reflecting the underlying seasonality of temperature and CT. When normalized to a constant temperature of 21°C (Takahashi et al., 1993), maximum values are observed by the end of March, due to convective vertical mixing, and then decrease until September–October due to NCP. A similar distribution is observed in the Revelle factor, R. R reflects the ease of air–sea CO2 exchange (Revelle and Suess, 1957) which decreases, as does the chemical buffering capacity, with increasing R values. In ESTOC, the maximum seasonal amplitude of R is about ~0.5, with minimum values of 9.57 ± 0.12 in October–November, when the fCO2 is the highest.

The typical surface seasonal changes in pH at ESTOC (Figure 2E) ranged from in situ pHT,is wintertime highs of 8.10 ± 0.02 to summertime lows of 8.05 ± 0.02. When temperature effects on pH variability are removed, winter vertical mixing results in lower pHT,21 during March, increasing until October with a seasonal amplitude of about 0.03 pH. These values agree with the climatology for the ESTOC area for the reference year 2005 (Takahashi et al., 2014), with a pHT,is range between 8.09 in January and 8.066 in September and a seasonal amplitude of about 0.03 pH. Both ΩCal and ΩAra exhibit seasonal changes of ~0.3–0.5 (Figure 2F) with maximum values at the end of summer, following the same distribution as that for the [CO32−] (Figure 2E), which presented a seasonal amplitude of ~25–30 µmol kg−1.




3.2 Vertical distribution and variability

The average and standard deviation for the vertical distribution of physicochemical variables at ESTOC for the period 1995–2019 are shown in Table 1 and depicted in Figure 3. As indicated above, all the concentrations for MLD (first 100m) were computed considering seasonally detrended data. The vertical distribution of water masses (Pérez et al., 2001) controls all the profiles. The subtropical (from the bottom of the surface layer down to 500 m, following the 35.66 isohaline) and the subpolar (a narrow layer centered at about 35.23 salinity) varieties of the Eastern North Atlantic Central Water (ENACW) control the central waters. The intermediate waters present both the influence of the northward advection of the low salinity Antarctic Intermediate water, AAIW (Santana-Casiano et al., 2001) centered at about 900 m (salinity of 35.5) and the modified Mediterranean water, MW, identified by the salinity maximum from 1100 m to 1200 m. Both present a significant inter-annual variability (Cianca et al., 2007), indicated by the highest standard deviation in all the variables (Figure 3). The continuous decrease in salinity and temperature (Figure 3A) to the bottom denotes the presence of North Atlantic deep water, NADW. The influence of Antarctic Bottom Waters (AABW) north of 26°N has also been recognized (Krasheninnikova et al., 2021).

The vertical distribution of AT and NAT (for fixed salinity of 35) is shown in Figure 3B. NAT increased from surface values of 2291.7 ± 2.7 µmol kg−1 to 2359.8 ± 1.7 µmol kg−1. This increase is due to both the soft-tissue biological pump changes, caused by organic matter remineralization (NAT,R), and changes to the carbonate pump, due to carbonate dissolution (NAT,C) (González-Dávila et al., 2010). These were estimated considering oxygen data (Cianca et al., 2013), the calculated apparent oxygen utilization (AOU) and the stoichiometric coefficient (Anderson and Sarmiento, 1994) proportional to the proton flux during photosynthesis and remineralization



The carbonate dissolution effect was estimated considering AT,R and the preformed values of the water mass at the time of its formation at surface outcrops (Wanninkhof et al., 1999; González-Dávila et al., 2010)



The dissolution of this hard material increases the measured AT below 400 m and predominates after 600 m as the result of increased pressure, decreased temperature and longer residence time. The organic matter remineralization decreases alkalinity in the first 800–900 m until a maximum of NAT,R = 10.7 ± 0.95 µmol kg−1.

Figure 3C depicts the vertical distribution of the dissolved inorganic carbon (CT and NCT,35) and the corresponding preformed (CT,P), organic matter remineralization (CT,R), carbonate dissolution (CT,C) and CAnt contributions, where







The CAnt contribution below the MLD was estimated using the TrOCA method. Despite its limitations (e.g., Yool et al., 2010), this method provides a useful tracer of ocean chemical changes when used at a fixed location (Bates and Johnson, 2020). In the first 1000m, NCT increases 170 ± 8 µmol kg−1 even when NCAnt decreases from a surface average of 75 ± 11 µmol kg−1 to 25 ± 9 µmol kg−1. The increase in NCT is the result of a 29% contribution from anthropogenic carbon, a 75% related to the increase in preformed values, 48% due to the remineralization of organic matter and 6% from the dissolution of calcium carbonate. Towards the bottom of the water column, NCT continues to increase another ~40 µmol kg−1 (140% due to the increase in preformed carbon plus another 45% due to the increase in carbonate dissolution), while NCAnt reduces from 25 ± 9 µmol kg−1 to 2 ± 5 µmol kg−1 (~40% decrease) and the NCT,R decreases from 78 ± 5 µmol kg−1 to 58 ± 4 µmol kg−1 at 3650 m (45% decrease).

The vertical profiles for pHT,21 and fCO2,21 (Figure 3D) and for in situ ΩCal, ΩAra and R factor (Figure 3E) showed the influence of the different water masses and carbonate changes related to the remineralization of organic matter and carbonate dissolution. While pHT,21 decreases from average detrended surface values of 8.08 ± 0.02 to 7.78 ± 0.01 at 1000 m, where CT,R contribution was maximum (Figure 3C), fCO2,21 increased by 445 µatm from a surface average value of 375 ± 18 µatm. The preformed water mass characteristics controlled the Revelle factor (Figure 3E), which increased from the average surface value of 9.7 ± 0.2 to 14.3 ± 0.2 at 1000m. The saturation state for both calcite and aragonite decreased by 58%, reaching an average value of ~2.2 for ΩCal and ~1.4 for ΩAra in the first 1000m. The saturation horizon for aragonite (ΩAra = 1) is located at around 2500 m at ESTOC (Figure 3E; Table 2), but has decreased by 100 m in 25 years from around 2560 m in 1995 to 2460 m in 2019 (data not shown).





4 Discussion



4.1 Long-term trends of hydrographic and seawater CO2 properties: OA indicators

Figures 4, 5 and Table 2 show the observed trends and standard errors of measured physicochemical and carbonate variables, along with derived carbonate variables for September 1995 to December 2019. 23 depths were selected at the ESTOC site (Table 2) but only 12 are plotted in Figure 4 for clarity. There were no significant changes in the potential density profiles for the studied period and, therefore, depth values (± 5 m in the first 200 m and ± 15 m below) were used to show the trends. The first 50 m of water showed a significant increase in temperature of 0.4°C for the observed period (Figure 5B), confirming the warming of the North Atlantic Water (e.g., Taboada and Anadón, 2012; Kessler et al., 2022). Below, the increase in temperature by 0.08°C of the subpolar ENACW at 600m during the 25 years was the only significant change (95%). However, at the bottom of ESTOC, the temperature decreased by 0.04°C for the same period. This result is in accordance with the analysis of the long-term trends (Krasheninnikova et al., 2021) in average annual temperature for the AABW based on the reanalyzes and RAPID data for the period 2004–2015 South of ESTOC, at 26°N, that indicates an increased contribution of AABW to bottom waters in the area.




Figure 4 | Time series of (A) salinity (35) normalized inorganic carbon, NCT (µmol kg−1), (B) Anthropogenic carbon, CAnt (µmol kg−1), (C) the fugacity of CO2 at a constant temperature of 21°C (µatm) and D) pH at a constant temperature of 21°C for 12 selected fixed depths at ESTOC. Surface (5 ± 5 m) and 100 ± 5 m water depth concentrations are seasonally detrended data (D). Lines represent fitted linear regression for the experimental data.






Figure 5 | Rates of change in (A) salinity (35) normalized inorganic carbon NCT, preformed NCT,P, predicted NCTPre and anthropogenic NCAnt (µmol kg−1 yr−1) contributors, (B) dissolved oxygen DO (µmol kg−1 yr−1) and temperature (°C yr−1) and (C) pHT at in situ conditions, at constant temperature of 21°C, and the non-biological pHTNB and anthropogenic pHTAnt contributors at ESTOC for the period from 1995 to 2019. Error bars denote standard deviations. Different CT and pHT components are described in the text (see Equations 7, 9, 15 and 17).



The interannual increase in seasonal detrended NCT (Figures 4A, 5A; Table 2) in the first 125 m is constant at 1.17 ± 0.07 µmol kg−1 yr−1, higher than that determined for the first 10 years (0.85 ± 0.16 μmol kg−1 yr−1, González-Dávila et al., 2010) and 17 years (1.08 ± 0.08 μmol kg−1 yr−1), (Bates et al., 2014; Takahashi et al., 2014). The rate of increase of CT was 1.12 ± 0.06 μmol kg−1 yr−1, related to the effects of the small salinity changes on the observed annual increase in surface CT. The increase in rate responds to the nonlinear increase in atmospheric CO2, with much larger values of CO2 in the air-side boundary layer increasing CO2 uptake by seawater, even when the surface waters are warmer than before, with the R factor increasing at a rate of 0.021 ± 0.001 yr−1. Moreover, both an increase in the years used in the trend estimation and the influence of bidecadal changes in surface ocean carbon (e.g., Arzel et al., 2018) could also contribute to the observed new values. In 25 years, surface dissolved inorganic carbon concentrations at ESTOC have increased by ~30 μmol kg−1. There was not any significant variability inside the MLD in CT,R related to changes in biological activity (data not shown). The observed rate of increase in NCT was close to the increase in anthropogenic carbon (1.06 ± 0.11 μmol kg−1 yr−1), controlling the rate of increase of dissolved carbon in the subtropical gyre (Figure 4B; Table 2). This rate of increase in NCT will in itself result in an increase in fCO2,is of 2.3 µatm yr−1 and a decrease in pHT,is of 0.002 pH yr−1 according to the average Revelle factor of 9.9 for the MLD. Indeed, the observed trends in the surface waters are +2.1 ± 0.1 µatm yr−1 for fCO2,is and −0.002 ± 0.0001 pH yr−1 for pHT,21 (Table 2). Due to the logarithmic scale for pH, the corresponding rate of increase in hydrogen ion concentration results 40 ± 1 pM H+ yr−1, indicating that the ESTOC site has increased its hydrogen ion concentration in 13% in the last 25 years. Again, the rates of change in fCO2,is and pHT,21 at ESTOC have increased with respect to those determined for the first 10 years (1.55 ± 0.43 μatm yr−1 and −0.0017 ± 0.0003 pH yr−1, González-Dávila et al., 2010) and 17 years (1.92 ± 0.24 µatm yr−1 and –0.0018 ± 0.0002 pH yr−1, Bates et al., 2014), representing an increase of nearly 20% from 1995-2005. Over the 25 years of study, the average surface value of fCO2 has increased by 52.5 µatm while the pHT has declined by 0.051 units (Figure 6). Considering the seasonal amplitude of both fCO2 (~50–60 µatm) and pHT (~0.05), the seawater conditions in ESTOC in 1995–1996 are observed to be completely different from those recorded nowadays (Figure 6, which includes the most recent surface data until April 2023).




Figure 6 | Observed surface data (open circles) for fCO2 (µatm) (dark red) and pHT (blue) at in situ temperature and salinity conditions at ESTOC for the period October 1955 to April 2023 together with atmospheric CO2 molar fraction (black line, ppm) at the reference station Izaña (the Canary Islands) (https://gml.noaa.gov/ccgg/trends/gl_gr.html, last visit 20/04/2023 ). Lines indicate average seasonal fitting and trend values for fCO2 and pHT. The dashed blue line joins the lowest pHT values in 1995 and the highest pHT in 2020.



It was also shown that in the period 1995–2005, the rate of increase in detrended fCO2,sw (1.55 ± 0.43 μatm yr−1) was similar to that for fCO2,atm (1.6 ± 0.7 μatm yr−1) at the atmospheric station Izaña, and ESTOC was acting as a small sink of CO2 of 51 ± 36 mmol m−2 yr−1 (Santana-Casiano et al., 2007), controlled by the predominant Trade Winds. Accordingly, Figure 6 shows how for the period 1995–2005, climatological fCO2,sw was symmetrically distributed with respect to fCO2,atm. However, the maximum climatological fCO2,sw is shown to increase at a slower rate than the atmospheric trend, with ESTOC behaving as a sink of CO2 for longer periods of time at present. If the rates of increase in both climatological seawater and atmospheric CO2 at ESTOC (rates of 1.97 μatm yr−1 vs 2.3 μatm yr−1, respectively, in the last 5 years 2019–2023) are maintained as observed in Figure 6, it is predicted that by 2040, all the climatological fCO2 seawater values will be smaller than the atmospheric values and thus, the area will be acting as a sink throughout the whole year.

The surface saturation states of both calcite and aragonite have decreased at a rate of 0.019 and 0.0125 yr−1 (0.48 ± 0.02 and 0.31 ± 0.01, respectively, in the 25 years of study). Although the present rate of decrease of At/Ct is ~0.5% per decade, observed increases in CT due to the uptake of rapidly increasing atmospheric CO2 may lower the ratio significantly in a time scale of several decades. This ratio significantly controls the carbonate chemistry of the oceans and the ocean CO2 uptake rate (Lenton et al., 2012; Takahashi et al., 2014).

Below the MLD, NCT continues to increase yearly (Table 2; Figures 4A, 5A) at a rate over +1 μmol kg−1 yr−1 in the first 400 m. Then, the rate decreases until 1500m, where it keeps a constant value of 0.21 ± 0.08 μmol kg−1 yr−1 until 3000 m. The rates of change for fCO2 and pHT show a similar behavior with positive and negative rates, respectively (Figures 4C,D, 5C). However, due to the increase in the R factor in the first 1000 m (Figure 3E), relatively constant rates were observed in the first 800 m, before decreasing to 0.5 ± 0.1 µatm yr−1 and −0.0005 ± 0.0001 pH yr−1, respectively below 1500 m. As observed for the temperature in the bottom layer (3500–3650 m), the rate for all the variables showed a slight increase (Table 2) which could be related to a higher influence of AABW signal at ESTOC in recent years. This higher AABW influence was not significantly richer in anthropogenic CO2, as the rate of increase in CAnt was not affected.

Changes in NCT (Figure 5A) due to variability in the preformed NCT,P along the water column contributed less than 10%, except in the 1000–1300 m depth range where the NCT,P of the MW influence increased at a rate of 0.16 ± 0.06 μmol kg−1 yr−1 (~30% contribution). Results in the Strait of Gibraltar (Flecha et al., 2019) showed that the MW outflow has increased CAnt and DO due to increased absorption of atmospheric CO2 and an intensified transport from the surface to the ocean interior in the western Mediterranean.

The rate of increase for CAnt below 1500 m was constant at 0.35 ± 0.14 μmol kg−1 yr−1 (Figure 5A). The higher rate of increase in CAnt below 2000 m compared to that in CT seems to be related to an increased rate in DO content (0.25 ± 0.08 μmol kg−1 yr−1) inside the NADW. NADW, comprising varying proportions of Labrador Sea Water (CLSW; ~45%), Iceland-Scotland Overflow Water (ISOW; ~30%), and Denmark Strait Overflow Water (DSOW; ~5%), while the remaining portion (~20%) is sourced from modified Antarctic Bottom Water (AABW) (Jenkins et al., 2015), could potentially witness an increase in oxygen content. This is attributed to the reduction in sea ice coverage in the Labrador Sea and Nordic seas, promoting deep Atlantic ventilation, as highlighted in research conducted by de Vernal and Hillaire-Marcel (2000) and Koelling et al. (2022). The increase in DO content (Figure 5B) reduces the value of AOU, which controls the estimation of organic matter remineralization (Equation 3) and its contribution to the computation of CAnt, without implying a change in the biological soft-tissue pump. Therefore, this aspect should be considered in anthropogenic carbon estimations.




4.2 Parametrization of AT, CT, pH and fCO2 at the ESTOC site

The use of empirical equations, which take into account different hydrographic properties, allows for the reconstruction of carbonate species concentration in the ocean water column. (e.g., DO, potential temperature (θ), Salinity (S), chlorophyll–a and major nutrients) (e.g., Millero et al., 1998; Lee et al., 2000; Friis et al., 2005; Li et al., 2016). The changes observed in the carbonate system of seawater are predominantly influenced by both physical and biological processes. The DO can be utilized as a metric for gauging biological activity, while temperature and salinity serve as indicators of physical dynamics. To determine decadal changes in the carbonate variables, reconstruction of the concentration of AT, CT, pHT,is and pHT,21 and fCO2,is and fCO2,21 for the full set of ESTOC data for the period 1995-2005 was selected and carried out using DO, θ and S. These variables form the core set of parameters measured by the majority of Argo profiling floats. These floats are designed to autonomously collect hydrographic data at regular intervals of approximately every 2 weeks (Argo website, http://argo.argo.net/). The inclusion of nutrient or chlorophyll data does not improve the fittings.

We obtained the predicted values for seawater AT, CT, pHT and fCO2 using the following Equations (6)–(11), where the super index Pre refers to predicted and SEE to the standard error of the estimation, applied for the decadal period 1995–2005.



(n = 1454, r2 = 0.949, SEE = 6.5 µmol kg−1)



(n =1443, r2 = 0.973, SEE = 6.8 µmol kg−1)



(n=1057, r2 = 0.976, SEE = 0.010)



(n = 1158, r2 = 0.994, SEE = 0.009)



(n = 1099 r2 = 0.954, SEE = 9.6 µatm)



(n = 722, r2 = 0.997, SEE = 10.8 µatm)

The SEE for the parameterizations of AT, CT, pHT,is and fCO2,is were 6.5 µmol kg−1, 6.8 µmol kg−1, 0.010 pH and 9.6 µatm, respectively. The equilibrium equations of carbon chemistry and the influence of remineralization/photosynthesis processes (Wolff et al, 2007; Li et al., 2016) reveal that salinity has a significant effect on AT, with a strong positive relationship observed between the two variables. Using the average data in Table 1 for surface waters (5 m), surface alkalinity can be computed both by the alkalinity to salinity relationship indicated above valid only for those water (AT = 2409.2/36.8 * S) and by Equation (6), valid for the whole profile. Results were consistent (95% confidence) with any of those equations. The CT (Equation 7) presented the strongest relationship with DO and T, changing negatively with increases in both. For pHT,21 (fCO2,21) a positive (negative) change was observed with increases in DO, presenting the strongest effect. Hence, Equations (6)–(11) are useful for reconstructing the carbonate variables on a decadal scale for the ESTOC site. It should be considered that the predicted concentrations obtained from Equations (6)–(11) include the natural background component (Xnbc) and the anthropogenic component in the year 2000 (the average for the period 1995-2005) considered for constructing the parameterizations (Equation 12) (McNeil and Matear, 2013). The carbon data collected from the ESTOC site is already affected by the rising levels of anthropogenic atmospheric CO2.



In order to see if this same set of equations could be useful for reconstructing the carbonate variables over the North East Atlantic subtropical region, 12,406 AT, 9452 CT and 7019 pHT,is GLODAP oceanic data for the same period (1995–2005) in the region 20°N–45°N and east of 40°W (Figure 1) were downloaded (GLODAP v2022; Key et al., 2015; Olsen et al., 2016) and compared with the estimated values using Equations (6)–(8). The deviations between the measured and predicted values for each variable were found to be within 9.8 µmol kg−1, 10.3 µmol kg−1 and 0.024 pH, respectively. Furthermore, if the area was restricted to 20°N–35°N and 10°W–30°W (Figure 1, data inside the black line), in the eastern North Atlantic influenced also by North African upwelled waters, the average differences between the predicted and measured (XPre − Xmed) values at every observation point and for the full depth profile were 0.55 ± 6.96 µmol kg−1 for ΔAT (n=2133), 1.75 ± 7.26 µmol kg−1 for ΔCT (n = 1935) and −0.006 ± 0.019 for ΔpHT,is (n = 1851).

As indicated in Table 2, the hydrographic properties have changed along the water column during the 1995–2019 period, and if we apply Equations (6)–(11) to the observational data for the year 2019 and to the average conditions for the years 1995–1996, any change in the predicted concentrations will provide the change in ocean background or the non-steady state (nbc) signal (McNeil and Matear, 2013) (Equation 13).



Considering the observed trends and errors of measured carbonate variables for the period 1995–2019 (Table 2) and applying Equation (13) for each of the predicted values (Equations 6–11), an estimation of the anthropogenic changes in ESTOC and North-East Atlantic water column carbonate variables can also be determined without using any stoichiometric relationships (Friis et al., 2005; Watanabe et al., 2020). For the anthropogenic inorganic carbon concentration, Equation (14) indicates



Differences in ΔNCAnt between data determined using the TrOCA approach and the parameterization technique along the water column (Table 2) were within −0.14 ± 0.13 μmol kg−1 yr−1. Higher rates of increase determined through the parameterization technique comparing singles years are in accordance with the increased rate of change in all the parameters at ESTOC when 10 or 15 years of data were considered. This could be due to decadal variability in the North East Atlantic but also to the increase in atmospheric CO2 rates since the preindustrial era to 1.5 ± 0.11 µatm yr−1 in the 90s to 2.36 ± 0.17 µatm yr−1 for the years 2019–2020 (https://gml.noaa.gov/ccgg/trends/gl_gr.html , last visit 20/04/2023).




4.3 Evaluation of ocean acidification at ESTOC

The 1995-2019 average detrended trends for ocean acidification variables pHT and [CO32] in the first 100 m at ESTOC are ΔpHT,21 = −0.002 ± 0.0001 pH yr−1 and Δ[CO32-] = − 0.81 ± 0.03 μmol kg−1 yr−1. These rates are also accompanied by important changes in the [HCO3−] that increases by 1.8 ± 0.1 μmol kg−1 yr−1 and in the corresponding carbonate saturation states, with decreases in ΔΩCal = −0.019 ± 0.001 yr−1 and ΔΩAra = −0.012 ± 0.001 yr−1 (Table 2). Although warming leads to an increase in Ω, the temperature rise in surface water has a minimal impact on the overall change in Ω. At ESTOC, the variations in Ω are primarily driven by changes in NCT. The parameterization of ocean pHT,is in ESTOC (Equation 9) has an uncertainty of 0.009 pH that increased to 0.019 for the eastern north Atlantic GLODAP data. Decadal observational data show a decreasing trend of ocean pH of about ~ 0.020 pH decade. Therefore, the temporal distribution of ocean acidification based on at least decadal observations could use the above equations to clarify the temporal distribution of ocean acidification. Moreover, the results based on ESTOC data are in the range of the trends deduced from reconstructed pCO2 monthly fields based on neural network model (pCO2 trend = +1.91 µatm yr−1 and pH trend = -0.019/decade around ESTOC for 1985-2021 (Chau et al., 2022)). Based on a model at higher resolution, Chau et al. (2023) estimated a pH trend of -0.018 ( ± 0.002)/decade at ESTOC for the period 1995-2012 and ΩAra trend of -0.103 ( ± 0.031)/decade.

When normalized pHT,21 data are considered, the change in direct anthropogenic ocean pH (pHT,21Ant), (Figure 5C), can be estimated using Equation (15) (combining Equations 12 and 13)



Moreover, biological contribution to the pHT,21 could be removed applying Equation (16) (Flecha et al., 2019)



and the contribution of anthropogenic and natural drivers, that is the non-biological pHT,21 processes, pHT,21NB, could be estimated using Equation (17).



ΔpHT,21Pre contributed to observed trends in the full water column by −0.0001 ± 0.0003. Therefore, the differences between computed anthropogenic ocean pH by Equations (15) and (17) are due to changes in the biological contribution related to AOU values (Figure 5C). The DO has decreased in ENACW, while in the NADW domain the DO has increased (Figure 5B) which increases and decreases, respectively, the corresponding AOU independently of changes in the remineralization processes. This explains the differences in anthropogenic and measured rates observed in both regions.

In the 1994–2004 period (González-Dávila et al., 2010), the rates of acidification along the water column were statistically significant at a 95% confidence level for the first 1000 m, where the pHT decreases at a rate of −0.0008 ± 0.0003 pH yr−1, having increased to the −0.0012 ± 0.0003 pH yr−1 rate computed in this work. At this depth, the ΔpHT,21Ant and ΔpHT,21NB were 0.0010 ± 0.0003 pH yr−1 for the period 1995–2005, increasing to 0.0013 ± 0.0004 pH yr−1 for 1995–2019, which is consistent with the calculated trends of oceanic pH decline (Figure 5C). Table 2 indicates that rates of change in all the carbonate variables were significant at a 95% confidence for the whole water profile. The consistency between observed and anthropogenic rates indicates that change in the natural background component ΔpHT,21Pre is small; hence, the decreasing trend of observed pHT,21 and other variables along the water column in the eastern subtropical ESTOC region is dominated by anthropogenically induced changes.





5 Conclusions

The analysis of 25 years of data at ESTOC has shown a clear increase in the fCO2 content of surface waters, which can be attributed to the changes in atmospheric fCO2 resulting from the release of anthropogenic CO2. Consequently, the surface CT increased by 1.17 ± 0.07 µmol kg−1 and pHT and [CO32−] declined at a rate of 0.002 ± 0.0001 pH yr−1 and 0.80 ± 0.04 µmol kg−1 yr−1 in the first 100 m. The surface value of fCO2 has increased by 52.5 µatm in the last 25 years while the pHT has declined in 0.051 units and ΩCal and ΩAra decreased 0.48 ± 0.02 and 0.31 ± 0.01, respectively. These rates are 20% higher than values determined for the period 1995–2010. Due to different rates of increase in fCO2 in seawater and in the atmosphere, it is predicted that by the year 2040, all the climatological fCO2 seawater values will be lower than the atmospheric ones and the area will be acting as a sink throughout the whole year. The strength of this sink will also be affected by changes in the Trade Winds regime related to climate change variability. The increase of the CO2 sink was also previously observed in the North-Eastern Atlantic region (Macovei et al, 2020) suggesting this is a response at large scale in this domain (e.g., Schuster et al, 2013; Rödenbeck et al, 2022).

Significant changes were also observed in the whole water profile, showing decadal changes with values at 1000 m where the pHT decreased at a rate of 0.0012 ± 0.0003 pH yr−1 compared to 0.0008 ± 0.0003 pH yr−1 for the 1995–2005 period. Changes in the carbonate variables also tracked changes in DO in the ENACW (decrease) and NADW (increase). The saturation horizon for aragonite has moved from depths of around 2560 m in 1995 to 2460 m in 2019.

We obtained parameterizations for the whole ESTOC profile to determine changes in the vertical distributions of AT, CT, pHT and fCO2 by using DO, potential temperature, and salinity during the period 1995–2004. The standard errors of estimation were 6.5 µmol kg−1, 6.8 µmol kg−1, 0.010 pH and 9.6 µatm, respectively. When applied to GLODAP data centered at ESTOC for the North-East Atlantic it was possible to reconstruct vertical distributions within 0.55 ± 6.96 µmol kg−1 for AT (n=2133), 1.75 ± 7.26 µmol kg−1 for CT (n = 1935) and −0.006 ± 0.019 for pHT,is (n = 1851). These relationships can also be applied to sensor data from Argo profiling floats in the region to compute natural background variability and anthropogenic changes if carbonate variables are known.

In the future, the increase in anthropogenic CO2 will change the rate of acidification as the ratio AT/CT and R continue to vary, making it necessary to continue monitoring their behavior. The interplay between this process and the combined effects of surface water warming and alterations in the largescale overturning circulation of the upper ocean, driven by interannual to decadal modes of climate variability, will collectively shape the overall dynamics. The convergence of these processes will drive changes in carbon transport to the deeper ocean and the spatio-temporal distribution of ocean carbonate species, making the use of long-term carbon time series even more important.
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The Subantarctic Zone, the circumpolar region of the Southern Ocean between the Subtropical and Subantarctic fronts, plays an important role in air-sea CO2 exchange, the storage of anthropogenic CO2, and the ventilation of the lower thermocline. Here we use a time series from moored platforms deployed between 2011 and 2021 as part of the Southern Ocean Time Series (SOTS) observatory to investigate the seasonality and interannual variability of upper ocean hydrography and seawater CO2 partial pressure (pCO2). The region is a net sink for atmospheric CO2 over the nearly 10-year record, with trends revealing that the ocean pCO2 may be increasing slightly faster than the atmosphere, suggesting that oceanic as well as anthropogenic atmospheric forcing contributes to the decadal change, which includes a decline in pH on the order of 0.003 yr−1. The observations also show an amplification of the seasonal cycle in pCO2, potentially linked to changes in mixed layer depth and biological productivity.
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1 Introduction

The Southern Ocean dominates the control of global climate, now and over the past few 100,000 years (Sigman and Boyle, 2000). It redistributes heat and salinity among the major ocean basins, influencing temperature and rainfall patterns (Orsi et al., 1999; Rintoul and Sokolov, 2001), and playing a crucial role in the global carbon cycle (e.g., Gruber et al., 2019). Southern Ocean carbon fluxes reflect the ocean uptake of roughly 40% of anthropogenic emissions (Sabine et al., 2004; Khatiwala et al., 2013; Frölicher et al., 2015) as well as spatial variations in the uptake and outgassing of natural CO2 (Metzl et al., 2006; Takahashi et al., 2009; Lenton et al., 2013; Gruber et al., 2019).

Few fully resolved seasonal cycles of air-sea exchange exist for the Southern Ocean, and even the most sophisticated Earth System Models tend to be biased (Rickard et al., 2016; Law et al., 2017) and fail to simulate both the seasonal cycle and the amplitude of CO2 uptake (Lenton et al., 2013; Sasse et al., 2015; Hauck et al., 2023). Importantly this may reflect evolving understanding of seasonality in biological carbon cycling (Behrenfeld, 2010; Taylor and Ferrari, 2011; Behrenfeld and Boss, 2014; Weeding and Trull, 2014; Shadwick et al., 2015). Recent assessments of Southern Ocean air-sea CO2 flux from profiling floats have highlighted the importance of year-round observations and shown that accounting for winter outgassing significantly reduces the magnitude of Southern Ocean carbon uptake (Gray et al., 2018; Bushinsky et al., 2019). There are also indications that regional fluxes vary on decadal and shorter time scales (e.g., Landschützer et al., 2015; McKinley et al., 2016; Gruber et al., 2019), and a growing number of observational platforms have been employed to constrain uncertainty in the Southern Ocean air-sea CO2 exchange (e.g., Long et al., 2021; Sutton et al., 2021; Landschützer et al., 2023).

Long-time series are important for the validation of float based observations (e.g. Fay et al., 2018; Wynn-Edwards et al., 2023) and for understanding air-sea interactions on decadal timescales in the Southern Ocean and elsewhere (e.g., Sutton et al., 2017; Brandon et al., 2022; Leseurre et al., 2022), as well as to improve model representation of these processes for reliable forecasting of the evolving ocean and global carbon cycle. Distinguishing anthropogenic signals from natural interannual variability requires observations sustained over many years. A recent analysis of 40 ocean time series sites determined that the time of emergence for anthropogenic trends in pH (e.g. ocean acidification) in the open ocean is between 8 and 15 years (Sutton et al., 2019), consistent with model-based estimates (Schlunegger et al., 2019).

The Subantarctic zone (SAZ) lies between the Subtropical and Subantarctic Fronts (Figure 1) (Rintoul and Trull, 2001); this region is associated with a net CO2 sink in the Southern Ocean (e.g. Metzl et al., 1999; Brévière et al., 2006; McNeil et al., 2007; Borges et al., 2008; Sallée et al., 2012; Lenton et al., 2013; Gruber et al., 2019). Deep convective mixing to depths greater than 500 m in winter results in the formation of Subantarctic Mode Water (SAMW), which contributes to the uptake and storage of anthropogenic CO2 (McNeil et al., 2001; Sabine et al., 2004; Sallée et al., 2012; Pardo et al., 2017). Assessing trends in pCO2 seasonality in this region may be complicated by large scale climate modes (e.g. Borges et al., 2008; Prend et al., 2022), and has been hampered by a lack of observations outside of the summer season (e.g. Brévière et al., 2006; Xue et al., 2018). Here we present seasonally resolved observations from the Southern Ocean Time Series (SOTS) site in the Australian sector of the SAZ between from 2011 and 2021. We construct seasonal climatologies, compute air-sea CO2 fluxes, and compare the SOTS observations to both the Rödenbeck et al. (Rödenbeck et al., 2013; Rödenbeck et al., 2022) Carboscope-Lena and Landschützer et al. (2020) SOM-FFN gridded pCO2 data products. We then make an assessment of changes over the decade and examine the potential drivers of these trends.




Figure 1 | The Southern Ocean Time Series (SOTS) site (red star) in the Subantarctic Southern Ocean south west of Tasmania (47°S,142°E). The climatological positions of the Subtropical Front (STF), the Subantarctic Front (SAF) and Polar Front (PF) following Orsi et al. (1995) are shown along with the regional bathymetry (dark colours are deeper).






2 Methods



2.1 Observations at the Southern Ocean Time Series

The Southern Ocean Time Series (SOTS) is part of the Australian Integrated Marine Observing System, and consists of two deep ocean moorings (Schulz et al., 2012; Shadwick et al., 2015) in the SAZ located near 47°S and 142°E (Figure 1). The Southern Ocean Flux Station (SOFS) mooring is an air-sea flux and biogeochemistry platform, with data from the surface ocean and atmosphere transmitted in near-real time, while data from sensors at depth are collected when the moorings are retrieved annually. Data collected at SOTS are freely available via the Australian Ocean Data Network (AODN; https://portal.aodn.org.au/).

The SOFS mooring configuration is described in detail in Schulz et al. (2012) and Shadwick et al. (2015). Moorings deployments are numbered sequentially; we present observations from 2011 to 2021 acquired with moorings SOFS2 to SOFS9. Descriptions of sensors used to collect temperature data are given in Jansen et al. (2022a) and salinity in Jansen et al. (2022b). Temperature is measured between the surface and 500 m; data were gridded to UTC hour by averaging all values acquired within 30 minutes of the hour at each depth (Jansen et al., 2022c). The gridded temperature data was used to compute mixed layer depth (MLD), as described in Weeding and Trull (2014) and Shadwick et al. (2015).

A Moored Autonomous pCO2 (MAPCO2) system measures the mole fraction of CO2 in surface seawater (at approximately 0.5 m below the surface) and marine boundary air (at approximately 1.5 m above the sea surface) every 3 h as described in Sutton et al. (2014); the pCO2 data have an estimated uncertainty of less than 2 µatm.

Discrete seawater samples are collected via a McLane Remote Access Sampler (RAS) deployed in the SOFS surface float (Davies et al., 2020), with the intake approximately 4m below the surface; samples are analysed for total alkalinity (TA) via (open cell) potentiometric titration, following standard procedures (Dickson et al., 2007) at the CSIRO Laboratory in Hobart (see Shadwick et al. (2020) for additional detail). The precision and accuracy of the alkalinity measurements are on the order of 3 µmol kg−1. A relationship between TA and salinity at the SOTS site has been developed from samples collected over many years (Shadwick et al., 2015; Shadwick et al., 2020), and was used to compute a time series of TA from sensor salinity. The TA and pCO2 time series were then used to compute pH (total scale) and dissolved inorganic carbon (TCO2) using the CO2sys program in Matlab (Lewis and Wallace, 1998; van Heuven et al., 2011; Sharp et al., 2023), the using carbonate dissociation constants of Lueker et al. (2000), the fluoride dissociate constant of Perez and Fraga (1987), the sulphate dissociate constant of Dickson (1990), and the boron to salinity ratio of Lee et al. (2000). Silicate and phosphate were set to mean values of 2.0 µmol kg−1 and 1.0 µmol kg−1, consistent with observations at the SOTS site (Davies et al., 2020). The uncertainty associated with the computed pH is estimated to be 0.007 following Orr et al. (2018).




2.2 CO2 flux computations

The air-sea exchange of CO2 was computed with the following equation:



where F is the flux, k and α are the gas transfer velocity, and the coefficient of solubility (Weiss, 1974), respectively, and ΔpCO2 is the gradient in CO2 between the ocean and the atmosphere. The gas transfer velocity was computed from hourly wind measurements (see Schulz et al. (2012) for details), using the gas transfer parameterisation of Wanninkhof (2014). We note that there are a range of gas transfer velocity parameterisations, and that this choice may be associated with relatively high uncertainty in the magnitude of the air-sea fluxes at high wind speeds typical of the Southern Ocean (Roobaert et al., 2018). A negative flux indicates CO2 uptake by the ocean.




2.3 Analysis of trends

For the detection of trends in the pCO2 time series we followed Sutton et al. (2022) and used the associated Trends of Ocean Acidification Time Series (TOATS) open-source code. The SOTS observations have relatively uniform distribution in terms of the number of observations acquired in each month of the year, with a minimum of 800 observations in November, and a maximum 1400 observations in May (see Figure S1), this distribution of observations over the annual cycle was determined to be sufficient to constrain the climatological monthly means. This climatology was then used to remove the seasonal cycle from the time series before fitting a linear regression to the deseasoned monthly means to compute a trend between 2011 and 2021.

Because the SOTS time series has fewer gaps at the end of the record, the climatology is likely biased by most recent observations (Figure 2). To assess the impact of this on the detection of trends, in addition to computing trends using the Sutton et al. (2022) recommendations described above, trends were also computed on the basis of mean winter observations (defined as the months of June, July and August), where there are fewer gaps over the entire record, between 2012 and 2020 using a linear regression directly on the observations.




Figure 2 | (A) Time series of surface water (dark blue x's) and atmospheric (blue line) pCO2 observations at the SOTS site between 2011 to 2021, with monthly mean surface water pCO2 given by the red line. Also shown are the Carboscope (black line) and SOM-FFN (gray line) pCO2 products. (B) temperature in the upper 500 m of the water column and associated mixed layer depth (MLD, black line) over the same period as in (A).






2.4 Ancillary data products

Observed pCO2 at the SOTS site were compared to two reconstructed pCO2 products: (1) the Jena CarboScope product, which is based on the Suface Ocean Carbon Atlas (SOCAT) data, and uses data driven ocean mixed layer scheme described in Rödenbeck et al. (Rödenbeck et al., 2013; Rödenbeck et al., 2022); and (2) the SOM-FFN pCO2 climatology of (Landschützer et al., 2020), which also uses the SOCAT data, and a neural network technique to produce a gridded product (Landschützer et al., 2013; Landschützer et al., 2020). The CarboScope data is version oc-v2022 and extends through the year 2021 (Rödenbeck et al., 2022); the SOM-FFN data is based on SOCAT observations up to 2015 and extends to the beginning of 2020 (Landschützer et al., 2020). Since both of these products use the SOCAT data, they will also include the SOTS data available in the SOCAT database (e.g. Bakker et al., 2016), and are not fully independent datasets. The air-sea CO2 fluxes at the SOTS site were compared to the Takahashi et al. (2009) climatology which we note was produced for the nominal year of 2000, so represents the decade prior to the SOTS observations presented here.

To evaluate the mechanisms driving long term trends in the region, we evaluated time series of MLD, net primary production, and chlorophyll-a (as a proxy for biomass) from the CAFE60 reanalysis product described in (O’Kane et al., 2021a; O’Kane et al., 2021b). For all of the products described above, data were subsampled in a region centred around the SOTS site (48 to 46°S; 140 to 144°E; Figure 1), following earlier studies (e.g. Yang et al., 2023).





3 Results and discussion



3.1 Time series observations

Surface ocean and atmospheric pCO2 at the SOTS site are shown between late 2011 and early 2021 in Figure 2 along with upper ocean temperature (between the surface and 500 m), and MLD. The gaps in the time series are related to various logistical issues, including mooring and/or sensor failure, and ship availability. Between 2011 and 2021, roughly seven seasonal cycles have been observed at the SOTS site. The winter (summer) oceanic pCO2 was 370 (330) µatm in 2011, and increased to 380 (340) µatm in 2020 (Figure 2A). The mean winter atmospheric pCO2 increased from 376 µatm in 2011 to 393 µatm in 2020. The surface ocean is undersaturated with respect to the atmosphere at the SOTS site for the majority of the observations, with particularly low pCO2 in 2015 and 2020. The record also indicates brief periods of supersaturation observed in the winter season in some years, particularly in 2015 and 2017.

The winter to summer difference in pCO2 for years with sufficient observations are listed in Table 1. The mean seasonal amplitude in pCO2 over the period of observations at the SOTS site is 34.1 µatm, with the minimum (17.8 µatm) observed in 2013, and the maximum (49.6 µatm) observed in 2020. The apparent amplification of the seasonal cycle will be discussed in more detail in section 3.5.


Table 1 | The amplitude of the seasonal pCO2 (µatm) cycle based on the observations at SOTS and the two data products (see also Figure 6), defined here as the difference between the annual minima and maxima (from monthly mean values) for years with sufficient observations.



The time series of upper ocean temperature indicates surface values ranging from 12°C to 15°C, rapidly decreasing to <9°C in winter, and at depth, with greater warming in some years (2013, 2016, and 2017), and instances of relatively warm waters penetrating to depths of 200 to 300 m in most years (Figure 2B). The MLD is similarly consistent in terms of summer time minima; interannual variability is apparent in the winter time MLD maxima, with 2013, 2015 and 2019 depths exceeding 400m, while 2017 and 2020 had shallower winter MLDs, between 200 and 300m.




3.2 Seasonal variability

A decade of observations at the SOTS site have yielded a robust understanding of the seasonality of upper ocean processes (Figure 3). The sea surface temperature has a relatively weak seasonality (Figure 3A); mean (austral) winter (JJA) SST is between 9°C and 10°C, warming to a summer (DJF) maximum of about 12°C. Sea surface salinity (Figure 3B) is stable throughout the year; variability is likely driven by frontal movements and mesoscale features (Shadwick et al., 2015; Pardo et al., 2019; Yang et al., 2023). The seasonality of surface pCO2 (Figure 3C) at the SOTS site is controlled by both physical (e.g. warming, freshening, gas exchange) and biological (e.g., photosynthesis and respiration) processes (Shadwick et al., 2015; Yang et al., 2023). Biological production reduces pCO2 in late winter, or early spring, with surface waters remaining undersaturated with respect to the atmosphere through the summer season (Shadwick et al., 2015; Pardo et al., 2019; Yang et al., 2023). The return to near equilibrium with the atmosphere the following autumn and winter is facilitated by deep mixing (Figure 3D), which introduces CO2-rich subsurface waters to the mixed layer (note also the covariation of deep mixed layers and elevated oceanic pCO2 in Figure 2).




Figure 3 | Seasonal variability of surface properties and mixed layer depth from mooring observations at SOTS. Box and whisker plots showing the median, upper, and lower quartiles in boxes, and the 1.5 interquartile range (IQR) of upper and lower quartiles (whiskers), and outliers (open circles) for (A) sea surface temperature (SST); (B) salinity; (C) pCO2, with the mean atmospheric value (395 µatm) shown by the black line; and (D) mixed layer depth (MLD). Note that the plotting toolbox used here truncates the whisker when the extreme values are less than 1.5*IQR from the ends of the box.



Net community production (NCP), which sets the upper limit for biological carbon export to the ocean interior, is significant at the SOTS site during winter and early spring, accounting for roughly 30% of the annual NCP (Weeding and Trull, 2014; Trull et al., 2019). This appears to result from reduction of grazing in winter due to dilution of the ratio of zooplankton to phytoplankton (Trull et al., 2019), suggesting future changes may be controlled as much by winter as by summer conditions. Accumulation of biomass at the SOTS site, and in the SAZ more generally, is moderate relative to the global ocean mean (e.g. Arteaga et al., 2020). Biological productivity influences the amplitude of the seasonal cycle in pCO2, which is characterised by a modest drawdown of 34 µatm (discussed in more detail in Section 3.3, see also Table 1). In the absence of a strong thermal component to the pCO2 seasonality (Shadwick et al., 2015; Yang et al., 2023), the water remains undersaturated with respect to the atmosphere for much of the year (Figure 3C).

Air-sea CO2 fluxes at the SOTS site are shown in Figure 4. In general, air-sea CO2 fluxes become negative (into the ocean) as early as September or October, with this oceanic sink persisting through March in most years, and outgassing only occurring in some autumn and winter seasons. Values range from in-gassing of greater than 10 mol C m−2 yr−1 to outgassing on the order of 5 mol C m−2 yr−1. Interannual variability in the magnitude of both summer in-gassing and autumn and/or winter outgassing is significant (Figure 4). The largest outgassing fluxes were observed from April to June in 2015, coincident with particularly deep mixing, and during winter (June to September) in 2018 and 2020 (Figure 2). This is consistent with the seasonality of Metzl et al. (1999), who showed uptake throughout the year, with outgassing occurring only in the month of September, and associated with deep mixing.




Figure 4 | Seasonal variability of air-sea CO2 fluxes between 2011 and 2021 at SOTS (box and whisker plot as described for Figure 3). Negative values (gray shaded area) indicate uptake by the ocean. The climatological values of Takahashi et al. (2009), for the nominal year of 2000, are shown in red.



The mean air-sea CO2 fluxes, based on all observations between 2011 and 2021 are in broad agreement with the seasonality of the Takahashi et al. (2009) climatology, with CO2 uptake beginning between September or October and persisting to June or July in the following year, followed by modest outgassing occurring in July or August, if at all (Figure 4). The annual cycle of air-sea CO2 flux constructed from biogeochemical float data in the circumpolar SAZ zone by Gray et al. (2018) also indicates a similar pattern of oceanic uptake beginning in spring and persisting through summer and early autumn, but the float data are characterised by a transition to outgassing in June, that lasts several months (Gray et al., 2018, their Figure 2). This is in contrast to most of the winter seasons observed at the SOTS site between 2011 and 2021, with relatively shorter periods of outgassing occurring in only three of the annual records. The SOTS observations indicate a mean (standard deviation) net annual uptake of 1.39 (± 0.3) mol C m−2 yr−1, consistent with the Takahashi et al. (2009) value of 1.93 mol C m−2 yr−1 (Figure 4); the annual estimates of Gray et al. (2018), computed for a large circumpolar SAZ region, are comparatively low (-0.43 ± 0.62 mol C m−2 yr−1, their Table S2). We note that the SOTS annual flux computed for observations between 2011 and 2021 is somewhat smaller than an earlier estimate of Metzl et al. (1999) (-3.00 mol C m−2 yr−1) for the period of 1992 to 1995, potentially indicating a decrease in the CO2 sink in the SAZ over time; this will be discussed further in section 3.4.




3.3 Comparison with gridded pCO2 products

The observed pCO2 from the SOTS site is compared with the Carboscope and SOM-FFN data products in Figure 2A. Both products overestimate the observations at the beginning of the record with concentrations of 350 to 360 µatm, while the observations in late 2011 and early 2012 were roughly 340 µatm. The agreement between the Carboscope product and the (monthly mean) SOTS observations improves over the time series, particularly in winter of 2017 and 2019. The SOM-FFN product overestimates the winter pCO2 relative to the SOTS observations in all years, and both products fail to capture the summer minima seen in the observations. This difference can be up to 20 µatm seen, for example, in comparing the SOTS observations with the SOM-FFN product in early 2020 (summer) and late 2020 (winter; Figure 2A).

Because both the Carboscope and SOM-FFN data use SOCAT observations (Bakker et al., 2016), they will contain some data from the SOTS time series, and are therefore not completely independent. However, the fact that they fail to capture the seasonality of the observations does imply that air-sea CO2 fluxes, though not directly compared here, based on either of these gridded products are likely to underestimate the summer season CO2 uptake at the SOTS site, and overestimate the degree of winter outgassing. The SOTS observations reveal a seasonal amplitude that lies generally between the two data products throughout the time series, smaller than the Carboscope and larger than the SOM-FFN (Table 1, Figure S2). The use of these data, or other similar observation-based data products (e.g. Chau et al., 2022) which may include a bias in the pCO2 to extrapolate air-sea CO2 fluxes at a basin or biome scale should be undertaken with some caution.




3.4 Time series trends

Distinguishing anthropogenic signals from natural interannual variability requires observations sustained over many years. A recent analysis of 40 ocean time series sites determined that the time of emergence for anthropogenic trends in pH (e.g. ocean acidification) in the open ocean is between 8 and 15 years (Sutton et al., 2019). Notably, the SOTS data were excluded from this analysis because the observational record was too short.

Using the Sutton et al. (2022) method for the assessment of trends, we find that the ocean pCO2 at the SOTS site is increasing at a rate of 2.7 ± 0.6 µatm yr−1 (p< 0.01, r2 = 0.55) between 2011 and 2021 (Figure 5A). The detection time for pCO2 was found to be 21.6 ± 3.6 years (confidence interval of 18.3 to 25.5 years), which is roughly double the length of the current record, and adds uncertainty to the statistically significant trends presented here. Over the same period, the atmospheric pCO2 increased at a rate of 2.3 ± 0.1 µatm yr−1 (p< 0.01, r2 = 0.95), which is consistent with atmospheric observations at the Cape Grim station in Tasmania (Steele et al., 2021; Yang et al., 2023). Trends computed on the basis of the winter season observations only (see Methods) from SOTS indicate similar trends (3.1 ± 0.5 µatm yr−1 in the ocean and 2.3 ± 0.1 µatm yr−1 in the atmosphere), broadly consistent with winter trends in the data products (3.5 ± 0.5 µatm yr−1 in the SOM-FFN, and 2.7 ± 0.4 µatm yr−1 in the Carboscope product).




Figure 5 | Deseasoned observations at SOTS: (A) surface ocean (dark blue) and atmospheric (light blue) pCO2; and (B) pH (red). Trend lines in both panels are computed following Sutton et al. (2022).



The slightly faster increase in the surface water pCO2 (relative to the atmosphere), suggests that oceanic forcing, in addition to the uptake of anthropogenic CO2 from the atmosphere, may contribute to the decadal change. The trend in pH reveals a decrease of 0.0027 ± 0.003 yr−1 over the same period (Figure 5B), which is within the range of pH changes at other open ocean time series stations (e.g., Bates et al., 2014). The Munida time series, east of New Zealand, indicated a slower trend (-0.013 ± 0.003 per decade between 1985 and 2012; Bates et al., 2014). The trends at SOTS are also similar to recent trends in pH estimated on the basis of summer season shipboard observations: Leseurre et al. (2022) reported a pH decrease of 0.0023 yr−1 in the northern region of the Polar Frontal Zone between 1998 and 2019; Xue et al. (2018) reported a pH decrease of 0.0024 yr−1 between the year 2000 and 2010; and Brandon et al. (2022) reported a pH decrease of 0.002 yr−1 between 2015 and 2019.

The SST observations at the SOTS site indicate no trend between 2011 and 2021 (Figure S2), which is consistent with the summer season results of Xue et al. (2018) who found modest increases in SST between 1990 and 2000, and even smaller decreases between 2000 and 2020, not statistically significant in either period. The SOTS observations do not show the same trends in SST reported by Morrow et al. (2008) and more recently by Auger et al. (2021) in this region, though the SOTS site is located in a zone where the trend in temperature is smaller than the interannual variability (Auger et al., 2021). The lack of trend in the SST indicates that the trends in pCO2 and pH do not have a thermal component, i.e., the increase in pCO2 and decrease in pH cannot be attributed to surface water warming over the same period. The SOTS surface salinity observations also indicate no trend over the period of observations, and because TA is computed from salinity (see Methods), there is correspondingly no trend in TA (Figure S3); the trend in (computed) dissolved inorganic carbon (TCO2: 1.6 ± 0.2 µmol kg−1, p< 0.01, r2 = 0.55; Figure S3) is therefore driven entirely by the changes in pCO2 and cannot be used to confirm the mechanism for the trend.

Because of the gaps in the observational record, we are not able to evaluate the trends in annual air-sea CO2 flux, which require integration of the monthly, or higher resolution, observations over a full year. Based on winter (June/July) observations alone, there is not a trend in the fluxes, but rather a dominant winter outgassing in 2015, which occurs in June and July, while 2017 and 2019 also exhibit outgassing, but with smaller signals and later in the season (August and September). The ΔpCO2 and wind speed may be used as proxies for changes in air-sea CO2 flux (see Eq. 1); the (negative) ΔpCO2 does reveal a weak, but not statistically significant, increase in time (0.27 ± 0.33 µatm yr−1, p> 0.4, see Figure S4), which would contribute to a weakening of the air-sea CO2 flux. The wind speed also appears to be weakly increasing in time (0.24 ± 0.05 m s−1 yr−1, p< 0.01, see Figure S4), consistent with recent studies (e.g. Young and Ribal, 2019; Bronselaer et al., 2020), which would act to enhance the flux, but may be counteracted by the weakening ΔpCO2 over the same period.




3.5 Changes in seasonal pCO2 amplitude

The SOTS observations reveal an amplification of the seasonal cycle in pCO2, seen in particular via comparison to two global pCO2 products (Figure 2A), and consistent with recent several model- and data product-based studies of global and Southern Ocean pCO2 seasonality (e.g. Gallego et al., 2018; Landschützer et al., 2018; Joos et al., 2023). The magnitude of the seasonal cycle (here defined as the difference between the mean, monthly winter season maximum and mean, monthly, summer season minimum), based on observations at SOTS and the two data products for the years with sufficient observations for comparison, are given in Table 1 and Figure 6. There is no statistically significant trend in the amplitude of the seasonal cycle for either of the global data products, however the SOTS observations indicate an increase in seasonal amplitude of 3.7 ± 1.0 µatm yr−1 (p< 0.05, r2 = 0.6). We note that the SOTS observations also exhibit a larger standard deviation (internanual variability) than either of the data products (Table 1), which have moderated extremes compared to single point data due to spatial averaging.




Figure 6 | Amplitude of pCO2 seasonal cycle between 2012 and 2020 for the SOTS observations (blue) as well as the Carboscope (black, x), and SOM-FFN (gray, *) data products; the blue shading indicates the 95% confidence interval for the SOTS data. Only the SOTS observations indicate a statistically significant (increasing) trend in time.



Recent work has shown that seasonality in Southern Ocean pCO2 and air-sea CO2 flux is evolving in response to anthropogenic CO2 uptake by the ocean, or ocean acidification, (e.g. Landschützer et al., 2018; Gruber et al., 2019; Yun et al., 2022), though changes in the magnitude of the seasonal cycle can also be influenced by local oceanic changes. In particular, a combination of increased summer stratification and enhanced primary productivity, may result in decreased summer pCO2 minima. Conversely, deeper winter mixing, may result in an enhanced winter pCO2 maxima due to the introduction of carbon-rich water from below.

To investigate this further, CAFE60 reanalysis products, specifically time series of MLD, and net primary production (NPP, see Table S1) over the 2000 to 2020 period were evaluated. The CAFE60 product reveals a weak shoaling trend in the summer and more substantial deepening trend in the winter; this leads to increased supply of iron to the surface layer, which increases NPP in summer. While these changes in MLD are not statistically significant in the SOTS observations, or the CAFE60 data, and the observed mixed layer in winter 2020 was more shallow than the decadal mean (Figure 2B), this does hint at the mechanisms described above contributing to the amplification of the seasonal cycle in pCO2 at the SOTS site, consistent with studies that have identified a correlation between winter pCO2 variability and MLD (e.g. Gregor et al., 2018; Mayot et al., 2023).





4 Conclusions

The Subantarctic Zone (SAZ) is a globally significant region for the uptake and storage of anthropogenic CO2. Using sustained observations from a deep ocean mooring as part of the Southern Ocean Time Series observatory, we evaluate the seasonality and trends in surface ocean CO2 partial pressure. We find that the SAZ south of Australia has tracked, or slightly exceeded, the increase in atmospheric CO2 over the past decade. This trend is accompanied by an observed increase in the amplitude of the pCO2 seasonality. There are no significant trends in either surface ocean temperature or mixed layer depth, suggesting that both the trend and the enhanced seasonality are dominated by the (long-term) increase in atmospheric CO2 and subsequent uptake by the surface ocean, reinforced by the trend in decreasing pH (i.e., ocean acidification), though the enhanced seasonality may additionally be driven by short term, local, changes in mixing and productivity. Understanding the changes in pCO2 seasonality is important for understanding the evolution of the Southern Ocean carbon sink, which has been the focus of many modelling studies given the scarcity of seasonally-resolved observations.
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The assessment of the saturation state (Ω) for calcium carbonate minerals (aragonite and calcite) in the ocean is important to determine if calcifying organisms have favourable or unfavourable conditions to synthesize their carbonated structures. This parameter is largely affected by ocean acidification, as the decline in seawater pH causes a decrease in carbonate ion concentration, which in turn, lowers Ω. This work examines temporal trends of seawater pH, ΩAragonite and ΩCalcite in major Atlantic and Mediterranean water masses that exchange in the Strait of Gibraltar: North Atlantic Central Water (NACW), Levantine Intermediate Water (LIW) and Western Mediterranean Deep Water (WMDW) using accurate measurements of carbonate system parameters collected in the area from 2005-2021. Our analysis evidences a gradual reduction in pH in the three water mases during the monitoring period, which is accompanied by a decline in Ω for both minerals. The highest and lowest decreasing trends were found in the NACW and LIW, respectively. Projected long-term changes of Ω for future increases in atmospheric CO2 under the IPCC AR6 Shared Socio-economic Pathway "fossil-fuel-rich development" (SSP5-8.5) indicate that critical conditions for calcifiers with respect to aragonite availability will be reached in the entire water column of the region before the end of the current century, with a corrosive environment (undersaturation of carbonate) expected after 2100.
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1 Introduction

The ocean plays a significant role as a sink for anthropogenic carbon dioxide (CO2) (Sarmiento and Gruber, 2002; Le Quéré et al., 2015), absorbing approximately a quarter of the CO2 emitted by humans to the atmosphere (Friedlingstein et al., 2022; Gruber et al., 2023). This marine contribution to CO2 withdrawal mitigates climate change, albeit at a cost to the ecosystem, causing significant alterations in seawater chemistry (Orr et al., 2005; Doney et al., 2009; Gledhill et al., 2015).

When the CO2 molecule enters the ocean, it hydrates and forms carbonic acid, which is a weak acid that tends to dissociate water producing hydrogen ions. As a result, the concentration of hydrogen ions ([H+]) in the seawater increases steadily and slowly, leading to ocean acidification (OA) over a long period of time, i.e. a decline in the pH (Raven et al., 2005; Impacts, 2014; Williamson and Widdicombe, 2017; Doney et al., 2020). In addition, part of these [H+] bind to the carbonate ions (CO32-) to generate bicarbonate (HCO3-), causing a decrease in the concentration of CO32- and, consequently, their availability in the medium. Carbonate ions are essential for marine calcifying organisms to form their skeletons and shells, and their decline severely affects the biogenic calcification process (Riebesell et al., 2000; Orr et al., 2005; Feely et al., 2012; Kroeker et al., 2013; Pörtner et al., 2014; Mostofa et al., 2016; Doney et al., 2020), as marine organisms must combine Ca2+ and CO32- to precipitate CaCO3 for calcareous shells formation (Silverstein, 2022) (Equation 1):

 

Calcification ability can be assessed through the estimation of the saturation state (Ω) of calcium carbonate minerals, which is defined as shown in Equation 2:

 

where [Ca2+] and [CO32-] are the concentrations of calcium and carbonate ions, respectively, and K'sp is the apparent solubility product for aragonite or calcite, the polymorphic mineral forms of CaCO3 in the ocean. This dimensionless parameter largely depends on temperature (T), salinity (S), and pressure (P) in the medium. Values of Ω for calcite (ΩCalcite) and aragonite (ΩAragonite) higher than 1 indicate supersaturation, i.e. favourable conditions for calcification to proceed whereas, values of Ω lower than 1 denote undersaturation and thus, corrosive conditions for calcifiers (Doney et al., 2009).

Nevertheless, biogenic calcification is also affected by other factors, such as the ability of certain organisms to regulate their internal chemistry or the presence of protective organic covers (Miller et al., 2009; Pan et al., 2015; Melzner et al., 2020). Several studies have reported reductions in calcification rates of certain organisms even when Ω exceeds 1; for instance, in some corals when Ω is comprised within the range 2-3.5 (Guinotte et al., 2003; Yamamoto et al., 2012; Eyre et al., 2018). In fact, a value equal to 1.5 for Ω in both minerals, has been considered to define negative consequences for marine ecosystems even at planetary scale (Gruber et al., 2012; Broadgate et al., 2013; Ekstrom et al., 2015; Zhai, 2018) and it has been adopted as a critical threshold for calcification to occur properly.

As OA is strengthening and it will keep increasing over the 21st century at rates dependent on future CO2 emissions, biogenic calcification will continue being at risk. However, the magnitude of OA is not homogeneous worldwide and certain areas are more affected than others (Gattuso et al., 2015). In particular, some regions in the North Atlantic and the Mediterranean Sea (MedSea) have been found to be highly sensitive to OA (Fontela et al., 2020) and noticeable gradual decreases in seawater pH have been measured over time in Atlantic and Mediterranean water masses surrounding the southern Iberian Peninsula (Flecha et al., 2015; Flecha et al., 2019). Therefore, it can be anticipated that the saturation state of calcium carbonate minerals in this area is being affected by the progressive OA process already documented. This assumption can be tested by assessing the temporal trend of Ω in waters of the Strait of Gibraltar (SoG), the only connection between the Atlantic Ocean and the MedSea. The SoG holds a two-way exchange, with a surface inflow of Atlantic water (AI) that moves eastwards, and a compensating westward deep outflow of Mediterranean water (MOW) underneath. The AI is primarily formed by the North Atlantic Central Water (NACW) whereas the colder and saltier MOW consists of, mainly, two water masses, the Levantine Intermediate Water (LIW) and the Western Mediterranean Deep Water (WMDW). The former is the result of the transformation process undertaken by the Atlantic surface water as it moves eastward, which makes it saltier, until it sinks to intermediate depths in the Levantine basin, the easternmost basin of the MedSea (Lascaratos, 1993). In contrast, the WMDW is formed in the western Mediterranean basin, as a result of the winter cooling of highly modified surface waters in the Gulf of Lions (MEDOC Group, 1970; Fourrier et al., 2022). Both water masses flow at depth towards the SoG and leave the MedSea, merging in the MOW in the Gulf of Cádiz. Recent estimates indicate that the median transit time of the WMDW from the Gulf of Lions to the SoG is 5 years whereas the LIW takes roughly 8 years from the Strait of Sicily to the SoG (Vecchioni et al., 2023). Furthermore, the transit time of the LIW from its formation basin to the Sicily channel ranges between 8 and 13 years, depending on the approach (Roether et al., 1998; Gačić et al., 2013). Similarly, Gačić et al. (2013) based on salinity anomalies estimated that the total time interval needed for the signal propagating from the Levantine basin to reach the deep mixed layers of the Algero-Provençal sub-basin is about 25 years. Thus, the LIW identified in the SoG has crossed a larger distance and, consequently, is older and biogeochemically more stable than the WMDW also present in the area (Flecha et al., 2019 and referenes therein). Therefore, the three water masses (NACW, LIW and WMDW) found in the SoG are characterized by well-differentiated thermohaline and biogeochemical properties and history, making the channel a very suitable spot for the assessment of Ω in them.

In this study, we used periodic high-quality measurements of the carbonate system parameters collected in the SoG during 17 years of measurements (2005-2021) to accurately determine the temporal evolution of Ω in Atlantic and Mediterranean water masses. Furthermore, as the projected changes in availability of CO32- in the ocean due to OA would be essentially irreversible on centennial time scales (Mathesius et al., 2015; Heinze et al., 2021), long-term trends of Ω were also assessed under the IPCC AR6 scenario of fossil-fuel-rich development (SSP5-8.5) (IPCC et al., 2021). The calculated projections are finally used to infer approximately when communities of calcifying organisms would be exposed to waters undersaturated for calcium carbonate minerals in this key oceanographic region.




2 Materials and methods



2.1 Study area and sampling procedure

Data used in this study were collected during 34 oceanographic campaigns (Table 1S) conducted between 2005 and 2021 in the SoG (Figure 1), the relatively shallow (mean depth of ∼600 m, with a minimum depth of 300 m in Camarinal sill or G2 in Figure 1) and narrow channel (minimum width of 14 km) located between the Iberian Peninsula and Africa.




Figure 1 | Study area. (A) Location of the Strait of Gibraltar. (B) Position of the sampling stations that form the GIFT time series (G1, G2, and G3). Topography is shown on a blue scale.



Measurements were taken in the three stations that form the marine time series GIFT (Gibraltar Fixed Time series), which are distributed along the longitudinal axis of the SoG, i.e. G1 (5° 58.60 W, 35° 51.68 N), G2 (5° 44.75 W, 35° 54.71 N), and G3 (5° 22.10 W, 35° 59.19 N) (Figure 1) (Flecha et al., 2019).

The sampling procedure at each station in all campaigns was analogous, including the initial acquisition of temperature-salinity (T-S) profiles through a Seabird 911 Plus CTD probe installed in an oceanographic rosette. Based on the vertical thermohaline structure of the water column, the two opposite water flows were identified with the aim of taking samples in each of them by means of Niskin bottles fitted in the rosette. Therefore, samples were collected at different depths depending on the position of the flow layers in each station, covering from the surface (5 metres) to the sea bottom (360 in G1, 330 in G2 and 880 metres in G3).

Due to the absence of discrete measurements for the years 2016 and 2017, extensive data from a mooring line located at station G1 were used to complete the time series. The line is equipped with autonomous devices, including a Seabird SBE37-SMP and sensors for the continuous recording of pH and partial pressure of CO2 (SAMI-pH and SAMI-pCO2, Sunburst Sensors, LLC) (Flecha et al., 2015). Previous studies have shown a good agreement between data acquired by these probes and those obtained from discrete measurements in the water column, which allowed us to complement the cruises database with records provided by the SAMI devices (Seidel et al., 2008; Okazaki et al., 2017; Sánchez-Noguera et al., 2018; García-Lafuente et al., 2021).




2.2 Biogeochemical measurements

Because of the conservative property of alkalinity (Figure 1S for the SoG), this parameter was used to calculate Ω along with pH, salinity, temperature and inorganic nutrients (phosphate and silicate). For total alkalinity (TA) analysis, water was collected from the Niskin bottles in a 500 ml borosilicate bottle that was poisoned with 100 μl of HgCl2 saturated aqueous solution. Measurements were performed with a Titroprocessor (model Metrohm 794 from 2005 to 2020 and model Metrohm 888 for 2021 samples) following Mintrop et al. (2000). Accuracy of TA measurements was checked by analysis of Certified Reference Materials provided by Prof. Andrew Dickson, Scripps Institution of Oceanography, La Jolla, CA, USA (CRMs, batches #94, #97, #136, #182, #184, #196, #199). Mean precision and accuracy of measurements in the time series were ±1 and ±4 μmol·kg-1, respectively. For pH analysis, water was collected from Niskin bottles in 10 cm path-length optical glass cells for pH analysis, stored in an incubator at a temperature of 25°C, which was connected to a circulating ultrathermostat (model P. Selecta 6000383). When the samples were tempered, pH was measured in a spectrophotometer (model Shimadzu UV-2401PC), following Clayton and Byrne (1993), thereby being referred to total scale (pHT25). The precision and accuracy of the method were checked through pH measurements of the above mentioned CRMs, with the original pHT25 value of each batch being calculated using the CO2SYS programme (Version v3.2.0 for MATLAB) (Van Heuven et al., 2011; Sharp et al., 2020), based on their nutrients, salinity and TA values provided by the supplier. Mean precision and accuracy of the pHT25 measurements in the time series were equivalent to ±0.0049 and ±0.0055, respectively. For nutrient determination, water was taken from Niskin bottles, filtered through 0.7 μm Whatman GF/F filters and stored frozen (-20°C) in duplicate in 5 ml plastic tubes until analysis in the laboratory that was carried out with a continuous flow auto-analyzer (Technicon) using standard colorimetric techniques Hansen and Koroleff (1999), with a precision higher than ±3%. More details regarding sample collection and biogeochemical measurements are described elsewhere (Flecha et al., 2012; Flecha et al., 2019).

[CO32-] was subsequently calculated for each sample with the CO2SYS programme using TA, pHT25, phosphate and silicate concentrations, S, T, and P as input parameters. Proper dissociation constants for carbonic acid (Mehrbach et al., 1973; Dickson and Millero, 1987), stability constant of hydrogen sulfate ion (Perez and Fraga, 1987) and equilibrium constant of hydrogen fluorine (Dickson, 1990) were considered, and the boron to chlorinity ratio of Lee et al. (2010) being also used.




2.3 Determination of water masses

In order to discriminate the three water masses present in the area, the approach applied previously by Flecha et al. (2012) was used, which considers known values of potential temperature (θ) and salinity (S) to properly identify each water body (García Lafuente et al., 2007). However, marked changes in the thermohaline properties of Mediterranean water masses have been documented from 2013 onwards (García-Lafuente et al., 2021), which led us to select different values of θ and S for the period of measurements comprised between 2013 and 2021. In particular, from 2005 to 2012 the values of θ and S defining each water mass were chosen as 15.0°C and 36.2 for the NACW, 13.22°C and 38.56 for the LIW and 12.80°C and 38.45 for the WMDW (García Lafuente et al., 2007), whereas from 2013 to 2021, these values changed to 16°C and 36.20 for the NACW, 13.42°C and 38.57 for the LIW, and 12.90°C and 38.45 for the WMDW (García-Lafuente et al., 2021).




2.4 Calculation of archetypal concentrations

Archetypal annual concentrations of each variable (pCO2, pHT25, [CO32-], ΩAragonite, and ΩCalcite) were obtained for each year and each water mass (Flecha et al., 2019). The annual archetypal concentration of a parameter N in a water mass i (in this case, NACW, LIW or WMDW) can be obtained through Equation 3:

 

Where Nj represents the archetypal concentration of N in sample j, and xij is the value obtained in the proportion of the water mass i of sample j, that is, the water mass mixing weighted average concentration in each water mass (Álvarez-Salgado et al., 2013). The standard deviation (SD) of the annual archetypal concentrations was calculated using Equation 4:

 




2.5 Determination of temporal trends, projected future changes and statistics

Temporal trends for each carbon parameter from 2005 to 2021 were determined by linear regression from the plots representing annual archetypal concentrations vs time (Flecha et al., 2019), with the standard errors also calculated and provided (Table 1).


Table 1 | Rates of variation of pCO2, pHT25, [CO32-], ΩAragonite, and ΩCalcite in the water masses present in the Strait of Gibraltar obtained from the temporal evolution of their annual archetypal concentrations during the period 2005– 2021.



In addition, a projection of future changes in Ω was made following the procedure described by García-Ibáñez et al. (2021) by extrapolation of the linearized Ω values and atmospheric CO2 concentration assuming thermodynamic equilibrium conditions between atmospheric CO2 and seawater. The hydrodynamics of SoG where physical processes clearly condition biological activity and where the influence of coastal processes is negligible (Macías et al., 2009) allow to consider that the main factor affecting Ω was the rise in CO2. Although the response of ocean chemistry to the increase in atmospheric CO2 is not linear for long periods of time, it can be linearised if natural logarithm (ln) is applied to both Ω and atmospheric CO2 values (García-Ibáñez et al., 2021). Therefore, the future evolution of Ω in relation to the increase in atmospheric CO2 levels in the SoG was assessed by performing a linear extrapolation of the observed relationship between ln Ω versus ln [CO2]atm. Our future projections are then based on the linear extrapolation of observed trends in Ω over 17 years (2005-2021). Annual averages of atmospheric CO2 concentrations for this time period were obtained from the Izaña Global Atmospheric observatory (Agencia Estatal de Meteorología, AEMET) belonging to the NOAA (National Oceanic and Atmospheric Administration, USA) monitoring network (https://gml.noaa.gov/ccgg/trends/data.html). From the projected Ω trends, the years in which Ω will exhibit critical or corrosive values for calcification in the water masses of the SoG was determined considering the SSP5-8.5 IPCC AR6 scenario, which assumes that CO2 emissions in 2050 will roughly double from current levels (IPCC et al., 2021) (Figure 2S). MATLAB programming language (The MathWorks, Inc.) was used to perform the statistical analyses. Significance levels were set at p<0.001 or p<0.05 (Tables 1–3).


Table 2 | Statistics of linear fitting of ΩAragonite and ΩCalcite vs the variation of the atmospheric CO2 concentration in the water masses present in the Strait of Gibraltar.







3 Results



3.1 Trends of biogeochemical variables

Figure 2 shows the trends of the archetypical concentrations of carbonate system parameters relevant for Ω in the SoG, whereas their calculated rates of change are indicated in Table 1. Overall, NACW exhibited the highest rates of change in all variables in contrast to the LIW in which variations were less pronounced over time. In particular, seawater pCO2 progressively increased over the 2005-2021 period in all the water masses, with the NACW being characterized by the highest rise at a rate of 3.13 ± 0.46 µatm·yr-1, followed by the WMDW and LIW with increasing rates of 2.24 ± 0.31 µatm·yr-1 and 1.58 ± 0.33 µatm·yr-1, respectively. In contrast, and as expected, the rest of properties (pHT25, [CO32-], ΩAragonite, and ΩCalcite) exhibited an opposite temporal trend, gradually decreasing over the time series.




Figure 2 | Temporal trends (2005-2021) of carbonate system parameters related to the saturation state of calcium carbonate minerals in the Strait of Gibraltar. All parameters are shown for the three water masses present in the water column that are plotted in different colours (blue, red and grey for NACW, LIW and WMDW, respectively). Data correspond to annual archetypal concentrations of pCO2 (µatm) (A); pHT25 (B); [CO32-] (µmol·kg-1) (C); ΩAragonite (D) and ΩCalcite (E).



In the NACW, pHT25 declined at a rate of -0.0030 ± 0.0003 pH units yr-1, whereas in the WMDW and LIW pHT25 diminished and rates of -0.0019 ± 0.0003 and -0.0012 ± 0.0002 pH units yr-1 respectively. In the case of [CO32-], temporal decreases occurred at rates of -0.89 ± 0.14 µmol·kg-1·yr-1, -0.62 ± 0.17 µmol·kg-1·yr-1 and -0.32 ± 0.08 µmol·kg-1·yr-1 in the NACW, WMDW, and LIW respectively. Accordingly, ΩAragonite lowered at rates of -0.0139 ± 0.0024 yr-1 in the NACW, -0.0102 ± 0.0019 yr-1 in the WMDW, and -0.0080 ± 0.0013 yr-1 in the LIW. Despite calcite being less soluble than aragonite in seawater, rates of variation of its saturation state over time were slightly greater, yet similar, than those of aragonite in the three water masses (Table 1).




3.2 Current and future evolution of saturation states of calcium carbonate minerals in the SoG

As expected, ΩAragonite and ΩCalcite were negatively correlated with respect to the variation of the atmospheric CO2 concentration ([CO2]atm) (Figure 3). It is evident that Ω decreased for both minerals in the area during the study period, with significant correlations always found between the contrasted parameters (p<0.001 Table 2).




Figure 3 | Correlation between the annual mean archetypal concentrations of the saturation state (Ω) of calcium carbonate minerals (aragonite in (A) and calcite in (B)) and annual atmospheric CO2 concentration ([CO2]atm) in water masses found in the SoG, (NACW in blue, LIW in red and WMDW in grey). Slopes, SE (both in ppm-1) and correlation coefficients are indicated inside the plots. The time frame is indicated as years over the X axis (in red).



Using the current rising rate of [CO2]atm and annual archetypal values of ΩAragonite and ΩCalcite obtained each year in the three water masses, long-term trends were projected (Figure 4). By using the correlations found between the ln of Ω and [CO2]atm (Table 3), the [CO2]atm at which critical (Table 4) and undersaturation Ω values (Table 5) will be reached in the NACW, WMDW, and LIW (Figure 2S) were estimated.




Figure 4 | Projections of the observed long-term trends (2005-2021) of the natural logarithm of aragonite saturation state (A) and calcite saturation state (B) versus the natural logarithm of the atmospheric CO2 concentration during the monitoring period per water mass. Solid lines represent the weighted linear trends of ln (ΩAragonite) (A) and ln (ΩCalcite) (B) vs ln [CO2]atm (upper x-axes), and dashed lines represent the error of the estimate. Lower x-axes (in grey) represent the [CO2]atm values (in ppm) corresponding to the ln [CO2]atm given on the upper x-axes in which undersaturation (Ω value=1) of aragonite and calcite are reached. Lower x-axes (in red) denote the years when these concentrations will occur in each water mass. The horizontal dashed line represents the Ω critical point for both minerals (value=1.5) that mark unfavourable conditions for biogenic calcification to proceed along with the years at which it is expected to appear in the three water masses. The plot is split by a grey dashed line that marks the different chemical conditions expected in all water masses with respect to Ω values before the end of the current century (on the left) and beyond 2100 (on the right) according to the SSP5-8.5 scenario.




Table 3 | Statistics of future projections of ΩAragonite and ΩCalcite in the water masses present in the Strait of Gibraltar.




Table 4 | Range of [CO2]atm obtained by considering the errors of the estimate for Ω =1.5 for the three water masses present in the water column.




Table 5 | Range of [CO2]atm obtained by considering the errors of the estimate for Ω =1 for the three water masses present in the water column.



According to our analysis, unfavourable or critical conditions for calcifiers to use aragonite (ΩAragonite=1.5) in the NACW, WMDW, and LIW will occur at atmospheric CO2 concentrations of 786, 849 and 1092 ppm respectively, which are expected for years 2074, 2079, and 2096 under the SSP5-8.5 scenario, respectively (Figure 4 and Figure 2S). Undersaturation in the three water masses would arise at [CO2]atm of 1251, 1524 and 2320 ppm, levels that will be reached well beyond 2100. As IPCC models do not project future trends for the next century, the exact timing for the SoG region to be undersaturated with respect to aragonite was not calculated. This is also the case for calcite, whose Ω=1.5 in the NACW, WMDW and LIW would occur at atmospheric levels of 1299, 1564 and 2312 ppm, which are not contemplated to be reached before the end of the current century under the SSP5-8.5.

The range of [CO2]atm obtained by considering the errors of these estimates is shown in Tables 4 and 5 for critical and undersaturation conditions, respectively. Similarly, the range of years is summarized in Tables 2S and 3S.





4 Discussion

Results shown here show clear evidence that the saturation state of calcium carbonate minerals in the water column of the SoG is decreasing due to the decline in carbonate ions in response to the gradual diminution of seawater pH in the area. Our findings are coherent with a previous study reporting that water masses in the SoG were markedly affected by the uptake and storage of anthropogenic CO2 during the 2005-2015 decade, leading to an evident OA in them (Flecha et al., 2019). In this work, when the time series of measurements spanned six additional years (up to 2021), the temporal decline in pHT25 in Mediterranean and Atlantic water masses is maintained at nearly the same annual rates as those provided by Flecha et al. (2019). Furthermore, our analysis also indicates that even though the LIW is experiencing a certain increase in its CO2 content over time, it is less affected by the process of OA in relation to its Mediterranean counterpart and the NACW. As suggested by several authors, its age and intermediate position in the water column prevent a high penetration of atmospheric CO2, which makes it more biogeochemically stable (Hassoun et al., 2015 and references therein). Nevertheless, it still contains a large natural component of CO2 due to remineralization and/or mixing with water masses having higher anthropogenic carbon content during the long transit from its origin basin towards the Strait (Flecha et al., 2019; Vecchioni et al., 2023), which impacts its pH. OA rates have been measured in a number of marine eco-regions from coastal to open ocean regions, resulting in a broad range of values. Carstensen and Duarte (2019) provided an average acidification rate for the coastal ocean equivalent to ±0.023 pH units yr-1 versus a range of -0.0004 pH units yr-1 and -0.0026 pH units yr-1 in open ocean areas. If the bulk of pH data available in the water column at the SoG are considered, the average value for pHT25 decline in the region equals to -0.002 pH units yr-1, falling within the range found for open ocean sites (Carstensen and Duarte, 2019). Certain areas are characterized by a strong pH decline tendency, such as the coastal ocean in Korea, the continental shelf of the Gulf of Cádiz, and surface waters of the Mediterranean Sea. In contrast, lower acidification rates have been reported in the North Pacific Ocean, the Munida and the Iceland Sea time series, and the upper water column (∼75 m) of the Western Mediterranean. In the Atlantic time series ESTOC, BATS, and CARIACO, the rates are of the same order of magnitude as those observed in several sections of the MedSea (Table 6). Acidification rates calculated here in the water masses exchanging at the SoG (-0.0030, -0.0019 and -0.0012 pH units yr-1 for the NACW, the WMDW and the LIW, respectively) are in agreement with those provided in other Atlantic and Mediterranean regions. However, pH decline in the NACW seems to be slighter higher than others, which is the outcome of the conjunction between the anthropogenic CO2 concentration contained by this water mass (Flecha et al., 2019) and the accumulation of CO2 resulting from organic matter degradation in the productive Gulf of Cádiz (Navarro et al., 2006; Flecha et al., 2019; Álvarez-Salgado et al., 2020).


Table 6 | Seawater pH trend values calculated in different ocean sites and time series.



As a result of the different OA rates observed, the current saturation state of CaCO3 minerals in water masses at the SoG markedly differs. It is well known that Ω varies regionally and distinct values of this parameter have been provided in the Atlantic Ocean (Fernández-Guallart, 2015; Jiang et al., 2015), the Gulf of Cádiz (Jiménez-López et al., 2021), the MedSea (Hassoun et al., 2015), the southeastern Yellow Sea (Choi et al., 2020), the northern Gulf of Alaska (Evans et al., 2013), and others (Feely et al., 2009). Our Ω estimates are of the same order of magnitude as those shown in these studies, and similar to previous calculations provided for several Mediterranean water masses (Hassoun et al., 2015; Hassoun et al., 2019). Data collected in an earlier survey (2013) carried out in the SoG, provided values of ΩAragonite and ΩCalcite of ~2.6-3 and ~4.2-4.6, respectively (Hassoun et al., 2015), in agreement with our results. Similarly, ΩAragonite of approximately 2.5 has been given for the NACWT (North Atlantic Central Water of subtropical origin) at the Gulf of Cádiz using data taken from 2014 to 2016 (Jiménez-López et al., 2021), which is not far from our calculations based on 17 continuous years of measurements in the SoG (Figure 2). This study also reported ΩAragonite values of 1.56 for the NACWP (North Atlantic Central Water of subpolar origin) and 2.22 for the MOW, which is much lower than omega shown here for the Mediterranean outflow at the Strait. Moreover, in the Levantine Basin, average values of ΩAragonite and ΩCalcite equivalent to 3.4 and 5.3 have been obtained elsewhere, corresponding to a recently formed LIW (Hassoun et al., 2015).

Our assessment also shows a gradual temporal reduction of Ω in the three water masses over the time series. Overall, ΩAragonite decreased at annual rates of -0.0107 yr-1 in the whole water column of the Strait, -0.0091 yr-1 in the MOW and at specific rates of -0.0139 yr-1, -0.0102 yr-1 and -0.0080 yr-1, in the NACW, WMDW and LIW, respectively (Table 4S). These rates are much lower than those reported in the continental shelf of the Gulf of Cádiz (-0.0552 yr-1, Jiménez-López et al., 2021) using disperse measurements from 2006 to 2016 and in 2013 in the Levantine basin (-0.07 yr-1, Hassoun et al., 2019). Our results are, however, in line with several studies conducted across the Atlantic that provide values comprised between -0.010 yr-1 and -0.0140 yr-1 (González-Dávila et al., 2010; Bates et al., 2012; Takahashi et al., 2014; Fontela et al., 2021). In the case of calcite, the rates of decline (-0.0168 yr-1, -0.0145 yr-1, -0.0215 yr-1, -0.0161 yr-1 and -0.0129 yr-1 in the water column, the MOW, NACW, WMDW and LIW, respectively) are also similar to those computed in Atlantic time series (values between -0.010 yr-1 and -0.0209 yr-1, Bates and Peters, 2007; González-Dávila et al., 2010; Takahashi et al., 2014; Bates and Johnson, 2020) but lower than that in the Levantine basin (-0.1 yr-1, Hassoun et al., 2019).

Spatial variations in the ranges of calcium carbonate mineral decline can be attributed to the fact that every region and each water mass has specific characteristics that directly influence the rate of change of Ω. For instance, coastal areas and marginal seas generally have a higher tendency to acidify as a result of stronger anthropogenic impacts (Carstensen and Duarte, 2019). Additionally, a significant increase in temperature and biological factors are also associated (Jiménez-López et al., 2021). In contrast, in most open ocean areas, the influence of the biological uptake of CO2 decreases and the change in saturation of calcium carbonate minerals is mostly caused by the uptake of atmospheric CO2 (García-Ibáñez et al., 2021).

Considering the rates of ΩAragonite decline in the SoG and taking the IPCC AR6 SSP5-8.5 scenario for the CO2 emissions progression, a high vulnerability of calcifiers to ocean acidification is expected in the area before the end of the 21st century. In particular, critical conditions for biogenic calcification will be reached in less than 60 years in the upper and bottom layers of the SoG (51 and 56 years for the NACW and WMDW respectively). Furthermore, even though the LIW seems to be less strongly perturbated than the other two water masses, an unfavourable scenario for calcification would also occur in approximately 75 years from now. Due to the lower solubility of calcite in seawater (Sulpis et al., 2022), unfavourable conditions with respect to this mineral will arise in the region beyond 2100. Critical conditions have been defined here by a threshold of Ω=1.5 for both aragonite and calcite, as this value has been adopted in several studies to assess the vulnerability of marine calcifiers to OA and its repercussion for marine ecosystems (Gruber et al., 2012; Broadgate et al., 2013; Ekstrom et al., 2015; Zhai, 2018). Moreover, evident reductions in calcification rates of marine organisms have been reported at Ω values of 2-3.5 (Guinotte et al., 2003; Yamamoto et al., 2012; Eyre et al., 2018). Therefore, the range of current estimations of ΩAragonite in the SoG along with its projected rates of decline in all the water masses under a high CO2 emission pathway depict a catastrophic scenario for the marine ecosystem in the region. Calcifiers are essential to maintain the ecological status of the pelagic and benthic ecosystems (and their living resources) in the sub-basins connected by the Strait, the Gulf of Cádiz and the Mediterranean Alboran Sea (Vertino et al., 2010; Movilla, 2015; Lozano et al., 2020), where a significant number of planktonic calcifiers (coccolithophores, foraminifera), pelagic mollusks (pteropods), bivalves, calcareous algae and corals thrive (Reguera et al., 2009; Bautista-Chamizo et al., 2016; Jiménez-López et al., 2021). According to our findings, regional calcifying communities are at high risk due to the gradual OA that is proceeding in the area, which will restrict the levels of carbonate ions required for a proper calcification well before the end of the 21st century.

It has been predicted that by 2100, 91% of the whole ocean will be undersaturated to aragonite (Gattuso et al., 2015) including the Southern Ocean and parts of the North Pacific (Feely et al., 2009), the Irminger and Iceland Basin (García-Ibáñez et al., 2021), the Nordic Seas (Fransner et al., 2022), the polar Surface water (Matear and Lenton, 2014) and the lower NACW in the Western Atlantic (Fernández-Guallart, 2015). This scenario would co-occur with critical conditions in certain eco-regions, such as the tropical oceans, where survival of coral reefs will be compromised by the availability of carbonate to form aragonite (Matear and Lenton, 2014). Although undersaturation of calcite in the surface ocean is expected beyond the end of the 21st century (Feely et al., 2009), levels of this mineral will be greatly reduced with respect to current concentrations. Therefore, the trends found in a choke oceanographic spot, such as the SoG, after almost two decades of observations, support the concern about the impact of the pH decline on marine ecosystems. Maintenance of ocean observing systems is then essential to establish baselines required to document and predict the vulnerability of marine ecosystems to climate change and provide tools for efficiently developing and implementing adaptation and mitigation strategies.
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Sustained time-series measurements are crucial to understand changes in oceanic carbonate chemistry. In the North Western Mediterranean Sea, the temporal evolution of the carbonate system is here investigated based on two 10-year time-series (between January 2010 and December 2019) of monthly carbonate parameters measurements at two sampling sites in the Ligurian Sea (ANTARES and DYFAMED). At seasonal timescale, the seawater partial pressure of CO2 (pCO2) within the mixed layer is mostly driven by temperature at both sites, and biological processes as stated by the observed relationships between total inorganic carbon (CT), nitrate and temperature. This study suggests also that mixing and water masses advection could play a role in modulating the CT content. At decadal timescale, significant changes in ocean chemistry are observed with increasing trends in CT (+3.2 ± 0.9 µmol.kg−1.a−1 – ANTARES; +1.6 ± 0.8 µmol.kg−1.a−1 – DYFAMED), associated with increasing pCO2 trends and decreasing trends in pH. The magnitude of the increasing trend in CT at DYFAMED is consistent with the increase in atmospheric pCO2 and the anthropogenic carbon transport of water originating from the Atlantic Ocean, while the higher trends observed at the ANTARES site could be related to the hydrological variability induced by the variability of the Northern Current.
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1 Introduction

The ocean plays a critical role in mitigating climate change induced by human activities through CO2 exchanges at the air-sea interface and sequestration into deep waters [IPCC, 2021]. Annually, the ocean absorbs between ca. 25% and 30% of CO2 emissions by anthropogenic activities [Friedlingstein et al., 2022; Gruber et al., 2023]. Ocean CO2 uptake induces an increase in hydronium ion concentration [i.e., a decrease in oceanic pH commonly named “ocean acidification”; Doney et al. (2009)] which represents a significant threat to marine organisms [Kroeker et al., 2013] and is likely to affect marine ecosystems [Feely et al., 2004]. Improving our understanding by quantifying oceanic CO2 uptake, but also predicting scenarios to design adaptation strategies, requires sustained long-term observations of the carbonate system. To achieve these goals, sustained time-series measurements have been established in the framework of international programs [e.g., World Ocean Circulation Experiment (WOCE) and Joint Global Ocean Flux Study (JGOFS); Tanhua et al., 2015]. Based on long-term time-series analyses, positive trends in dissolved inorganic carbon (CT) and seawater partial pressure of CO2 (pCO2) and negative trends in pH have been assessed over the global ocean [Bates et al., 2014; Lauvset et al., 2015].

More reactive to forcing induced by climate change than other oceanic areas [Durrieu de Madron et al., 2011], the Mediterranean Sea is a semi-enclosed marginal sea with warm and highly alkaline waters prone to absorb CO2 from the atmosphere and transport it to the interior by an active overturning circulation [Schneider et al., 2010; Lee et al., 2011; Álvarez et al., 2014]. As a consequence, several studies have reported a marked decline in the pH of the Mediterranean Sea over the last few decades [e.g., Touratier and Goyet, 2011; Hassoun et al., 2015; Palmiéri et al., 2015; Touratier et al., 2016; Flecha et al., 2019]. Furthermore, the North Western (NW) Mediterranean Sea is one of the few oceanic basins of the world to permit open ocean deep convection [Marshall and Schott, 1999] as a result of intense atmospheric forcing and oceanic preconditioning. From 2010 to 2013, intense deep convection occurred with the maximum mixed layer depth reaching the seafloor every winter at about 2500 m in the Gulf of Lion (GoL) area [Houpert et al., 2016; Testor et al., 2018; Bosse et al., 2021]. In winter 2018, hydrological observations highlighted convection down to at least 1800 m depth in the GoL [Margirier et al., 2020; Fourrier et al., 2022]. In the Ligurian Sea, intermediate mixing events have been observed between 2010 and 2018, with a maximum depth reached by winter convection of 1000 m reported in 2012 and 2013 [Margirier et al., 2020]. Due to bottom-reaching convection, fresh and cold surface waters are mixed with the intermediate and deep waters, and these vertical turbulent exchanges bring nutrients to the surface, oxygen in deep and intermediate levels, and fuel phytoplanktonic growth [Coppola et al., 2017; Mayot et al., 2017; Leblanc et al., 2018]. All those physical and biological processes affect the carbonate chemistry of the area by modifying both the total alkalinity (AT) and CT contents. Mixing events bring up to the surface CT-enriched deep waters while photosynthesis processes induce a resulting CT drawdown and an AT increase. Remineralisation of particulate organic matter will have the reverse effects on CT and AT. By impacting the CO2 solubility, temperature variations modify air-sea CO2 exchanges and the CT concentration without impacting AT as the charge balance is not affected [Zeebe and Wolf-Gladrow, 2001].

In the NW Mediterranean Sea, in the framework of the JGOFS-France Program, the DYFAMED (Dynamique des Flux Atmosphériques en MEDiterranée) time-series has been initiated in 1991 to monitor the evolution of the physical and biogeochemical properties in the Ligurian Sea [Marty et al., 2002; Coppola et al., 2021]. The DYFAMED site is isolated from lateral advection of the Northern Current (NC) and is impacted by fresh surface Atlantic Water (AW) and Levantine Intermediate Water (LIW) [Millot, 1999]. The NC results from the merging in the Ligurian Sea of two currents flowing northward on both sides of Corsica (Figure 1). Reinforced by the wind stress along its pathway [Herbaut et al., 1997], it flows along the continental slope mostly in geostrophic balance forcing a cyclonic circulation. The NC is marked by seasonal variability [Albérola et al., 1995; Birol et al., 2010; Prieur et al., 2020] and baroclinic instabilities [Crépon et al., 1982; Millot, 1991]. The DYFAMED site is then surrounded by the NC characterized by a strong horizontal density gradient [Niewiadomska et al., 2008] that hampers lateral inputs [Andersen and Prieur, 2000].




Figure 1 | Map of the sampling sites ANTARES (42°48’N – 06°05’E) and DYFAMED (43°25’N – 07°52’E) in the North Western Mediterranean Sea. The blue arrows indicate the two dominant wind systems blowing in this area. The main oceanic currents are represented by grey arrows: the Northern Current, the Western Corsica Current and the Eastern Corsica Current. A label in the Gulf of Lion indicates the Dense Water Formation (DWF) site during the 2013 event. The dotted line represents the 0.15 mg m-3 contour of surface chlorophyll-a from 8-day merged satellite image (GlobColour project) on 18 February 2013, following Houpert et al. (2016).



Following the DYFAMED initiative, the ANTARES (Astronomy with a Neutrino Telescope and Abyss environmental RESearch) time-series was initiated in 2009 [Lefèvre, 2010]. While being outside the deep convection area occurring in the GoL, the ANTARES site is located in a key zone for the NC dynamics at the entrance of the GoL shelf [Petrenko, 2003]. Moreover, numerous studies have reported the presence of submesoscale eddies in the NW Mediterranean Sea that can advect newly formed deep waters away from the Dense Water Formation (DWF) area [Bosse et al., 2016; Damien et al., 2017] and interact with the NC [Testor and Gascard, 2006]. The ANTARES and DYFAMED time-series are part of the French MOOSE program (Mediterranean Ocean Observing System for the Environment; https://www.moose-network.fr – Coppola et al. (2019)) that coordinate and maintain fixed long-term observations across Europe.

Based on data acquired in the Ligurian Sea, several studies have shown the control of temperature, biology, and currents on the seasonality of the seawater pCO2 [e.g., Hood and Merlivat, 2001; Copin-Montégut et al., 2004; D’Ortenzio et al., 2008]. Merlivat et al. (2018) assessed that temperature and CT have the strongest influence on seawater pCO2 variability. The NW Mediterranean Sea experiences well-defined spring blooms leading to nutrient depletion [D’Ortenzio and Ribera d’Alcalà, 2009]. Nutrients replenishment occurs seasonally with winter-time deep convection and allows the occurrence of intense biological processes [e.g., Bégovic and Copin-Montégut, 2002; Marty et al., 2002]. In situ measurements of air-sea CO2 fluxes highlighted a gradual change of the area from a source to a sink between summertime and wintertime, respectively [Bégovic and Copin-Montégut, 2002; Copin-Montégut et al., 2004; Louanchi et al., 2009]. Moreover, a recent synthesis of the carbonate system data recorded in the Ligurian Sea between 1998 and 2016 reported both clear seasonal cycles and temporal trends for sub-surface waters [Coppola et al., 2020]. In this area, positive trends in CT (0.59 ± 0.34 μmol kg−1 a−1), AT (0.50 ± 0.21 μmol kg−1 a−1) and pCO2 (3.3 ± 0.7 µatm a−1) and a negative trend in pH (-0.003 ± 0.001 unit a−1) have been assessed over the 18-year period.

This study presents ten years of carbonate chemistry data collected between January 2010 and December 2019 in the NW Mediterranean Sea, at the ANTARES and DYFAMED sites, with the aim of highlighting the main drivers of the temporal variability of the carbonate system at each site. In this paper, these two time-series sites, located ca. 150 km apart but in distinct hydrological conditions with respect to NC dynamics, are used to identify the main drivers of carbon variability. With a focus on the carbonate data within the mixed layer, this work: (1) describes the dataset and the specificity of each site, (2) evaluates the drivers of the seasonal carbonate chemistry variability and, (3) estimates and identifies the main drivers of carbonate chemistry changes at longer timescales. By analyzing two time-series from the same oceanic basin as well as by distinguishing trends in offshore and coastal influenced waters, this dual-site approach offers novel perspectives that cannot be gained from analyzing a single site alone and raises novel questions concerning fixed station locations to decipher trends.




2 Material and methods



2.1 Sampling sites

The MOOSE-ANTARES observatory site (named ANTARES hereafter) is located 40 km off the French Mediterranean coast (42°48’N, 06°05’E) where the water depth is 2475 m (Figure 1). The MOOSE-DYFAMED (named DYFAMED hereafter) observatory site is located ca. 50 km off Cape Ferrat in the central zone of the Ligurian Sea and has a depth of 2350 m (43°25’N, 07°52’E).




2.2 Measurements

Measurements are carried out monthly from a research vessel at the DYFAMED and ANTARES sites in the NW Mediterranean Sea (Figure 1). A CTD rosette is deployed with 12 Niskin bottles in order (1) to acquire data with sensors (Conductivity Temperature and Depth - CTD and associated parameters) along vertical profiles, and (2) to collect discrete seawater samples for chemical analysis. A detailed description of the sampling methodology and the CTD sensors can be found in Coppola et al. (2018) for the DYFAMED site. The same procedure is applied at ANTARES. Samples for CT and AT were collected into acid-washed 500 cm3 borosilicate glass bottles, poisoned with 200 mm3 of a 36 g.dm−3 HgCl2, as recommended by Dickson et al. (2007) and stored in the dark at 4°C. Analyses were performed after a few months of storage (less than 6 months). Measurements of CT and AT were performed simultaneously by potentiometric acid titration using a closed cell following the methods described by Edmond (1970) and Dickson and Goyet (1994). Analyses were performed at the National Facility for Analysis of Carbonate System Parameters (SNAPO-CO2, LOCEAN, Sorbonne University – CNRS, France) with a prototype developed there. The average accuracy of AT and CT analysis estimated from repeated measurements of Certified Reference Material (provided by Prof. Dickson’s laboratory from the Scripps Institution of Oceanography, San Diego) is between ± 2 and 5 µmol.kg−1, respectively. Samples for dissolved inorganic nutrients were collected and analysed following the protocol of Aminot and Kérouel (2007). Over these ten years of sampling, 44 and 60 samples for carbonate chemistry measurements have been obtained at ANTARES and DYFAMED, respectively.




2.3 Derived data



2.3.1 Estimation of the mixed layer depth

The Mixed Layer Depth (MLD) was computed using a potential density threshold of 0.03 kg.m−3 with a reference depth of 10 dbar [D’Ortenzio et al., 2005]. Vertical profiles of temperature and salinity from the CTD were used to estimate the density. When no value was available at 10 dbar, the shallowest value available above 20 dbar was used. For the MLD determination, only CTD downcast performed when samples were taken have been used in this study.




2.3.2 Carbonate system derived parameters

Seawater carbonate system parameters were derived from AT and CT values with the software program CO2SYS-MATLAB [van Heuven et al., 2011] using temperature, salinity, pressure, silicate and phosphate concentrations. As recommended for the Mediterranean Sea by Álvarez et al. (2014), the carbonic acid dissociation constants K1 and K2 from Mehrbach et al. (1973) as refitted by Dickson and Millero (1987) and the dissociation constant for HSO4− from Dickson (1990) were used. Uppström (1974) was used to calculate the ratio of total boron to salinity and Dickson and Riley (1979) to calculate the hydrogen fluoride constant KF. To remove the impact of salinity variations (evaporation/precipitation) on AT and CT values, salinity-normalised AT (NAT) and CT (NCT) were calculated by dividing by in situ salinity and multiplying by a constant salinity set at 38 following previous studies conducted in the Mediterranean Sea [Bensoussan and Gattuso, 2007; Rivaro et al., 2010; Kapsenberg et al., 2017].




2.3.3 Variability of the seawater pCO2

The effects of non-thermal (pCO2N) and thermal (pCO2TD) processes on seawater pCO2 variations have been calculated thereafter following Equations 4.1 and 4.2 [Takahashi et al., 1993; Takahashi et al., 2002]:





where pCO2IS is the seawater pCO2 calculated at in situ temperature (in µatm), pCO2mean is the mean seawater pCO2 over the study period in the mixed layer (397 µatm and 386 µatm at ANTARES and DYFAMED, respectively), Tmean is the average mixed layer temperature (in °C, equals to 18.52°C and 16.79°C at ANTARES and DYFAMED, respectively) and Tobs is the in situ temperature (in °C). pCO2N represents a temperature-normalised seawater pCO2, and pCO2TD represents the seawater pCO2 induced by temperature fluctuations under isochemical conditions.




2.3.4 Estimations of CO2 exchanges

To address the question of the “source” (pCO2IS > pCO2ATM) or “sink” (pCO2IS< pCO2ATM) status of both sites for atmospheric CO2, and their temporal evolution, the pCO2 excess (ΔpCO2 in µatm) was calculated as:



where pCO2ATM is the atmospheric partial pressure of CO2 recorded at the Lampedusa site from January 2010 to December 2019 [Dlugokencky et al., 2021]. Molar fractions of atmospheric CO2 (xCO2ATM) were converted into pCO2ATM using the same atmospheric pressure but the monthly temperature and salinity values measured at each site.





2.4 Estimation of deseasonalised data

In the NW Mediterranean Sea, numerous studies [e.g., Bégovic and Copin-Montégut, 2002; Marty and Chiaverini, 2010] have reported seasonal cycles of the biogeochemical parameters over the year in the upper water column. Following a regular pattern, these seasonal cycles were represented in this study by a harmonic function for each parameter as detailed in Gruber et al. (1998):



where Parammean is the mean of the parameter values in the mixed layer over the 10-year period, d is the day of the year, and a and b are fitting coefficients obtained by a nonlinear least squares regression between the data and the harmonic model. The obtained parameters, specific to each variable, including their significance (p-value) are given in Table 1 of the Supplementary Material. In addition, to test the significance of the harmonic fit, the significance of the linear regression between the measured data and the fit function was tested by means of the Pearson coefficient for parametric tests [Sokal and Rohlf, 1969] with a significance level of 95%.

Using a bootstrap method [Zoubir and Iskander, 2007], random fitting parameters have been obtained. The edges of this bootstrap method were defined by the asymptomatic parameters obtained with a covariance matrix. When considering all the quantiles calculated for each simulation, the confidence interval associated with each temporal trend encompassed the variability associated with the fitting parameters perturbation. Thus, the identified interannual trends are not affected by assumptions taken for the deseasonnalisation methodology.




2.5 Detection of the Northern Current position

The near-surface salinity (50-100 m average) was compared to a climatology of the NC deduced from repeated measurements by autonomous gliders [Testor et al., 2019] carried out along endurance lines of the MOOSE program. A total of 113 and 27 glider sections of the NC linking the coast to the DYAMED and ANTARES sampling sites were performed from 2007 to 2013 [Testor et al., 2017]. They were used to build a mean section of salinity according to the distance to the location of the NC peak velocity. Gliders can be used to infer absolute geostrophic velocities for each NC section by integrating the thermal wind balance combined with depth-average currents [Bosse et al., 2021]. Depth-average currents are also used to compute cross-front velocities in a local streamwise coordinate system [Todd et al., 2016; Bosse and Fer, 2019].

Composite sections of salinity were constructed by averaging individual sections in a cross-front axis centered at the velocity maximum (Vmax) and normalised by the current width (W) corresponding to the standard deviation, or half-width, of a Gaussian fit of the upper 50 m velocities, as in Bosse and Fer (2019). By doing so, the frontal region of the NC can be defined between -1 and 1 (± W) where most of the density gradient between the coastal and offshore waters occurs. The composite salinity section was then used to infer for each profile at DYFAMED and ANTARES whether the 50-100m average salinity was representative of coastal (<-W), frontal, or offshore (>W) conditions.





3 Descriptive seasonal variability within the mixed layer at the two studied sites



3.1 Hydrological characteristics

The hydrographic conditions encountered at the DYFAMED and ANTARES sites from January 2010 to December 2019 are presented in Figure 2. The depth of the mixed layer shows seasonal variations with successive periods of summer stratification followed by winter mixing at both sites (Figures 2A, F). As only CTD downcast performed when samples were taken have been used in this study to derive the MLD, extreme climatic events with bottom-reaching convection reported from 2010 to 2013 and in 2018 in the GoL are not so clearly visible at the two studied sites located outside of the DWF area (see Figure 1 of the Supplementary Material and Section 1). By using Argo float data, Fourrier et al. (2022) reported MLD increases to around 2000 m in the winter 2012-2013 and in 2018. Interannual variabilities of temperature and salinity within the mixed layer are presented in Figures 2B, C, G, H. Marked seasonal changes were present at both sites with an increase in temperature from April to September, and a decrease from October to March. When compared to the DYFAMED data recorded between 1995 and 2007 [Marty and Chiaverini, 2010] in the upper water column, the summer and winter temperatures in the last decade are warmer than the reference situation of 1995 (blue line on Figure 2B). No significant seasonal cycles have been detected for salinity over the studied period, even if higher salinity values were measured in summer (Figures 2C, H). While almost all salinity values at DYFAMED are above 38, many salinity values below 38 are observed at ANTARES, in response to the presence of surface waters transported by the NC [Van Haren et al., 2011; Berta et al., 2018].




Figure 2 | (A, F) Temporal variations of the mixed layer depth (MLD) from January 2010 to December 2019 at DYFAMED (A) and ANTARES (F). Interannual variability of temperature (B, G), salinity (C, G), total inorganic carbon [CT – (D, I), total alkalinity [AT – (E, J)] at DYFAMED (upper panel), ANTARES (lower panel). The colour code represents the year and is similar on panels (B-E, G-J). Average values with error bars showing the standard deviation of the mean values have been plotted when multiple data were recorded for the same date within the mixed layer. Dashed lines on panels (B-E, G-J) represent the harmonic fit for each parameter. Curves with a star are those where the fitting parameters (A, B) are significant. When no data have been acquired during three consecutive months, dots have not been joined. On (B), the blue line indicates mean temperature values over the first 40 meters depth during the reference situation of 1995.



The NC shows seasonal variability in its transport [Albérola et al., 1995] and position [Bourg and Molcard, 2021]. Based on the mean salinity distribution against a normalised distance to NC center (Figures 3A, B), each sampling at ANTARES and DYFAMED could be described according to its distance to the NC center (Figures 3C, D). This classification resulted in contrasted distribution between the two sites. Profiles at DYFAMED are clearly associated with offshore conditions in 78% of cases (83/106) and characterised by higher salinities (mean 50-100 m salinity of 38.37 ± 0.09). To the contrary, ANTARES is almost always in the frontal region characterised by important temperature and salinity gradients. On average, the upper layer salinities are lower but more variable (38.26 ± 0.17) at ANTARES (Figures 3C, D). As a consequence, the ANTARES time-series measurements are influenced by the variability in the location of the NC as they are mostly sampled in the core of the NC or its offshore. At both sites, the measurements are only detected once in the coastal area. This confirms that the two sites are located in contrasting regions with respect to the general circulation.




Figure 3 | Mean section of practical salinity across the Northern Current in normalised cross-front distance from coastal to offshore area at DYFAMED (A) and ANTARES (B). The black lines represent isolines of potential density. The NC location is estimated from the steepest isopycnal slope. Practical salinity averaged between 50 and 100 m (mean and standard deviation) at DYFAMED (C) and ANTARES (D). The black bar is drawn between the 20th and 80th percentile. The black square is drawn at the median distance and mean salinity. Vmax stands for velocity maximum and W for the width of the current.






3.2 Characteristics of the carbonate system

Temporal variations of the carbonate system parameters over the 10-year period within the mixed layer are described in Figures 2D, E, I, J with interannual changes of CT and AT at the DYFAMED (Figures 2D, E) and ANTARES (Figures 2I, J) sites, respectively. Over the period, the mean CT concentration was slightly higher at DYFAMED (2269 ± 27 µmol.kg−1) than ANTARES (2257 ± 27 µmol.kg−1). A high seasonal variability is visible at both sites, with the highest CT values measured in autumn and winter and a CT depletion occurring in spring and summer. In consequence, the seasonal changes in CT are well represented by the harmonic function. Mean AT values were almost similar at both sites over the period studied (Table 1). Nonetheless, the amplitude of AT variations was lower at ANTARES (2536-2596 µmol.kg−1) than at DYFAMED (2528-2626 µmol.kg−1). It has been previously stated that, when biological activity is excluded, the variations in AT should directly be related to salinity change when dilution or evaporation occurs in the ocean [Copin-Montégut, 1993]. Nonetheless, due to the lack of seasonality of salinity (Figures 2C, H), no clear seasonal signal can be seen for AT at either site (Figures 2E, J).


Table 1 | Mean values within the mixed layer for different parameters measured at DYFAMED and ANTARES from January 2010 to December 2019.






3.3 Nutrients

Variations in inorganic nutrients within the mixed layer over the studied period are described in Figures 2A-H of the Supplementary Material. Nutrient concentrations displayed seasonal patterns, with the highest values measured in winter (January-March) and the lowest in late spring or summer. Lower ranges of nutrients concentrations in the MLD were measured at DYFAMED than at ANTARES (Table 1). In the Ligurian Sea, Pasqueron de Fommervault et al. (2015) described the control of the MLD in the seasonal variation of nutrients, with a winter supply of nutrients from intermediate or deep waters when the mixed layer deepens, and low or undetectable nutrients when the MLD is shallow. It can be noticed that the highest nutrient values were detected at ANTARES during the deep convection year 2012-2013 (see Figures 2C, D, G, H of the Supplementary Material), despite being outside the deep convection of the GoL.





4 Identification and filtering of the seasonal variability drivers



4.1 Seawater pCO2 variability

In the NW Mediterranean Sea, the pCO2IS seasonal variability is driven by thermal and non-thermal drivers that act in opposition [e.g., Bégovic and Copin-Montégut, 2002; Copin-Montégut et al., 2004; De Carlo et al., 2013; Wimart-Rousseau et al., 2020; Ulses et al., 2022]. Figure 4 presents the respective contributions of thermal (δpCO2TD) and non-thermal processes (δpCO2N) on pCO2IS at DYFAMED (Figure 4A) and ANTARES (Figure 4B). Over the studied period, variations of pCO2IS (Figures 2I, K of the Supplementary Material) occurred mainly because of changes in surface seawater temperature. Figures 4A, B indicate a regular seasonal pattern for the δpCO2TD with the highest values in summer and the lowest values in winter and early spring (Table 2). Nonetheless, the pCO2IS changes observed at both sites were less than those expected from the thermodynamic effect of sea surface temperature variation from 13°C to 26°C (ca. 240 µatm).




Figure 4 | Interannual variability in thermal and non-thermal contributions to pCO2 within the mixed layer at the DYFAMED (A) and ANTARES (B) sites from January 2010 to December 2019. δpCO2TD: pCO2 changes induced by temperature (δpCO2TD = pCO2 - pCO2N; red lines); δpCO2N: pCO2 changes induced by other processes (δpCO2N = pCO2 - pCO2TD; green lines). When no data have been acquired during three consecutive months, dots have not been joined.




Table 2 | Variability of seawater pCO2 data measured at in situ temperature (pCO2IS), induced by temperature changes (Temp-Driven - pCO2TD), and induced by to non-thermal effects (pCO2N) in the mixed layer at the DYFAMED and ANTARES sites.



Changes in seawater pCO2 induced by non-thermal processes are represented by the δpCO2N which is considered to be mainly due to biological activity, but could also include changes due to advection, vertical diffusion, and air-sea gas exchanges [Takahashi et al., 1993]. Seasonal variation is observed at both sites for δpCO2N within the mixed layer, from a maximum in winter to a minimum in summer (Figures 4A, B). This indicates that, over an annual cycle, the thermal effects on seawater pCO2 variability were partially compensated by other processes. Unlike pCO2, the CT content is not directly influenced by temperature, meaning that seawater pCO2 variations that are not due to temperature changes might be related to CT variations if AT remains constant [e.g., Takahashi et al., 2002]. Significant relationships between pCO2N and CT normalised to a constant salinity are observed (n = 47, p-value< 2.2×10−16, r2 = 0.90 at ANTARES and n = 95, p-value<2.2×10−16, r2 = 0.82 at DYFAMED). At DYFAMED, Bégovic and Copin-Montégut (2002) demonstrated that these CT changes are mostly due to biological processes in late winter and spring, and to water mass mixing and air-sea exchanges in autumn and early winter.




4.2 Biological contribution to the seasonal pCO2 variability

In a given water parcel found in the upper part of the water column, biological processes impact the carbonate system variables and thus the air-sea CO2 exchanges. To understand the overall impact of these processes on the seasonal changes in AT and CT, salinity-normalised changes of AT and CT in the mixed layer are plotted in Figure 5A. The system is assumed to be closed (unimpacted by external factors) and theoretical impacts of physical and biological processes driving the variability of AT and CT have been added as presented in Zeebe and Wolf-Gladrow (2001). During CaCO3 formation, AT change is twice as much as CT as one mole of carbon and one mole of Ca2+ are used, leading to a decrease of CT and AT in a ratio 1:2. While photosynthesis and respiration tend to decrease and increase the CT content to produce Redfield organic matter, respectively, both processes have a minor effect on AT because in addition to inorganic carbon, nutrients are taken up and released by photosynthesis and respiration, respectively [Zeebe and Wolf-Gladrow, 2001]. Finally, air-sea CO2 exchanges only affect the CT content as the uncharged CO2 will not affect the AT quantity describing the ion-charge balance in the water. In Figure 5A, the mean NAT and NCT values during each season have been reported and considered as representative of each season’s mean values. Thus, similarities between the two sites concerning their seasonality and their biological contributions are presented in Figure 5A which is relevant for diagnostic purposes rather than for a substantial quantification of biological processes to carbonate system parameter variations.




Figure 5 | (A) Salinity-normalised AT (NAT) vs. salinity-normalised CT (NCT), (B) NCT vs. salinity-normalised NO3- (N.NO3-), (C) N.NO3- vs. temperature and (D) NCT vs. temperature within the mixed layer from January 2010 to December 2019 at ANTARES (circle dots) and DYFAMED (triangle dots). On figure (A), grey vectors reflect theoretical impacts of various processes (photosynthesis/respiration, carbonate dissolution/formation, CO2 release/invasion) on AT and CT adapted from Zeebe and Wolf-Gladrow [2001]. On (B–C) and (D), empty dots represent data measured during the winter deep-convection years of 2012, 2013 and 2018. On (B), full and dotted lines represent the linear regressions for DYFAMED and ANTARES, respectively. The colour scale corresponds to the season: winter in blue (January – March), spring in yellow (April – June), summer in red (July – September), and autumn in green (October – December).



In this considered closed system, mean salinity-normalised AT and CT concentrations presented a seasonal variability with values that seemed to spread along the photosynthesis respiration line at both sites, indicating that primary production and remineralisation could control the carbonate chemistry variability. From spring to autumn (yellow, red, and green dots in Figure 5A), data distribution seems to point towards an autotrophic environment with points moving along the vector representing this process, while dots in winter appear to line up along the respiration vector which could indicate the occurrence of heterotrophic processes (blue dots in Figure 5A). Moreover, it has to be noticed that the MLD shows strong seasonal variations (see Section 3.1.) with a mixed layer deeper than the euphotic zone in winter [Mayot et al., 2017]. In the studied area, Marty and Chiaverini (2002) have calculated primary production estimates using the 14C method and reported new production that ranged from 19 to 71 gC.m−2.a−1. Considering the mean mixed layer depth and density values measured at DYFAMED (Table 1), the CT consumption associated with these new production rates has been calculated. The values deduced lie between 41.6 µmol.kg−1.a−1 and 155.5 µmol.kg−1.a−1, which is in good agreement with the observed CT ranges reported in this study. Whilst several assumptions are made in Figure 5A, the means shift along the year could highlight a link to seasonal biological processes.

In the ocean, the onset of primary production is related to the temperature through its direct impacts on the water column stratification (represented by the MLD) [Sverdrup, 1953]. Moreover, the occurrence of biological processes should lead to systematic inter-property relationships between seasonal changes of nutrients and CT [Redfield et al., 1963]. Figures 5C, D show variations between salinity-normalised nitrate concentrations (N.NO3-) and temperature (Figure 5C), and between NCT and temperature (Figure 5D). Over a year, the concentrations of N.NO3- and NCT were seasonally related to the temperature, with the highest values measured in winter for both parameters and an almost linear decrease with the increasing temperature during the rest of the year for the NCT content. With regard to biogeochemical processes, data measured within the ML in the studied region are in agreement with the literature: from spring to autumn, and with the stratification of the water column, autotrophic processes lead to a decrease in the CT content and to the depletion of nutrients, while the winter deepening of the MLD due to the cooling of surface waters supplies inorganic nutrients and CT in the upper water column [e.g., Bégovic and Copin-Montégut, 2002; Touratier et al., 2016; Ulses et al., 2016; Ulses et al., 2022]. On seasonal timescales, both sites seem to act equally and to be impacted almost similarly by the same processes. In this area, MLD deepening events are the main source of new nitrogen in the photic layer [Copin-Montégut, 2000; Moutin and Raimbault, 2002].

At ANTARES and DYFAMED, regression analyses between NCT and N.NO3- yield almost similar NCT concentrations of ca. 2240 µmol.kg−1 at zero-nitrate (Figures 5B, D). In a nutrient-depleted NW Mediterranean Sea, this value represents primarily the effect of CO2 gas solubility and a lesser effect of CaCO3 dissolution [Zeebe, 2012]. Thus, using the mean temperature, salinity, and alkalinity values at each site, seawater pCO2 values of 365 µatm and 338 µatm have been calculated at ANTARES and DYFAMED, respectively. Considering a mean atmospheric partial pressure value of 402 µatm [the mean annual pCO2ATM value recorded between 2010 and 2019 at Lampedusa; Dlugokencky et al. (2021)], these values indicate that, if the area was nutrient depleted, waters within the mixed layer would be undersaturated with respect to the pCO2ATM and act as a CO2 sink for the atmosphere. In consequence, the CT content would increase. Over the year, a depletion in the nutrient content has been observed near the end of spring blooms (Figures 2A–H of the Supplementary Material). Nevertheless, considering that the zero-nitrate condition occurs when the temperature reaches ca. 15°C (Figure 5C), decreasing CT values have been observed when the temperature increases in the absence of nitrate fluxes (Figure 5D). This seasonal CT variability has been previously reported in the literature [e.g., Copin-Montégut, 2000]. If these nutrient-free waters are warmed to a temperature up to 25°C as it could happen from June onwards in the studied area (Figure 5D), they would become supersaturated with respect to atmospheric CO2 and the CT content would decrease. In consequence, the mixed layer CT loss observed in summer and autumn could be related to physical processes (mixing and advection of water masses) as well as through an outgassing to the atmosphere. Besides biological contribution to CT changes, this suggests that physical processes play a key role in modulating the CT content. In addition, the possible occurrence of a more regeneration-dominated system could be suggested to explain the observed CT content variability [Marty and Chiaverini, 2002].





5 Long-term temporal changes of the carbonate system within the mixed layer



5.1 Determination of the CO2 system trends

In the NW Mediterranean Sea, seasonal cycles of carbonate chemistry parameters presented almost similar functioning at ANTARES and DYFAMED. This section will focus on the long-term variability and evaluate whether both sites are analogous in terms of carbonate chemistry changes over ten years.

For the global surface ocean, Lauvset et al. (2015) evaluated contrasting fCO2 and pHT trends between 1991 and 2011 with values ranging from +0.23 to +3.51 µatm.a−1 for fCO2, and between -0.0010 and -0.0027 pH unit.a−1 for pHT. Based on seven oceanic long-term time-series analyses, Bates et al. (2014) reported decreasing trends for pHT varying between -0.0013 and -0.0026 pH unit.a−1 and increasing CT trends ranging between +0.64 and +1.78 µmol.kg−1.a−1. At the DYFAMED site, previous studies reported decreasing trends for the pH in subsurface waters (-0.0022 pH unit.a−1 – Merlivat et al. (2018); -0.0030 pH unit.a−1 – Marcellin Yao et al. (2016)) and increasing trends for CT (1.40 ± 0.15 µmol.kg−1.a−1 – Merlivat et al. (2018)). By combining different datasets acquired between 1998 and 2016 from coastal and open ocean sites in the Ligurian Sea, Coppola et al. (2020) reported positive surface trends for both CT and pCO2 equal to 0.59 ± 0.34 µmol.kg−1.a−1 and 3.3 ± 0.7 µatm.a−1, respectively, and a pH annual decrease of -0.0030 ± 0.0010 pH unit (between 0 and 20 meters).

Using the raw datasets at ANTARES and DYFAMED, an increase in CT within the mixed layer between 2010 and 2019 of +3.8 ± 1.4 µmol.kg−1.a−1 at ANTARES and +2.4 ± 1.1 µmol.kg−1.a−1 at DYFAMED was estimated (Table 3). Trends were not significant for pCO2IS and pHIS at DYFAMED. Moreover, no significant trends were observed for either AT or NAT at either site. Due to the strong seasonal cycle affecting the CT content (but also the pCO2 and pH), the trends reported could be affected by the data distribution along the year. To address this issue, datasets have been “deseasonnalised”. This analytical procedure allows the comparison of trends with different increments and lengths [Wanninkhof et al., 2019]. The long-term temporal trends have been calculated using the residual between the harmonic fits and measured values. At both sites, the deseasonnalised datasets were significantly different (t-test according to the significance of the test (p-value) and the degree of freedom (df) obtained) in comparison with the raw datasets for CT, pCO2IS and pHIS (Figure 6). Based on the deseasonnalised datasets, significant increases in CT (+3.2 ± 0.9 µmol.kg−1.a−1 – ANTARES; +1.6 ± 0.8 µmol.kg−1.a−1 – DYFAMED), seawater pCO2IS (+5.5 ± 1.8 µatm.a−1 – ANTARES; +2.5 ± 1.0 µatm.a−1 – DYFAMED) and decreases in pHIS (-0.0045 ± 0.0015 pH unit.a−1 – ANTARES; -0.0022 ± 0.0009 pH unit.a−1 – DYFAMED) have been measured within the mixed layer between 2010 and 2019 (Figure 6, Table 3). This confirms that the estimation of long-term trends is impacted by the seasonal variability of the environmental parameters, and it supports the deseasonnalisation procedure used in this study to calculate the temporal trends. Nevertheless, trend estimates for DYFAMED are in good agreement with previous estimates at this site [e.g., Merlivat et al., 2018; Coppola et al., 2020], whereas the trends calculated at the ANTARES site are significantly higher than at DYFAMED. Recently, Sutton et al. (2022) proposed new best practices for assessing trends of ocean acidification time-series. For the first time, several trend analysis techniques that have been published in the past have been packaged together into a set of best practices. Through a unique and new 6-step sequence of procedures, a new best practice for assessing and reporting ocean acidification trends as well as variability in ocean carbonate has been proposed. By applying these trend analysis techniques to the ANTARES and DYFAMED datasets, significant decreases in pHIS of -0.0060 ± 0.0012 pH unit.a−1 (n=42, p=1.9×10-5) and -0.0018 ± 0.0009 pH unit.a−1 (n=58, p=4.6×10-2), respectively, have been obtained. Trends assessed following this procedure are in agreement with the ones derived using the deseasonalised datasets, confirming a higher seawater pH decrease at ANTARES than at DYFAMED.


Table 3 | Estimated annual trend for CT based on different estimation methods.






Figure 6 | Temporal variation at the DYFAMED [blue dots, (A-C)] and ANTARES [red dots, (D-F)] sites of the residuals of total dissolved inorganic carbon (CT - µmol.kg−1; a and d), the residuals of partial pressure of CO2 measured at in situ temperature [pCO2IS - µatm; (B, E)] and the residuals of pH measured at in situ temperature [pHIS; (C, F)] within the mixed layer. Residuals were calculated by subtracting the harmonic fit values from the measured values. Estimated trends are obtained from the slope values of a linear regression between the studied parameters and time. In addition, the estimated annual changes considering air-sea equilibrium have been added for each parameter with the dotted lines. The confidence interval has been added for each trend with the coefficient of determination (r2), the number of values used (n) and the significance of the trend (p-value).



Due to rough weather conditions, the ANTARES sampling site has experienced more cruise cancellations than DYFAMED. To test the impact of this reduced number of cruises at ANTARES on the calculated temporal trends, the DYFAMED dataset was filtered to follow the same sampling grid than the ANTARES one (Table 3). Considering the resulting CT trend, the difference between the CT changes at ANTARES and DYFAMED remains, confirming that the difference in trends cannot be attributed to the reduced number of cruises at ANTARES.

The NW Mediterranean Sea encounters major convection events during the winter with a clear deepening of the MLD [e.g., Marty and Chiaverini, 2010; Pasqueron de Fommervault et al., 2015; Merlivat et al., 2018]. In recent years, deep-water mixing events as well as marine heat waves have been reported in the GoL and the Ligurian Sea [e.g., Houpert et al., 2016; Juza et al., 2022]. In this study, we particularly observed MLD deepening in 2012, 2013 and 2018 (see Figure 1 of the Supplementary Material and Section 1). To estimate the impact of these episodes on the long-term trends, temporal changes in CT have been calculated by removing each of these years (Table 3). At the DYFAMED site, slightly higher trends are reported when each year is removed. At ANTARES, except for the year 2018 which decreases the CT trend, no significant change can be reported. Thus, particular years of deep-water mixing have marginal impacts on the temporal trends. When removing those peculiar years from long-term trends calculations, the increasing CT trend is significantly higher at DYFAMED. This could be attributed to the marked injection of nutrients from the deep-water stock into the upper water column that could sustain more primary production and lead to a decrease in the CT content after the mixing event [Marty and Chiaverini, 2010]. Somehow, this indicates that the carbonate parameters variability is controlled and softened, at the decadal scale, by intense winter mixing [Touratier et al., 2016].

In the coming decades, a weakening of the vertical mixing and dense water formation processes is predicted in the North Western Mediterranean Sea in the context of climate change [e.g., Somot et al., 2006]. In addition, the projected warmer Mediterranean Sea [e.g, Nykjaer, 2009] is expected to be more stratified and oligotrophic as a result of the decreasing nutrients supplied by rivers [e.g., Pagès et al., 2020]. In consequence, based on these projections, a reduction in the O2 supply to the intermediate and deep waters would be observed and the annual CT variation in surface waters due to primary production processes would be reduced leading to an increase in the CT content [Reale et al., 2022]. These 10-year time-series highlight that additional measurements will be necessary in time to determine long-term trends while supporting the urgent need for sustained observations from time-series stations to understand the climate change-related consequences the Mediterranean Sea is facing.




5.2 Contribution of anthropogenic CO2

Between 2010 and 2019, a mean annual increase of 2.41 ± 0.11 µatm.a−1 in pCO2ATM has been recorded at the Lampedusa site [equivalent to the trend recorded at global scale; Dlugokencky et al. (2021)]. To estimate the sensitivity of the calculated trends to the increase in atmospheric CO2, the increase in pCO2ATM was assumed to be equivalent to an increase in surface ocean pCO2 (Figure 6). Considering the mean salinity, temperature, and alkalinity values for each site, if an air-sea equilibrium is assumed, corresponding changes in CT would be equal to 1.30 µmol.kg−1.a−1 at both sites. Considering the trends of CT measured at both sites, the contribution due to ocean uptake of atmospheric CO2 over the last 10 years explains most of the CT increase at DYFAMED, while it accounts for about half of the CT increase at ANTARES.

The increase in atmospheric pCO2 during the last 10 years may induce a shift in the status of sink or source for atmospheric CO2. Cossarini et al. (2021), through a reanalysis of the Mediterranean Sea biogeochemistry that covers the period 1999–2019, reported a slight shift in CO2 behavior from a source to a sink of atmospheric CO2 over the last decade in the open sea areas. Estimation of the temporal pCO2 excess (ΔpCO2) variability at the ANTARES and DYFAMED sites, represented in Figure 7, shows positive ΔpCO2 values (a “source” status) in summer and spring and negative values (a “sink” status) in winter and autumn at both sites. It should be noted, however, that rigorous estimates of air-sea fluxes need to take into account wind speed, as they induce modulations in the air-sea gas transfer velocities [Ho et al., 2006]. It is also worth noting that the datasets, by merging measurements acquired during convective events years and low-resolution sampling grids, induce several limitations. Nevertheless, previous estimates based on in situ data measured at the DYFAMED site reported the same seasonal pattern for air-sea CO2 fluxes [e.g., Bégovic and Copin-Montégut, 2002]. At the studied sites, while the pCO2IS temporal trends reported are higher than the increase in the pCO2ATM [Dlugokencky et al., 2021], no clear temporal trend was observed for ΔpCO2 at either site.




Figure 7 | Time-series observations of the residuals of the pCO2 excess calculated as: ΔpCO2 = pCO2IS - pCO2ATM. Residuals have been calculated by subtracting from the measured values the values obtained by harmonic fit. Atmospheric partial pressure of CO2 recorded at the Lampedusa site from January 2010 to December 2019 [Dlugokencky et al., 2021] were used. A negative ΔpCO2 indicates potential fluxes directed from the atmosphere to the ocean, and a positive ΔpCO2 indicates potential fluxes directed from the ocean to the atmosphere. When no data were acquired during three consecutive months, dots were joined by dotted lines.



This suggests that, over this 10-year period, mechanisms of control seem to counterbalance the increasing atmospheric pCO2 trend. Nonetheless, it can be noticed that, in the future, higher seawater pCO2IS values can be expected in response to the warming tendency of the Mediterranean Sea waters [e.g, Nykjaer, 2009], with a concomitant increase of the stratification of the water column [e.g, Somot et al., 2006] that could lead to significant ΔpCO2 changes. Water exchanges at the Strait of Gibraltar result in anthropogenic carbon (CANT) input from the Atlantic towards the Mediterranean Sea [Flecha et al., 2012] as the surface waters in the Atlantic Ocean are enriched in CANT with respect to the Mediterranean outflow waters. Recently, Flecha et al. (2019) estimated an annual rate of anthropogenic carbon flux across the Strait of Gibraltar of 1.5 ± 0.6 µmol kg−1.a−1 between 2005 and 2015. While the CANT outflow towards the Atlantic should be considered to correctly calculate the CANT enrichment of the Mediterranean Sea, this CANT input needs to be considered to explain the CT increase recorded in the NW Mediterranean Sea. Nevertheless, even if this input of anthropogenic carbon is considered as a potential source to explain the measured temporal trend, a discrepancy between the two sites remains.




5.3 Does the Northern Current impact the temporal trends?

Based on several scenarios and trend calculations, and even when considering uncertainties [Millero, 1995; Orr et al., 2018] of the measured (AT, CT) and calculated parameters (pCO2IS, pH), the singularity of the ANTARES site has been highlighted in the previous sections. Nonetheless, the difference between the ANTARES long-term trends and previous estimates, including the DYFAMED time-series, remains to explain. Besides the error associated with these estimates, the ANTARES sampling site location can be considered as a possible explanation. Whereas the DYFAMED site is clearly situated in the open ocean (see Section 3.1.), the ANTARES site is located at the edge of the Ligurian Sea and the GoL, and is located often in the core of the NC (Figure 3) that flows along the continental slope with a seasonal variability and carries fresher AW [Bourg and Molcard, 2021]. In consequence, variability is induced by the path of the NC front that can be sampled at the ANTARES site (Figures 3C, D). The NC structure transports waters with a clear oligotrophic signal [Ross et al., 2016], a fresher signature of Atlantic origin, and also has frontal instabilities that have been associated with a Chl a filament signal near the outer boundary [Niewiadomska et al., 2008; Bosse et al., 2021]. By selecting only the data recorded in the inner side of the NC, a higher CT trend of +5.3 ± 1.8 µmol.kg−1.a−1 (n = 16, p-value = 7.7×10−3, r2 = 0.33) has been recorded. Conversely, a CT trend of +3.5 ± 1.2 µmol.kg−1.a−1 (n = 19, p-value = 7.8×10−3, r2 = 0.28) is obtained when data in the outside part of the NC are considered. When using a distance criterion varying between 2 and 5 kilometers around or outside the NC core to derive CT trends, temporal changes vary between +4.1 ± 1.2 µmol.kg−1.a−1 (n = 23, p-value = 2.2×10−3, r2 = 0.31; ± 5 kilometers around the NC core) and +3.6 ± 1.2 µmol.kg−1.a−1 (n = 26, p-value = 6.8×10−3, r2 = 0.22; ± 2 kilometers outside the NC core). Thus, and even if the temporal trends are impacted by the distance criterion selected, CT trends at ANTARES remain higher than at DYFAMED. This highlights the importance of the sampling location on the estimated trends as coastal environments, or frontal systems associated with the boundary circulation, are more prone to be impacted by biological processes but also land-sea exchanges that could produce regime-shifts in the local biogeochemistry and modify the alkalinity content. These trend estimates highlight the noticeable impact of the sampling site locations with regard to physical structures to derive long-term temporal changes. Indeed, the NC likely plays a key role in lateral transport along the shore, but also as a barrier across the shore for biogeochemical tracers, with important consequences for the estimated temporal trends in the upper water (between 0 and ca. 300 dbars) column where its signal is present [Albérola et al., 1995].





6 Conclusions

Long-term observations of carbonate chemistry at the ANTARES and DYFAMED sites in the NW Mediterranean Sea confirmed previous estimates and showed that the seasonal variability of carbonate parameters is alternatively driven by temperature changes and non-thermal factors, mainly represented by biological processes and vertical exchanges. In addition, this study compares, for the first time, long-term trends acquired in the Ligurian Sea at these two sites. Over the last 10 years, increasing trends in CT and pCO2IS and decreasing trends in pHIS have been reported. Nevertheless, the ANTARES long-term observations, which are affected by the NC variability, are higher than those reported elsewhere in the studied area. Since geostrophic currents and mesoscale features are observed throughout the whole NW Mediterranean Sea, this study has reported their influence on the carbonate system parameters and the need to study physical forcings to accurately predict their impact on the carbon cycle. By deciphering seasonal and decadal changes, this study exhibits the duality of the two studied sites: on seasonal timescales, the same factors seem to drive the variability, but on decadal timescales, significant differences are observed between the long-term trends and the two sites are impacted by distinct processes.

In light of the findings of this study, it appears that fixed, long-term time-series are essential, but not sufficient to understand the processes influencing the carbonate system trends. For the future, to get a better insight into the interannual and seasonal variability in the NW Mediterranean Sea, and the specific hydrological conditions observed at ANTARES, further, dedicated studies such as repeated Lagrangian observations of carbonate systems are needed for a better understanding of the processes influencing CT evolution, and to better constraint the regional evolution of air-sea CO2 fluxes.
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Ocean physical and biogeochemical conditions are rapidly changing over time. Forty years of observations from 1983 to 2023 collected at the Bermuda Atlantic Time-series Study (BATS) site near Bermuda in the North Atlantic Ocean shows continuing trends of surface warming, increase in salinity, loss of dissolved oxygen (DO), increase in carbon dioxide (CO2), and ocean acidification (OA) effects. Over this period, the ocean has warmed by about +1°C, increased in salinity by +0.136, and lost DO by 12.5 µmol kg−1 or ~6%. Since the 1980s, ocean dissolved inorganic carbon (DIC), total alkalinity (TA), a tracer of anthropogenic CO2 (CTrOCA), and fugacities/partial pressures of CO2 (i.e., fCO2 and pCO2) have continued to increase substantially, with no evidence of a reduction in the rates of change over time. Contemporaneously, ocean pH has decreased by ~0.1 pH units [with ocean acidity (i.e., H+) increasing by >30%], and the saturation states of calcium carbonate minerals (Ωcalcite and Ωaragonite) have decreased. These OA indicators show that the chemical conditions for calcification have become less favorable over the past 40 years. Updating of data and trends at the BATS site show how ocean chemistry of the 2020s is now outside the range observed in the 1980s, and how essential these data are for predicting the response of ocean chemistry and marine ecosystems to future shifting earth and ocean conditions.
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1 Introduction

The environmental challenges facing the global oceans are multifold, synergistic, and complex (e.g., Doney et al., 2014; Lenton et al., 2019; Armstrong-McKay et al., 2022). Ocean warming, the rise in ocean heat content, and changes in the global hydrological cycle have continued over the past several decades (e.g., Cheng et al., 2022a; Cheng et al., 2022b; Cheng et al., 2023) with profound implications for ocean circulation (e.g., Jackson et al., 2022). The decrease in ocean dissolved oxygen (DO) concentration (Keeling and Garcia, 2002), a process termed “ocean deoxygenation” (Keeling et al., 2010; Stramma and Schmidtko, 2019), also contributes to a complex interaction of environmental issues [e.g., warming; salinification and changes in the global ocean water cycle; nutrient supply, eutrophication, and changes in ocean ecosystem; and ocean acidification (OA)] that has future synergistic implications for the state of the global ocean (e.g., Doney et al., 2009; Boyd and Hutchins, 2012; Boyd et al., 2018; Glibert et al., 2022).

OA has also emerged as a threat of global significance for ocean chemistry and marine ecosystems (Caldeira and Wickett, 2003) and interrelated to ocean warming, salinification/freshening, and ocean deoxygenation. The substantial uptake of CO2 into the oceans (e.g., Sabine et al., 2004; Khatiwala et al., 2013; Gruber et al., 2019) contributes to OA as emissions of anthropogenic carbon dioxide (CO2) to the atmosphere from a multitude of sources (i.e., fossil fuel use, cement and lime manufacture, and terrestrial ecological and land-use changes, Friedlingstein et al., 2019; Friedlingstein et al., 2020; Friedlingstein et al., 2022; Gruber et al., 2023) continue to rise. The consequential ocean absorption of anthropogenic CO2 modifies seawater chemistry through the shifting of CO2-carbonate chemical equilibria and the reduction in seawater pH. In addition, the reduction in the saturation states for calcium carbonate (CaCO3) minerals (i.e., Ω) such as calcite (Ωcalcite) and aragonite (Ωaragonite, Bates et al., 2014; Bates and Johnson, 2020) have both direct impacts for marine calcification and CaCO3 dissolution.

In the North Atlantic Ocean, physical and biogeochemical conditions are rapidly changing over time. An earlier paper by Bates and Johnson (2020) showed the variability of ocean physics and chemistry changes at two open-ocean hydrographic/biogeochemical sites [i.e., Bermuda Atlantic Time-series Study (BATS), and Hydrostation S] (Schroeder and Stommel, 1969) and one deep ocean flux site (Ocean Flux Program, OFP) near the island of Bermuda (Figure 1). The merged BATS and Hydrostation S data from 1983 provide the longest global ocean time-series record of warming in the surface ocean, increasing salinity (i.e., salinification), loss of oxygen (i.e., deoxygenation), and ocean carbon dioxide (CO2)-carbonate chemistry change that impact OA.




Figure 1 | Location map of the island of Bermuda and two ocean time-series (Hydrostation S, 1954 to present; and the Bermuda Atlantic Time-series, BATS, 1988 to present) sites. The position of the Ocean Flux Program (OFP, 1978 to present; deep ocean sediment trap program) is also shown. Ruth Curry is thanked for the main panel figure which is modified here. The inset figure is modified from a figure in Bates and Johnson (2020).



The BATS project is one of several ship-based long-term physical and biogeochemical time-series sites operating in the deep open ocean (Bates et al., 2014; Bates and Johnson, 2022; Sutton et al., 2022; Lange et al., 2023). The sustained observations collected at the BATS and Hydrostation S site spans 40 years from 1983 to 2023. In this paper, we demonstrate ocean physical changes and show that surface ocean biogeochemical parameters continue to increase substantially with no evidence of reduction in the rates of change over time. This paper also serves as a primer for this special issue on the physical seawater and marine ecological changes associated with OA. Updating of data and trends at BATS show how ocean chemistry of the 2020s in the North Atlantic subtropical gyre is now outside the seasonal range observed in the 1980s (Bates, 2017; Bates and Johnson, 2022), and also how essential these data are for predicting the future response of ocean chemistry/biogeochemistry and marine ecology to rapidly changing shifting Earth and ocean conditions.




2 Ocean observations, sampling, and methods



2.1 Ocean observations in the Sargasso Sea

Surface and water column ocean data between 1983 and 2023 were collected at two sustained ocean time-series sites in the Sargasso Sea (North Atlantic Ocean) off the island of Bermuda. Hydrostation S (also termed as the Panulirus site in earlier years) is located at an ocean site approximately 25 km southeast of the island Bermuda (at ~32°10’N, 64°30’W) in the Sargasso Sea, which is part of the oligotrophic gyre of the North Atlantic Ocean. The BATS site is located ~80 km southeast of the island (at ~31°40′N, 64°10′W; Michaels and Knap, 1996) with comprehensive monthly sampling of ocean physics, chemistry, and biology collected since October 1988 onwards (from surface to ~4,200 m deep; Knap et al., 1997; Michaels and Knap, 1996; Steinberg et al., 2001; Lomas et al., 2013; Bates and Johnson, 2022).




2.2 Water sampling, temperature, and CTD measurements

Ship-based sampling at Hydrostation S sampling consists of biweekly hydrographic observations of temperature, salinity, and DO from the surface to ~3,200 m deep since 1954 (Menzel and Ryther, 1960; Phillips and Joyce, 2007). At Hydrostation S, multiple conductivity–temperature–depth (CTD) profiles and hydrocast seawater sampling were conducted through the water column from the surface to ~2,600 m, with sampling at 24 depths. Reversing mercury thermometers were used for thermometric depth between 1983 and 1988. Since 1988, the CTD package has consisted of dual conductivity, dual temperature, and altimeter, and dual DO, transmissometer, fluorometer, and PAR sensor measurements [and using a Sea-Bird 9/11 system extended to full ocean depth at Hydrostation S (~2,600 m) and BATS (~4,500 m)]. The BATS site has been occupied at monthly intervals (biweekly in the January to April period) with multiple CTD profiles and hydrocasts from the surface to 4,500 m deep, with seawater sampling at 36 depths.

Seawater sampling was originally conducted using Nansen bottles until the early 1980s, then replaced with 5- L Niskin samplers until October 1988. Since the late 1980s, a Sea-Bird 9/11 CTD, typically equipped with 12-L Niskin and Ocean Test Equipment (OTE) samplers have been used for physical and biogeochemical sampling at the Hydrostation S and BATS sites (Knap et al., 1997; Bates and Johnson, 2022; Lopez et al., 2023). The seawater sampling order is DO samples, which were the first samples collected after opening of the Niskin/OTE bottles, followed by carbonate-CO2 chemistry, salinity, inorganic nutrients (i.e., for nitrate + nitrite, phosphate and silicate), and other parameters.




2.3 Chemical determination of salinity

Seawater samples for salinity have been collected from the Niskin/OTE bottles from all depths into 125- to 250-mL borosilicate or soda glass bottles (Ocean Scientific, UK). The determination of salinity has been made with a variety of Guildline salinometers (i.e., models 8500A and 8500B) in a temperature-controlled laboratory at the Bermuda Institute of Ocean Sciences (BIOS). Salinity measurements for both BATS and Hydrostation S samples were routinely calibrated with IAPSO standard water (Knap et al., 1997; Bates and Johnson, 2022; Lopez et al., 2023) with an imprecision of<0.002 salinity units. Deep-water replicate samples from >2,000 m also have an imprecision of<0.002. BATS and Hydrostation S bottle salinity measurements from each cruise are also used to calibrate shipboard CTD SBE conductivity sensors and profiles.




2.4 Chemical determination of dissolved oxygen

Seawater DO samples were analyzed on board the ship within 3 to 4 hours of collection. Since October 1988, a series of automated chemical titration systems have been used (1988–present) and based on the long-time established method proposed by Winkler (1888; modified by Strickland and Parsons, 1968). Since 1994, we have used an automated temperature-controlled titration system that was developed by Scripps Institution of Oceanography. This system comprises a Metrohm 665 Dosimat burette for highly precise delivery of the sodium thiosulfate (0.18 M: reagent grade) and an ultraviolet light endpoint detector, with analysis withing 3 to 24 hours of sampling. Amanual endpoint detection was used for earlier samples (1983–1988). The replicate precision of DO analyses has been ~0.1 µmol kg−1.




2.5 Chemical determination of dissolved inorganic carbon and total alkalinity

In this paper, dissolved inorganic carbon (DIC) and total alkalinity (TA) samples were chemically determined at BIOS and defined as follows. Here, DIC is defined as:



The term [CO2*] is defined as the sum of dissolved H2CO3 (carbonic acid) and CO2 (carbon dioxide. The chemical definition of TA in seawater is:



The concentrations of   represent the primary chemical constituents of alkalinity in seawater, and the primary contributors to the proton/charge balance of seawater (Zeebe and Wolf-Gladrow, 2001; Dickson et al., 2007; Millero, 2013). The units for DIC and TA are µmol kg−1 (Dickson et al., 2007; and references therein).

Details on seawater collection, types of bottles used, and details of earlier chemical analysis are given elsewhere (Keeling, 1993; Bates et al., 1996a; Bates et al., 1996b; Bates, 2001; Bates and Johnson, 2022; Bates et al., 2002; Brix et al., 2004). BATS samples for DIC and TA were typically analyzed within 2 to 3 months of collection.

Seawater TA samples were analyzed using potentiometric titration methods (Bates et al., 1996b). Initially, a manual alkalinity titrator was used in the early 1990s, but replaced by an automated system in the early 2000s (i.e., VINDTA 2S, Versatile Instrument for the Determination of Titration Alkalinity; Bates et al., 2012). TA was determined using the recommended nonlinear least-squares method (Dickson et al., 2007) and 15 to 20 titration points past the carbonic acid endpoint. Certified reference material (CRM) seawater (prepared by A.G. Dickson, Scripps Institution of Oceanography; https://www.dickson.ucsd.edu) was analyzed each sample run, and the former was used for TA calibration from 1992 along with replicate surface Sargasso Sea seawater.

Seawater DIC samples were analyzed using coulometric methods with a SOMMA system (Bates et al., 1996a; Dickson et al., 2007) from 1992 to 2001 at BIOS and with a series of VINDTA 3C systems from 2002 onwards. During the first 2 years of sampling, DIC samples were analyzed at Woods Hole Oceanographic Institution (WHOI) (e.g., BATS cruise 1 to 21) and subsequently at BIOS. DIC measurements were calibrated with known volumes of pure CO2 gas while certified reference materials (CRM’s) were routinely analyzed each day of analysis from 1991. Hydrostation S samples were analyzed at Scripps Institution of Oceanography using manometric methods (1983 to 1988; Keeling, 1993), and BATS samples were collected from 1988 to 1991 at WHOI (Catherine Goyet analyzed these samples for BIOS). As with TA, CRM seawater samples were routinely analyzed during each sample run for calibration and comparison purposes. No significant bias was reported between the chemical methods used to determine DIC (Bates et al., 2012).

The analytical replicate precision for DIC and TA at BIOS was typically<0.03% and<0.05%, for more than 6,000 samples. The analytical accuracy for DIC and TA samples was better than 0.1% (typically ±1 to 2 μmol kg−1) using several thousand CRM samples from 1992 to the present.




2.6 Seawater CO2-carbonate chemistry computation and uncertainties

All the components of the seawater CO2-carbonate system {i.e., [CO2], [H2CO3],  ,  , [H+] or hydrogen ion concentration, fCO2 (fugacity of CO2), pCO2 (partial pressure of CO2), Revelle factor (β), pH, calcium carbonate (CaCO3), and mineral saturation state for calcite (Ωcalcite) and aragonite (Ωaragonite)} were determined from the measurement of DIC and TA along with in situ temperature and salinity data (i.e., Zeebe and Wolf-Gladrow, 2001; Dickson et al., 2007; Millero, 2013) and using program CO2calc (Robbins et al., 2010; CO2-sys version 2.1). Here, the carbonic acid dissociation constants (i.e., pK1 and pK2) of Mehrbach et al. (1973), as refit by Dickson and Millero (1987), were used. The dissociation constants for KHSO4− (Dickson, 1990) and borate ([B]T, Lee et al., 2010) were used. The analytical uncertainty of DIC and TA was ±1 µmol kg−1 with the computation error for fCO2, pH, and Ωcalcite and Ωaragonite estimated at 3 µatm, 0.003, 0.018, and 0.012, respectively (Bates et al., 2012; Orr et al., 2018; Bates and Johnson, 2020).

Seawater fCO2 data were primarily used in this paper (as with the Surface Ocean Carbon Atlas, SOCAT; https://socat.info/), as well as the partial pressure of CO2 (i.e., pCO2). pH is expressed on the seawater scale (Dickson et al., 2007). The Revelle factor (β), pH, Ωcalcite, and Ωaragonite do not have units and are dimensionless. Here, β = ∂ ln fCO2/∂ ln DIC (Bates et al., 2012). Salinity-normalized DIC (i.e., nDIC) and TA (i.e., nTA) data are also useful indicators of long-term changes and represent DIC and TA normalized to a mean salinity of 36.6 (i.e., the average salinity value of Sargasso Sea surface waters, 0–10 m).




2.7 Determination of seawater
biogeochemistry tracer CTrOCA using the TrOCA method

Unfortunately, water mass age data that allow direct computation of anthropogenic CO2 such as C* were never collected at the BATS or Hydrostation S site. In this paper, we use the TrOCA (Tracer combining Oxygen, inorganic Carbon, and total Alkalinity) method (Touratier and Goyet, 2004a; Touratier and Goyet, 2004b; Touratier et al., 2007), which has been used as a method to estimate anthropogenic carbon (CANT). Here, TrOCA is defined as the following (Touratier et al., 2007), but we use the term CTrOCA rather than CANT to reflect the use of this term as a quasi-conservative tracer to illustrate long-term changes in CO2-carbonate chemistry:

	

where θ is the potential temperature. DO, DIC, and TA data are expressed as µmol kg−1. TrOCA values account for both biological (e.g., remineralization of organic matter) and abiotic processes (e.g., precipitation/dissolution of CaCO3) and with an uncertainty of ~6 µmol kg−1 (Touratier et al., 2007). TrOCA is not used in the upper 200 m for CANT estimation due to variability associated with biological changes (and influence on DO, nitrate, phosphate, and DIC) and air–sea gas exchange. It is important to note that CTrOCA values given here do not represent accurate estimates of anthropogenic CO2. It should be noted that it may be possible to determine CANT at biogeochemically well-constrained time-series sites such as BATS.




2.8 Ocean physics, biogeochemistry, and ocean acidification trends

Here, surface (0–10 m) data from the Hydrostation S (1983–1989) and BATS (1988–2023) sites are used in the synthesis for the paper. As noted in earlier papers, there is an increase in sampling frequency over time that can non-seasonally alias estimated trends (sampling has increased from 9 to 12 times a year before 1992 and 14 to 15 times a year afterwards; Bates et al., 2014; Bates and Johnson, 2020).

Trend analysis was performed with observed data and, importantly, seasonally detrended data (Table 1). All data were seasonally detrended as previously done as a best practices approach (Bates et al., 2014; Bates and Johnson, 2020; Sutton et al., 2022) with observed and calculated data that are binned into months (i.e., January, February, etc.) for the period 1983 to 2023 and a uniform time step of ~1 month (i.e., 365 or 366 days/12). A climatological mean and standard deviation were then determined, and anomalies were computed from observed data minus the statistical mean monthly climatological value. This treatment for seasonal weighting of data allows for the reduction of any non-temporal uniformity of data in subsequent trend analysis (Sutton et al., 2022).


Table 1 | Seasonally detrended analysis of rates of change of physical properties, seawater CO2-carbonate chemistry, and OA indicators at BATS-Hydrostation S (1983–2023).



Trend analysis for the period from 1983 to 2023 was determined using linear regression methods with physical and biogeochemical data as the dependent variable and time as the independent; p-values<0.01 were used to determine the statistical significance of the trend (Excel data analysis regression). The statistics generated from least-squares regression approaches were slope, coefficients, error, multiple r, r2, p-value, and n (Table 1). All trends for the period from 1983 to 2023 (Table 1) were statistically significant at greater than the 99% percentile (two-level t-test, p-values<0.01). This synthesis includes trends for temperature, salinity, DO, DIC, nDIC, CTrOCA, TA, nTA, fCO2, pCO2, β (Revelle factor), pH, and Ωcalcite and Ωaragonite (Table 1).




2.9 BATS and Hydrostation S data availability statement

The BATS and Hydrostation S data represent monthly and twice-monthly sampling since October 1988 (twice monthly from 1983 at Hydrostation S). Both BATS and Hydrostation S data are publicly available at https://bats.bios.edu/data/ and permanently archived/distributed at BCO-DMO (Biological and Chemical Oceanography Data Management Office; Woods Hole, USA) with doi’s issued for data (https://www.bco-dmo.org/project/2124). While BATS and Hydrostation S data are made available without any restrictions through BCO-DMO, users of these data should adhere to FAIR (findability, accessibility, interoperability, and reusability) data use principles, and we encourage contact if there are any uncertainties regarding methodological details or interpretation of datasets. This paper and others (e.g., Bates and Johnson, 2020) and original datasets with their doi’s should be cited in any resulting scientific publication from the usage of BATS and Hydrostation S data, as done with other ocean biogeochemical datasets such as SOCAT or Surface Ocean Carbon Atlas (Bakker et al., 2016) and SPOTS or Synthesis Product for Ocean Time-series (Sutton et al., 2022; Lange et al., 2023).





3 Results and discussion



3.1 Surface ocean warming, salinification, and deoxygenation in the Sargasso Sea (1993–2023)

The seasonality of the Sargasso Sea has been well documented ever since Menzel and Ryther (1960) documented the annual cycle of physics and biology in the upper ocean off the island of Bermuda. Since the early 1960s, sustained observations at BATS and Hydrostation S have revealed complex linkages and interactions between local-scale physics (e.g., eddies, McGillicuddy et al., 1999; subtropical mode water formation, Stevens et al., 2020) with the biology and biogeochemistry of the Sargasso Sea (i.e., the North Atlantic subtropical gyre) and the whole North Atlantic Ocean–Arctic Ocean system (e.g., Lomas et al., 2013; Bates and Johnson, 2020; Lomas et al., 2022). The surface of the Sargasso Sea shows a typical seasonality of temperature with a range of ~9–11°C and with summertime highs of ~28–30°C (Figure 2A) and wintertime lows of ~18–20°C. Surface salinities are higher in wintertime (~36.67) and fresher in summer (~36.45) with a seasonal range of ~0.2 to ~0.3 (Figure 2B). The seasonality in salinity generally reflects freshening associated with precipitation in the summertime distributed within a shallower mixed layer (~20–30 m), while precipitation in the wintertime is distributed through a much deeper mixed layer (~100–300 m; Michaels and Knap, 1996; Lomas et al., 2013).




Figure 2 | Hovmuller plot of surface physical and biogeochemistry at BATS (1988–2023) with earlier data (1983–1988) from Hydrostation S. (A) Temperature (°C); (B) salinity; (C) dissolved oxygen, DO (µmol kg−1); (D) total alkalinity, TA (µmol kg−1); (E) DIC (µmol kg−1); (F) CTrOCA (µmol kg−1).



Surface DO also exhibits a typical seasonality of ~30–40 µmol kg−1 with wintertime highs of 240 µmol kg−1 and summertime lows of ~200 µmol kg−1 (Figure 2C; note that wintertime DO values were high before 1990). The wintertime higher DO levels are generally associated with higher rates of primary production (Michaels and Knap, 1996; Lomas et al., 2013). Lower DO levels in the summertime are typically associated with lower rates of primary production, stratification, and warmer temperatures and efflux of oxygen from the ocean (Lomas et al., 2013). Similar seasonality of temperature, salinity, and DO has been shown elsewhere (Bates and Johnson, 2020).

From 1983 to the present, surface temperatures have increased at BATS by ~+0.24°C ± 0.04°C per decade and over the past 40 years by +0.97 ± 0.15°C (Figure 3A). As noted by Cheng et al. (2023), long-term trends represent the best data and metrics to quantify climate and ocean changes. The gradual rise in ocean temperatures is an inevitable outcome of Earth’s energy balance, with a faster rate of warming since the 1990s (Cheng et al., 2022a; Cheng et al., 2022b). The warming and increasing stratification of the upper ocean in the Sargasso Sea has been reported with earlier datasets (Bates and Johnson, 2020; Lomas et al., 2022), but here, the warming reported is of sufficient length of time to be statistically significant (Table 1). Since the Bates and Johnson (2020) paper reported a ~0.21°C per decade warming (1983 to 2019 data), this rate of warming has increased to +0.24°C per decade with the addition of 4 years of recent data.




Figure 3 | Seasonally detrended seawater properties collected at the BATS site (1988–2023) and combined with earlier data from Hydrostation S (1983–1988). (A) Surface temperature anomalies (Δtemperature; °C) over time. (B) Surface salinity anomalies over time (Δsalinity). (C) Surface dissolved oxygen DO anomalies (ΔDO; µmol kg−1) over time.



Over the past 40 years, surface salinity increased by ~+0.034 ± 0.005 per decade and by +0.136 ± 0.020 from 1983 to 2023. As with the rate of change of temperature at BATS, salinification has also increased at a faster pace recently when comparing rates of +0.029 (Bates and Johnson; 1983-2019) to the rate (+0.034) computed from this extended dataset (i.e., 1983–2023; Table 1; Figure 3B). Recently, Cheng et al. (2020) proposed the Salinity-Contrast (SC) index as a useful way to show the reorganization and amplification of the global hydrological cycle. The SC index is a manifestation of the “salty gets saltier and fresh gets fresher” ocean changes as evidenced by long-term regional and hemispheric differences in the ocean. It is based on the difference in monthly average salinity between high-latitude and low-latitude regions. Cheng et al. (2023) report that the SC index has continued to increase, and compared to a 1981–2010 baseline, the North Atlantic has become saltier. This long-term change in the global hydrological cycle has been observed at BATS, and the “saltiness” of the subtropical gyre continues to increase.

With a broader regional context, warming and increasing heat content of the upper ocean is also observed in the eastern subtropical gyre (e.g., Villarino et al., 2020; Siemer et al., 2021) and subpolar gyre of the North Atlantic Ocean (e.g., Desbruyères et al., 2021; Josey and Sinha, 2022; Rousseau et al., 2023). It should also be noted that the formation rates of subtropical mode water formation south of the Gulf Stream has decreased in the last decade (Stevens et al., 2020). The ~1°C warming of the North Atlantic subtropical gyre observed at the BATS site over the past 40 years is thus another indicator of the physical and circulation changes underway in the North Atlantic Ocean that have global implications through changes in overturning circulation (e.g., Lenton et al., 2019; Jackson et al., 2022). It should also be noted that the acceleration of ocean temperatures in the North Atlantic subtropical gyre, particularly in the last decade, is contemporaneous with faster rates of global ocean warming (Cheng et al., 2023).

Trend analysis of DO shows a decline of −3.1 ± 0.27 µmol kg−1 per decade and a −12.49 ± 0.27 µmol kg−1 decrease over the past 40 years (Table 1). These long-term data show a loss of DO of ~6% from 1983 to 2023 (Figure 3C) and within the range shown for global ocean deoxygenation rates of ~3 to 7 µmol kg−1 decade−1 in the thermocline (Stendardo and Gruber, 2012; Montes et al., 2016). This rate of DO is slightly lower at ~6% compared to 8% reported by Johnson and Bates (2020).

Such changes in DO are synergistic with ocean warming and OA and complex causes such as solubility effects (Garcia and Gordon, 1992), ocean physics, air–sea heat and gas exchange, climate change, stratification and ocean primary production (Levin and Le Bris, 2015), microbial pathways (Lønborg et al., 2016) to zooplankton (Bednarsek et al., 2016), and oxygen minimum zone expansion (Stramma et al., 2010; Rabalais et al., 2014; Duarte et al., 2015).

The causes for deoxygenation of the subtropical gyre of the North Atlantic over the past 40 years are partly due to solubility changes (associated with warming and stratification), and the combined effect of changes in ocean biology and physics (Bates and Johnson, 2022; Lomas et al., 2022). Tagklis et al. (2020) suggested that there is a modulation of North Atlantic Ocean deoxygenation. They suggested that warming of the North Atlantic acts to increase solubility and loss of oxygen, but this effect is somewhat counteracted by weakening of biological carbon export and remineralization (i.e., higher oxygen levels). Recently, Lomas et al. (2022) showed that upper ocean stratification was increasing and rates of primary production were declining in the North Atlantic subtropical gyre over the last couple of decades. Leonelli et al. (2021) report that the North Atlantic oligotrophic gyre has expanded over time with lower nitrate supply in winter to the region near BATS. However, despite these changes, rates of organic carbon export have sustained themselves at similar magnitude over the same period due to “nutrient trapping” below the euphotic zone and changes in community phytoplankton structure that have led to increases in the stoichiometric N:P and C:P ratios of particulate matter produced through photosynthesis (Lomas et al., 2022). At the BATS site, the loss of oxygen has decreased slightly [from −3.7 µmol/kg/decade, 1983 to 2019 (Bates and Johnson, 2020), to −3.1 µmol/kg/decade, 1983 to 2023, Table 1] despite the increasing rate of warming in the subtropical gyre and lower rates of primary production (Lomas et al., 2022), suggesting a complex interaction between “nutrient trapping” and other physical and biological factor influencing ocean oxygen.




3.2 Surface ocean changes in DIC and TA, and CTrOCA in the Sargasso Sea (1993–2023)

The sustained observations near Bermuda at BATS and Hydrostation S represent the longest record of seawater CO2-carbonate chemistry observations and is an indicator of long-term OA in the global ocean (Bates et al., 2014). Surface total alkalinity shows similar seasonal patterns to salinity with a seasonality of ~10 µmol kg−1 (Figure 2D; also Bates and Johnson, 2020), while DIC and nDIC have a seasonality of ~40 µmol kg−1 (Figure 2E; ~30 µmol kg−1 for nDIC not shown).

As discussed earlier, the salinity of the Sargasso Sea has increased by +0.136 or ~0.37% over the past 40 years. Contemporaneously, TA and nTA have increased by +3.8 ± 0.30 µmol kg−1 per decade, and +1.4 ± 0.39 µmol kg−1 per decade, respectively (Figure 4A). From 1983 to 2023, TA and nTA have increased by 6.3% (+15.06 ± 1.20 µmol kg−1) and 2.2% (+5.42 ± 1.56 µmol kg−1), respectively. The rate of TA increase is slightly higher than that reported by Bates and Johnson (2020), which most probably reflects an acceleration in the rate of salinity increase. Part of this increase appears to reflect an increase in nTA over the recent decade (Table 1), but it is difficult to ascertain the cause(s) for this with several competing factors potentially at play in the subtropical gyre. Over the past few decades, there has been a reduction in pelagic calcification (Krumhardt et al., 2016) and calcium carbonate dissolution, and a reduction of atmospheric nitrogen supply to the Sargasso Sea (Bates and Peters, 2007). Both processes should act to increase alkalinity (i.e., nTA) over time. In contrast, Fry et al. (2015) showed that TA* (or nTA) decreases towards the equatorial region. Given that Leonelli et al. (2021) suggest that the North Atlantic Ocean oligotrophic gyre has expanded over time, lower nTA may be influencing the north Sargasso Sea more. On the longer-time scale, coccolithophore calcification in the “Great Calcite Belt” of the Southern Ocean (e.g., Balch et al., 2016) appears to be the important alkalinity control on the subtropical gyres (Krumhardt et al., 2020). If there is a reduction of coccolithophore calcification in the “Great Calcite Belt”, model studies indicate increased alkalinity in the subtropical gyres (e.g., Krumhardt et al., 2022).




Figure 4 | Seasonally detrended seawater CO2-carbonate properties collected at the BATS site (1988–2023) and combined with earlier data from Hydrostation S (1983–1988). (A) nTA anomalies (ΔnTA; µmol kg−1) over time; (B) nDIC anomalies (ΔnDICµmol kg−1) over time; (C) CTrOCA values (ΔCTrOCA; µmol kg−1) over time.



Surface DIC and nDIC have significantly increased from 1983 to 2023 at rates of 12.9 ± 0.36 and 10.9 ± 0.28 µmol kg−1 decade−1, respectively (Figure 4B). Such changes are similar to the rates of changes reported by Bates and Johnson (2020) for the period 1983 to 2019. The 40-year changes in DIC and nDIC are +51.5 ± 1.42 and +43.70 ± 1.12 µmol kg−1, respectively, representing a ~2.51% and ~2.13% change in total dissolved inorganic carbon in the Sargasso Sea. The difference between DIC and nDIC trends indicates that salinity changes contributed approximately 20% of the changes in DIC.

The TrOCA method has limitations in use for anthropogenic CO2 quantification (Yool et al., 2010), but nevertheless provides a useful tracer of ocean chemical changes when used at a fixed location (Bates and Johnson, 2020). In the Sargasso Sea, TrOCA-derived anthropogenic carbon concentration used here as a tracer (CTrOCA) exhibits seasonal ranges of ~30–40 µmol kg−1, and CTrOCA has increased by ~42.7 µmol kg−1 (+71%) over the past 40 years (Figures 2F, 4C). The rate of increase of CTrOCA and nDIC is very similar, with the finding that the ocean uptake of anthropogenic CO2 uptake has substantially changed ocean carbon chemistry over the past 40 years. While we use CTrOCA as a tracer here, Woosley et al. (2016) reported an increase in anthropogenic CO2 of approximately 20 µmol kg−1 in the upper ocean over 15 years (1997–2012) in the western North Atlantic Ocean subtropical gyre. Thus, the rates of CTrOCA increase in the complex mixed layer are similar to rates of anthropogenic CO2 increases across the subtropical North Atlantic Ocean.




3.3 Surface ocean changes in fCO2, pCO2 and Revelle factor in the Sargasso Sea (1993–2023)

Surface seawater fCO2 and pCO2 also exhibit substantial seasonality in the Sargasso Sea with typical ranges of ~70 µatm (Figure 5A; also Bates and Johnson, 2020). The seasonal variability of fCO2 and pCO2 primarily reflects the seasonality of temperature (warming/cooling) and spring–summer DIC decrease and autumn–winter DIC increase (Bates et al., 1996, Bates, 2001; Bates et al., 2012). The rate of change of fCO2 in the Sargasso Sea is +19.4 ± 0.65 µatm decade−1 (Figure 6). The rate of ocean CO2 change is similar to observed changes in atmospheric fCO2, and reported elsewhere (e.g., Bates et al., 2014). The 40-year increase of +77 µatm represents an increase of nearly 25% from 1983 to 2023.




Figure 5 | Hovmuller plot of surface physical and biogeochemistry collected at BATS (1988–2023) and combined with earlier data (1983–1988) from Hydrostation S. (A) fCO2 (µatm); (B) Revelle factor; (C) pH (pH units); (D) carbonate ion [CO32−] (µmol kg−1); (E) Ωcalcite; (F) Ωaragonite.






Figure 6 | Seasonally detrended air–sea CO2 gas exchange-related properties collected at BATS (1988–2023) and combined with earlier data from Hydrostation S (1983–1988). (A) Surface fCO2 anomalies (ΔfCO2; µatm) over time. (B) Revelle Factor anomalies (ΔRevelle Factor; β) over time.



The combined BATS and Hydrostation S record shows that surface ocean and atmospheric fCO2 have tracked each other contemporaneously over the past 40 years (Bates and Johnson, 2020). The driving force for air–sea CO2 gas exchange (i.e., ΔfCO2; the fCO2 difference between atmosphere and seawater) has changed little since the 1980s, but the air–sea CO2 sink has likely increased as wind speed and wave heights have increased in the North Atlantic over the past few decades. The chemical understanding of CO2-carbonate chemistry in seawater predicts that the ocean capacity to absorb CO2 will decrease as atmospheric CO2 increases (e.g., Zeebe and Wolf-Gladrow, 2001; Dickson et al., 2007; Millero, 2013; Fassbender et al., 2017; Bates and Johnson, 2020). As the Revelle factor (β) increases (Revelle and Suess, 1957), the ocean’s capacity to absorb CO2 decreases.

The seasonality of β in the Sargasso Sea is ~0.5 (Figure 5B). Counterintuitively, the Sargasso Sea takes up CO2 in the wintertime (e.g., Bates, 2001; Bates, 2007) despite highest β values, while during the summertime, values are lowest when the ocean loses CO2 to the atmosphere. This is mostly driven by the seasonal forcing of fCO2 by the seasonal changes in temperature (~8–10°C; Bates et al., 1996; Bates et al., 2012). Importantly, the Revelle factor, β, has increased over the past 40 years (~+0.54 ± 0.01; Table 1; Figure 6). This finding indicates that the ocean capacity to absorb CO2 has declined over the last 40 years (~6% since 1983) with implications for the future fate of anthropogenic CO2 in the atmosphere and its transfer to the ocean. As β values increase in the future, the ocean’s capacity to absorb CO2 from the atmosphere will decrease and constitute another feedback in the understanding of the global carbon cycle.




3.4 Ocean acidification changes in the Sargasso Sea (1993–2023)

The BATS and Hydrostation S data provide an unparalleled signal of ocean acidification in North Atlantic Ocean surface waters (Bates and Johnson, 2020).

The typical seasonality of pH of surface waters varied from wintertime highs of ~8.2 to summertime lows of ~8.08 to 8.10 with a range of ~0.08 (Figure 5C). The pH and carbonate chemistry of the Sargasso Sea remain mildly alkaline at present (~7.98–8.05) with   having a seasonality of ~30 µmol kg−1 (Figure 5D). The saturation states for calcite (Ωcalcite) and aragonite (Ωaragonite) exhibit seasonal changes of ~0.6 and 0.5 (Figures 5E, F), respectively, which is largely driven by seasonal temperature and DIC changes.

The pH change is ~−0.018 ± 0.001 decade−1 for the period 1983 to 2023 (Figures 5, 7A, B) and similar to rates reported for the Sargasso Sea (1983–2019, Bates and Johnson, 2020). This represents a 30% increase in hydrogen ion concentration since 1983. Similarly, Ωcalcite and Ωaragonite have decreased by 0.55 and 0.35, respectively (Figures 7A, B).




Figure 7 | Seasonally detrended ocean acidification (OA)-related properties collected at BATS (1988–2023) and combined with earlier data from Hydrostation S (1983–1988). (A) Surface pH anomalies (pH units) over time (ΔpH). (B) Surface Ωaragonite anomalies over time (ΔΩaragonite).



In the past 40 years, seawater CO2-carbonate chemistry conditions have changed beyond the seasonal chemical ranges observed in the 1980s (Bates and Johnson, 2020). For DIC and fCO2, wintertime and summertime values in the 2020s are now beyond the equivalent seasonal values of the 1980s. Similarly, pH, Ωcalcite, and Ωaragonite values in the 2020s are outside the seasonal chemical values observed in the 1980s.

These OA indicators for the BATS/Hydrostation S records indicate that ocean chemistry changes were likely impactful for those organisms secreting CaCO3 skeletons, tests, or shells (Fabry et al., 2008). As noted earlier, the 1983 to 2023 increase in nTA may partially be due to reduced pelagic calcification in the Sargasso Sea. If the reduction of Ωcalcite and Ωaragonite over time slowly reduces calcification and increases nTA, this represents the first signs of a feedback for OA. As Ωcalcite and Ωaragonite decrease due to anthropogenic CO2 uptake (the primary driver of future ocean CO2 chemistry), an increase in nTA due to reduced calcification will have a secondary effect of slightly increasing Ωcalcite and Ωaragonite.





4 Discussion and summary

Current trends at BATS show how ocean chemistry of the 2020s is now outside the range observed in the 1980s, and how essential these data are for predicting the response of ocean chemistry and marine ecosystems to future shifting earth and ocean conditions (and end-of-century marine chemistry scenarios in the Sargasso Sea; e.g., Bates and Johnson, 2020). The BATS Hydrostation S record from 1983 to 2023 clearly demonstrates the long-term warming in the North Atlantic Ocean subtropical gyre, and contemporaneously with the global acceleration of ocean warming (Cheng et al., 2023). The salinification of the subtropical gyres continues and thus a regional reflection of the long-term SC index trends is shown by Cheng et al. (2023).

The SC index uses data from 1980, and it is a useful metric for showing long-term changes in the oceans. There has been interest in recognizing and demonstrating ocean extremes and compound events (e.g., Gruber et al., 2021; Berger et al., 2022) and blueprints for environmental assessments of oceanic basins such as the North Atlantic Ocean (Roberts et al., 2023). The ocean observations at BATS provide a useful long-term record of OA, but building on this and other efforts, an Alkalinity-Contrast (AC) index may be a potentially helpful metric for OA. The SC index shows, in simple terms, the contrasting/differential changes in subtropical (i.e., “saltier”) and subpolar (i.e., “fresher”) regions as an indicator of the global hydrological cycle reorganization. The method uses monthly salinity averages from high-latitude and low-latitude regions and integrates over 0–2,000 m. The data for an equivalent AC index is much more limited than used for the SC index and consists of data from 1983 in the Sargasso Sea (i.e., BATS/Hydrostation S; the low latitude) and the Irminger and Icelandic Seas (i.e., the high latitude; Olafsson et al., 2009; Bates et al., 2014). An expectation might initially be contrasting trajectories of alkalinity (or other OA indicators) between the subtropical gyre (i.e., BATS; increasing salinity and TA) and subpolar gyre (i.e., Irminger and Icelandic Seas; decreasing salinity and TA). However, like the Sargasso Sea, the Irminger and Icelandic Seas show an increase in salinity and TA from 1983 (Olafsson et al., 2009; Bates et al., 2014; data from Lange et al., 2023). This shows the challenges and complexities of understanding the long-term interactions between warming, salinification/freshening, and OA impacts in different regions of the North Atlantic Ocean, for example.

The combined BATS and Hydrostation S ocean time-series records are one of the few that are longer than 20 years in length (see other sustained time-series in Bates et al., 2014). Over the past couple of decades, numerous additional sustained ocean observations have been established as a mechanism for understanding present and future trends for OA (e.g., Tilbrook et al., 2019) and essential ocean variables (EOVs; Ruhl et al., 2011; Muller-Karger et al., 2018). There will be a pressing need to combine, compare, and synthesize ocean carbon and biogeochemical data for both highest-quality climate trend data analyses and local, regional, and basinal data synthesis. Such efforts will have challenges associated with data/time-series context and combining different types of data/sensor streams to allow for consistent and comparable synthesis (e.g., Sutton et al., 2022; Lange et al., 2023).
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Ocean acidification, deoxygenation, and warming are three interconnected global change challenges caused by increased anthropogenic carbon emissions. These issues present substantial threats to marine organisms, ecosystems, and the survival of coastal communities depending on these ecosystems. Coastal upwelling areas may experience significant declines in pH, dissolved oxygen (DO), and temperature levels during upwelling events, making marine organisms and ecosystems in these areas more susceptible to ocean acidification and deoxygenation. Understanding the dynamics of pH, DO, and temperature in coastal upwelling areas is essential for evaluating the susceptibility of resident organisms and ecosystems to lower pH and DO conditions occurring during upwelling events. To accomplish this, we used the pH and the DO loggers to measure high-frequency data for pH and DO, respectively, over six months in the open ocean and for a 24-hour cycle within the mangrove, seagrass, and coral reef ecosystems of the Tanga-Pemba Seascape (T-PS) during the northeast monsoon season. Our findings revealed the occurrence of multiple upwelling events, with varying durations, that result in significant declines in pH, DO, and temperature within the seascape. This is the first study to confirm the occurrence of multiple upwelling events in the T-PS. Moreover, the study has revealed a pH threshold value of 7.43 for ocean acidification in the T-PS. This is the first study to report a threshold value for ocean acidification in coastal upwelling areas of the Western Indian Ocean (WIO). Furthermore, it revealed that the extremely low levels of pH that occurred during upwelling events were above the pH threshold value of 7.43 for ocean acidification, while the extremely low levels of DO fell below the oxygen threshold value of 4.6 mg/L for deoxygenation. During upwelling events, seagrass and coral reef ecosystems, but not mangrove ecosystems, demonstrated elevated mean hourly values of pH and DO compared to those of the open ocean. These findings show that marine organisms and ecosystems in the T-PS are frequently exposed to lower pH and DO conditions due multiple upwelling events. However, their susceptibility to these conditions is reduced to some extent by the presence of seagrass meadows within these interconnected systems.
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1 Introduction

Ocean acidification, deoxygenation, and warming are three interconnected global change challenges primarily caused by increased anthropogenic carbon emissions (Keeling et al., 2010; Orr, 2011; Laffoley and Baxter, 2016; Yoro and Daramola, 2020). These challenges, either alone or in combination, pose great threats to marine organisms and coastal ecosystems, jeopardizing the survival of coastal communities depending on these ecosystems (Doney et al., 2020; Talukder et al., 2022; Vinayachandran et al., 2022). Ocean acidification occurs when the ocean absorbs excess carbon dioxide (CO2) from the atmosphere, leading to an increase in the acidity (or reduced pH) of the seawater and changes in seawater carbonate chemistry (Doney et al., 2009; Feely et al., 2009). The increased acidity lowers the availability of carbonate mineral saturation states in seawater, a condition that reduces the ability of marine calcifying organisms to form and maintain their shells and skeletons made of calcium carbonate (CaCO3), leading to fatalities or reduced reproduction rates (Doney et al., 2020; Figuerola et al., 2021). Ocean warming, characterized by rising sea surface temperatures due to the absorption of atmospheric heat by the oceans, causes disruptions in marine life, including changes in migration patterns, spawning times, and food availability (Keeling et al., 2010; Kroeker et al., 2013; Laffoley and Baxter, 2016). Deoxygenation, the decline in seawater oxygen levels, is caused by ocean warming, which reduces the ocean’s capacity to hold DO (Keeling et al., 2010; Limburg et al., 2020). Furthermore, high nutrients in seawater, mostly from agriculture, sewage, and upwelling, lead to excessive growth of phytoplankton that results to algal blooms (Kyewalyanga et al., 2020). When algal blooms die and disintegrate, they absorb oxygen, resulting in deoxygenation in coastal and shelf areas, as well as semi-enclosed seas (Limburg et al., 2020). When DO levels fall below 4.6 ml/L in seawater, it causes stress in most marine organisms (Kroeker et al., 2023).

Coastal upwelling areas are regions where deep, cold, nutrient- and carbon-rich water from the ocean’s depths rises to the surface during upwelling events (Smith, 1992). As a result, they are highly productive and experience significant decreases in pH, DO, and temperature levels during upwelling events (Rixen et al., 2012; Schulz et al., 2019; Kroeker et al., 2023). Furthermore, the declines in pH and DO during upwelling events can exceed thresholds for pH and oxygen assumed to be detrimental to marine organisms (Lutier et al., 2022; Cornwall et al., 2023; Kroeker et al., 2023). These conditions place resident marine organisms and coastal ecosystems at a high risk of future ocean acidification and deoxygenation (Cornwall et al., 2023; Kroeker et al., 2023). Although the extensive impacts of upwelling events on pH, DO, and temperature dynamics are well-documented globally (Rixen et al., 2012; Schulz et al., 2019; Kroeker et al., 2023), this information is largely unknown in coastal upwelling areas of the Western Indian Ocean (WIO), particularly in the Tanga-Pemba Seascape (T-PS), known to experience upwelling during the northeast monsoon season (Halo et al., 2020; Kyewalyanga et al., 2020). This information is crucial for informing the future of global change biology in the WIO. Moreover, the frequency and duration (the number of days of the given upwelling event) of upwelling events remain unknown in the T-PS. This knowledge gap poses a challenge in assessing the seascape’s susceptibility to upwelling-enhanced ocean acidification and deoxygenation, as well as its implications for current mariculture practices within the seascape.

Coastal ecosystems such as mangroves, seagrass meadows, and coral reefs, prevalent in the T-PS, experience significant variations of seawater pH, DO, and temperature over a 24-hour cycle, a result of the interplay of various factors beyond upwelling (Saderne et al., 2015; George et al., 2018; George and Lugendo, 2022). Photosynthesis and respiration represent fundamental metabolic processes that govern the productivity of a particular coastal ecosystem (Rasmusson et al., 2019; Rasmusson et al., 2020). Photosynthesis involves the uptake of CO2 and the production of oxygen (O2), leading to increases in pH and DO in seawater (Semesi et al., 2009b). Conversely, respiration involves the consumption of O2 and the production of CO2, resulting in reductions in pH and DO in seawater (Pedersen et al., 2013; Pedersen et al., 2016). The balance between these metabolic processes can affect the levels of pH and DO in the seawater of mangroves, seagrass meadows, and coral reefs (Semesi et al., 2009a). Inorganic metabolism, like the calcification of marine calcifiers, also has an influence on pH levels in mangroves, seagrass meadows, and coral reefs (Hendriks et al., 2014; Morrell, 2018; Van Dam et al., 2021). The inflow of freshwater during low tides affects seawater pH in mangroves by increasing CO2, subsequently affecting pH in seagrass meadows and coral reefs. Tides have also been demonstrated to influence the impacts of key physiological processes and calcification on the pH and DO levels of coastal ecosystems (George and Lugendo, 2022). However, it remains unclear whether coastal ecosystems, especially those situated in coastal upwelling areas, are susceptible to lower pH and DO conditions brought by upwelling events or if their habitats offer some degree of mitigation under such events (Rixen et al., 2012; Lachkar, 2014; Schulz et al., 2019; Kroeker et al., 2023). The lack of this knowledge prevents the implementation of suitable measures to address the impact of upwelling-enhanced ocean acidification and deoxygenation on resident organisms and the existing mariculture practices in the seascape (WIOMSA, 2022).

The application of high-frequency data allows for the capture of upwelling-driven dynamics in pH, DO, and temperature within the open ocean over a sampling period and within a 24-hour cycle (Kroeker et al., 2023). It also facilitates the comparison of the 24-hour cycle mean hourly values of these variables in mangrove, seagrass meadow, and coral reef ecosystems to those of the open ocean (Hofmann et al., 2011), providing a more intricate evaluation of the susceptibility and potential for mitigation of these ecosystems to the lower pH and DO conditions induced by upwelling events. Previous studies into the temporal dynamics of pH, DO, and temperature in the WIO relied on discrete measurements (Boodhoo et al., 2022; Edworthy et al., 2022; George and Lugendo, 2022), which failed to capture declines in these variables driven by upwelling. As a result, it was impossible to understand the susceptibility of mangrove, seagrass and coral reef ecosystems to lower pH and DO levels during upwelling events or determine if some of them provide any degree of mitigation under such events.

The objective of this study was twofold. Firstly, to understand high-frequency dynamics in pH, DO, and temperature in the open ocean of the T-PS during the northeast monsoon, when upwelling events are thought to occur (Halo et al., 2020; Kyewalyanga et al., 2020), as well as the 24-hour high-frequency dynamics of these variables in mangrove, seagrass, and coral reef ecosystems within the seascape. Secondly, to understand the susceptibility of mangrove, seagrass, and coral reef ecosystems to lower pH and DO conditions induced by upwelling events and whether some of these ecosystems offer any degree of mitigation under such events. We tested three hypotheses. First, the T-PS experiences multiple upwelling events, each with varying durations, that result in significant declines in pH, DO, and temperature within the seascape, thereby subjecting resident organisms and coastal ecosystems to multiple exposures of lower pH and DO conditions. Second, the reduced levels of pH and DO common during upwelling events are lower than thresholds for these variables assumed to be detrimental to marine organisms (Cornwall et al., 2023), rendering resident marine organisms in mangrove, seagrass, and coral reef ecosystems susceptible to upwelling-enhanced ocean acidification and deoxygenation. Third, mangrove, seagrass, and coral reef ecosystems would demonstrate higher mean hourly values of pH, DO, and temperature than those in the open ocean during upwelling events, thereby providing some degree of mitigation to lower pH and DO conditions in interconnected coastal ecosystems under these events.




2 Materials and methods



2.1 Study area

The study was conducted in both the coastal waters of Moa and Wete and the open ocean within the Tanga-Pemba Seascape (T-PS) (Figure 1). Moa and Wete sites are marked by the presence of mangrove, seagrass, and coral reef ecosystems. This connectivity of coastal ecosystems enables the comparison of environmental variables between these ecosystems and those in the open ocean for understanding the susceptibility of these ecosystems to lower pH and DO levels during upwelling events or assessing if some of these ecosystems provide any degree of mitigation under such events. The climate in the T-PS is tropical, with two distinct monsoon seasons: the northeast monsoon season and the southeast monsoon season, characterized by the reversal of trade winds (Semba et al., 2019). The northeast monsoon season often occurs from October to March and is characterized by prevailing northeasterly trade winds (Mahongo et al., 2011). During this season, the T-PS experiences warm water, gentle wind speeds, and relatively low surface current speeds (Semba et al., 2019). The southeast monsoon season, on the other hand, often occurs from March to September. During this season, the direction of trade winds in the T-PS is reversed from northeasterly to southeasterly, with strong winds blowing from the southeast. This makes the T-PS to experiences cooler water and relatively high surface current speeds (Semba et al., 2019). Furthermore, the study areas undergo tidal movement, following a semidiurnal pattern characterized by two high and two low tides, each approximately six hours apart within a 24-hour cycle (Mahongo, 2014). This pattern influences the variation of environmental variables, including pH, DO, and temperature, within mangrove, seagrass, and coral reef ecosystems (George et al., 2018; George and Lugendo, 2022).




Figure 1 | Map of the Tanga-Pemba Seascape, with white dots overlaid with black dots representing sampling sites. The solid red line is the transect for the topographic nature of the seascape shown in the inset plot.






2.2 Sampling design and instruments

Loggers designed for measuring high-frequency data for pH (HOBO pH and Temperature Data Logger MX2501), and DO (HOBO Dissolved Oxygen Logger (U26-001)) were configured to measure these variables at 5-minute intervals in coastal ecosystems (mangroves, seagrass meadows, and coral reefs) over a 24-hour cycle and at 30-minute intervals in the open ocean for six consecutive months. The 30-minute measurement frequency for the open ocean was thoughtfully chosen to optimize the lifespan of the loggers’ batteries while guaranteeing a reliable representation of data throughout the day. Both pH and DO loggers also measured temperature.

In coastal ecosystems, these loggers were inserted into protective pipes, affixed to a wooden stick, and anchored to the seafloor within a specific coastal ecosystem during a low spring tide. The loggers were placed 40 cm above the seafloor on a wooden stick to measure the pH and DO of the water column. The wooden stick with loggers was finally tagged with a buoy that was attached to it using rope for quick identification during device retrieval. After 24 hours, the loggers were collected, and the data was retrieved before being dispersed in the following ecosystem. Due to the limited number of loggers available, measurements were conducted sequentially in different ecosystems during the same spring tide by relocating loggers every 24 hours until the data collection activity was completed. The weather conditions remained consistent across the experimental spring tide, devoid of any extreme weather events. This consistency allows for comparability between the measurements conducted independently across different ecosystems while still encompassing the inherent variability in factors like light and temperature (George et al., 2018).

Within the open ocean of the waters off Moa, data collection was facilitated using an oceanographic buoy (Figure 1). Similar to the loggers utilized in coastal ecosystems, pH and DO loggers were securely affixed to the buoy, positioned at a depth of 10 meters below the surface to maintain continuous monitoring of surface water pH, DO, and temperature. The loggers recorded pH, DO, and temperature data throughout the northeast monsoon season, spanning from October 2022 to March 2023, when upwelling is thought to occur in the T-PS (Halo et al., 2020; Kyewalyanga et al., 2020).




2.3 Measurement of pH, DO, and temperature

The HOBO pH and Temperature Data Logger MX2501 and HOBO Dissolved Oxygen Logger (U26-001) were used to measure pH, temperature, and DO for the open ocean and within mangrove, seagrass, and coral reef ecosystems. The pH device was calibrated with a HANNA buffer before configuration and deployment to a specific coastal ecosystem. Following the retrieval of the device, the pH and temperature data from the HOBO pH and Temperature Data Logger MX2501 were downloaded into an Android phone utilizing the HOBO Connect a mobile-phone application available on the Google Play store and App Store that supports Bluetooth connectivity for seamless data transfer. Moreover, DO data from the HOBO Dissolved Oxygen Logger (U26-001) was retrieved by using HOBO Optic USB Base Station connected to HOBOware, a computer software.




2.4 Determination of pH and DO threshold values

To determine the ocean acidification threshold, which signifies the point of pH reduction where average saturation states reach one and dissolution initiates, multiple simulations were carried out utilizing the seacarb package in R. Conservative values for salinity (35), temperature (25 °C), and total alkalinity (2000-2300 mol/kg) obtained from the Western Indian Ocean (WIO) were utilized (Madkaiker et al., 2023). The seacarb package’s carb function was employed to calculate the solubility product of aragonite in units of mol/kg at various pH levels. Furthermore, the pH function within the seacarb package was employed to calculate the potentiometric pH on the total scale (in mol/kg). Through these calculations, the pH value closest to the aragonite saturation state value of one was determined as the threshold value for ocean acidification. Based on the available literature, a specific DO threshold value of 4.6 mg/L was selected for deoxygenation, as this is the level at which the first noticeable biological effects become apparent (Vaquer-Sunyer and Duarte, 2008; Cornwall et al., 2023; Kroeker et al., 2023).




2.5 Data processing and analysis

To assess the high-frequency dynamics of pH, DO, and temperature in the open ocean, we derived hourly information for the measured pH, DO, and temperature at 30-minute intervals from the date variable. The time variable was then used to average pH, DO, and temperature into hourly interval for the period of data collection. The time series data was used to plot a Hovmöller diagram, which visually showed the dynamics of pH, DO, and temperature over the sampling period and within a 24-hour cycle. The presentation of time series data in a time-series diagram allowed the identification of specific periods characterized by noticeable sharp declines in pH, DO, and temperature—which were used as proxy for upwelling events—and ascertaining their duration in the T-PS (Tapia et al., 2009; Schulz et al., 2019; Kroeker et al., 2023). To compare the dynamics of pH, DO, and temperature in mangrove, seagrass, and coral reef ecosystems over a 24-hour cycle, 5-minute data records were normalized to hourly interval, which was then used to compute the mean hourly values of pH, DO, and temperature and a non-parametric Wilcoxon signed-rank test was used to examine whether the levels of pH, DO, and temperature in mangrove, seagrass, and coral reef ecosystems were higher than in the open ocean, where upwelling events were identified. This test is employed when the data lacks a normal distribution or when the sample size is insufficient for reliance on parametric tests such as the t-test (Woolson, 2007). To minimize the influence of environmental variations, the pH, DO, and temperature records of third upwelling events that match the sampling dates in mangrove, seagrass, and coral reefs were used. The R programming language, version R 4.3.1, was used for processing, analyzing, visualizing the high-frequency data, and plotting (Mount and Zumel, 2019).





3 Results



3.1 Dynamics of pH, DO, and temperature in the open ocean and the occurrence and duration of upwelling events

Hovmöller diagrams (Figure 2) indicate the high-frequency dynamics of pH, DO, and temperature over the sampling time and a 24-hour cycle in the open ocean of the T-PS. These diagrams cover a six-month period, from October 2022 to March 2023. It is worth noting that these diagrams also feature clear signals that correspond to the occurrence of upwelling events with varying durations in the seascape that were confirmed in time series diagrams (Figure 3). The first upwelling event occurred in December, and it lasted for 12 days, followed by a second event in February, which lasted for 12 days, and finally, a third event in March, which lasted for 7 days. The time interval between the first and second events was 40 days, while the interval between the second and third events was 24 days. The period of upwelling events was characterized by significant declines in pH, DO, and temperature (Figure 3). Following the first upwelling event, there was a noticeable decline in DO levels in the non-upwelling days that occurred a few days later (Figure 3).




Figure 2 | Hovmöller diagrams of the 24-hour cycle from October to March of (A) pH, (B) temperature, and (C) dissolved oxygen (DO) in the Tanga-Pemba Seascape. The black solid line indicates the duration (days) of upwelling events.






Figure 3 | Time series diagrams of (A) pH, temperature (B, C) dissolved oxygen (DO) in the Tanga-Pemba Seascape. The color-coded blocks denote the upwelling occurrence period.






3.2 Critical thresholds for ocean acidification and deoxygenation

The simulation results revealed a pH threshold value of 7.43 ± 0.15 for ocean acidification in the T-PS, which corresponds to an average aragonite saturation state of 1.0 ± 0.02. This threshold value represents a critical point under future ocean acidification conditions below which dissolution of the saturation state for coral reefs can begin in the seascape (Cornwall et al., 2023). A DO threshold of 4.6 mg/L was also selected, which was based on the findings of a meta-analysis that identified biological effects becoming evident at this level (Vaquer-Sunyer and Duarte, 2008; Cornwall et al., 2023). The mean hourly values of pH during upwelling events were above a pH threshold value of 7.43 for ocean acidification, but DO mean values exhibited variability both above and below a threshold value of 4.6 mg/L for deoxygenation (Figure 4). The correlation between pH and DO was more pronounced during non-upwelling events compared to upwelling events (Figure 4).




Figure 4 | The correlation between pH and DO during upwelling events and non-upwelling days in the Tanga-Pemba Seascape. The blue dotted line denotes the computed pH threshold of 7.43 for ocean acidification, and the red dotted red line is the dissolved oxygen (DO) threshold of 4.6 mg/L.






3.3 Dynamics of pH in mangrove, seagrass and coral reef ecosystems

The patterns of pH dynamics were consistent across mangrove, seagrass, and coral reef ecosystems in the Moa site (Figure 5A) but not in the Wete site (Figure 5B). pH patterns consistently demonstrated higher mean hourly values in the seagrass and coral reef ecosystems at the Moa site, as well as in the mangrove, seagrass, and coral reef ecosystems at the Wete site, compared to those of the open ocean recorded during the third upwelling event (Figures 5A, B). However, most of the time, during a 24-hour cycle, the pH pattern within the mangrove ecosystems of the Moa site displayed mean hourly values below those of the open ocean recorded third upwelling event (Figure 5A). The highest mean pH values in Moa were observed within the coral reef ecosystems (8.234), while in Wete, the highest mean values were observed in seagrass ecosystems (8.315) (Table 1). The highest pH ranges were detected within the mangrove ecosystems of Moa (1.272) and the seagrass ecosystems of Wete (0.275) (Table 1).




Figure 5 | The patterns of pH dynamics in mangrove, seagrass, and coral reef ecosystems of (A) Moa and (B) Wete in comparison to those in the open ocean recorded during the third upwelling event.




Table 1 | Descriptive statistics for pH, DO, and temperature in the coastal ecosystems of Moa and Wete sites and those of the open ocean recorded during the third upwelling event.






3.4 Dynamics of temperature in mangrove, seagrass and coral reef ecosystems

Consistent temperature patterns were observed across the mangrove, seagrass, and coral reef ecosystems of both Moa (Figure 6A), and Wete (Figure 6B). The temperature patterns consistently showed elevated mean hourly values within the mangrove, seagrass, and coral reef ecosystems at both the Moa and Wete sites compared to those observed in the open ocean during the third upwelling event (Figures 6A, B). The highest temperature recorded in Moa was 32.042°C, and the lowest was 28.495°C, with a range of 3.547°C (Table 1). The mean hourly values for water temperature patterns in Moa were often greater than those in Wete.




Figure 6 | The patterns temperature dynamics in mangrove, seagrass, and coral reef ecosystems in (A) Moa and (B) Wete in comparison to those in the open ocean recorded during the third upwelling event.






3.5 Dynamics of DO in mangrove, seagrass and coral reef ecosystems

The pattern of DO dynamics varied between mangrove, seagrass, and coral reef ecosystems (Figure 7). The DO patterns throughout displayed higher mean hourly values within the mangrove, seagrass, and coral reef ecosystems compared to those recorded in the open ocean during the third upwelling event. The presentation of only DO results for Wete was due to the unavailability of the DO logger during sampling in Moa, as it was still recording data for the open ocean. Consistent DO patterns were observed in the seagrass and coral reef ecosystems, while the mangrove ecosystem exhibited a distinct pattern differing from that observed in the seagrass and coral reef ecosystems. The highest DO concentration was found in seagrass meadows, which was 10 mg/L (Table 1).




Figure 7 | The patterns of dissolved oxygen (DO) dynamics in mangrove, seagrass, and coral reef ecosystems of Wete in comparison to those in the open ocean recorded during the third upwelling event.






3.6 Comparisons of pH, DO, and temperature between coastal ecosystems and the open ocean during the third upwelling event

Statistically rich boxplot of pH, DO, and temperature in mangrove, coral reef, and seagrass ecosystems and in the open ocean, which are represented by the red dotted line (Figure 8). Specifically, the mean hourly pH values were significantly higher in the coral reef ecosystems and the seagrass ecosystems than those of the open ocean during the third upwelling event (Table 2). However, there was no significant difference in mean hourly pH values between the mangrove ecosystem and the open ocean. Similarly, the mean hourly values for temperatures in the mangrove, seagrass, and coral reef ecosystems were significantly higher than those of the open ocean environment (Table 1). Moreover, the mean hourly DO values in the mangrove, seagrass, and coral reef ecosystems were significantly higher than those in the open ocean.




Figure 8 | Statistically rich boxplot for (A) pH, (B) dissolved oxygen (DO), and (C) temperature in coral, mangrove, and seagrass coastal ecosystems. The red dotted line represents the mean values for pH, DO, and temperature for the open ocean during the third upwelling event.




Table 2 | Statistical comparisons of pH, dissolved oxygen (DO) and temperature between coastal ecosystems and the open ocean during the third upwelling event.







4 Discussion

The study revealed the high-frequency dynamics of pH, DO, and temperature in the T-PS for both the open ocean during the northeast monsoon season and within mangrove, seagrass, and coral reef ecosystems throughout the 24-hour cycle within that particular season. Moreover, it has revealed the occurrence of multiple upwelling events, with varying durations, that resulted in significant declines in pH, DO, and temperature within the seascape. Additionally, it revealed that the extremely low levels of pH during upwelling events in the T-PS are above the threshold value of 7.43 for ocean acidification, while the extremely low levels of DO fall below a threshold value of 4.6 mg/L for deoxygenation. During upwelling events, seagrass and coral reef ecosystems demonstrated higher mean hourly values of pH and DO than those in the open ocean. Frequent exposure to lower conditions in pH and DO during upwelling events may pose threats to the survival of both resident marine organisms and ecosystems, as well as the current mariculture practices within the T-PS seascape (Rixen et al., 2012; Schulz et al., 2019; Kroeker et al., 2023). However, the presence of seagrass meadows within these interconnected systems offers a degree of mitigation to their susceptibility to lower pH and DO conditions. These findings highlight the importance of conserving and managing seagrass meadows, not only for their well-being but also for their capability to alleviate the notably low levels of both pH and DO frequently experienced during upwelling events, thereby providing potential benefits to nearby mangrove and coral reef ecosystems.

Significant declines in pH, DO, and temperature were observed in upwelling events in the T-PS, potentially attributed to the upwelling of water with diminished pH, DO, and temperature to the surface (Lachkar, 2014; Schulz et al., 2019; Kroeker et al., 2023). The multiple upwelling events observed during the northeast monsoon season, with varying durations, may suggest that resident organisms and ecosystems endure multiple exposures to reduced pH and DO conditions. This is the first study to confirm the occurrence of upwelling in the T-PS reported by Kyewalyanga et al. (2020) and Halo et al. (2020) and detect multiple upwelling events during the northeast monsoon season. Upwelling in T-PS is driven by the convergence of the northward-flowing East Africa Coastal Current and the southward-flowing Somali Current (Semba et al., 2019). Significant declines in pH, DO, and temperature during upwelling events have also been reported in other parts of the world, along with the occurrence of multiple events in their respective study areas (Lachkar, 2014; Schulz et al., 2019; Kroeker et al., 2023).

A pH threshold value of 7.43 for ocean acidification in the T-PS was established in this study, representing an aragonite saturation state of one, below which dissolution of the aragonite saturation state may begin in the seascape (Cornwall et al., 2023). This is the first study to report a pH threshold value for ocean acidification in coastal upwelling areas of the WIO. The mean hourly values for pH observed during upwelling events in the T-PS were above the threshold value of 7.43 for ocean acidification, suggesting that the dissolution of the aragonite saturation state is unlikely to occur under the current upwelling events in the seascape. However, it is anticipated that the intensity and severity of upwelling events may increase in future climate change scenarios, thereby posing a risk the seascape to dissolution of the aragonite saturation state (Tapia et al., 2009; Schulz et al., 2019; Kroeker et al., 2023). Our pH threshold value of 7.43 for ocean acidification differs from the 7.6 reported by Kroeker et al. (2023) in the California current system. This disparity highlights the geographic variability of threshold values for ocean acidification, influenced by the frequency and intensity of upwelling (Chan et al., 2008). It also cautions against generalizing these threshold values in experiments designed to understand the impacts of ocean acidification in coastal upwelling areas. On the other hand, the DO values fluctuated both above and below a threshold of 4.6 mg/L for oxygen, signaling a high susceptibility of resident organisms in the seascape to deoxygenation during upwelling events (Cornwall et al., 2023; Kroeker et al., 2023).

The observed higher mean hourly values of pH and DO in seagrass meadows and coral reefs than the means for these variables during upwelling events could suggest a degree of mitigation to low pH and DO levels within these interconnected ecosystems facilitated by the presence of seagrass meadows during such events. Supporting these findings, a study by George and Lugendo (2022) using discrete measurements reported the highest pH and DO levels in seagrass meadows in Chwaka and Mnazi bays during the daytime. Seagrass meadows consume CO2 from the seawater through photosynthesis, leading to the production of O2 and an increase in the pH and DO levels in seawater of these ecosystems (Hendriks et al., 2014; Saderne et al., 2015). On the other hand, the mean hourly pH levels in the mangrove ecosystem were comparatively lower than those in the open ocean, suggesting that the mangrove ecosystem and the organisms it hosts may be susceptible to the lower pH and DO conditions in the seascape associated with upwelling events. Seagrass meadows have the potential to increase pH and DO levels in adjacent mangrove and coral reef ecosystems during the daytime through tidal movement, thereby contributing to the mitigation of the impacts of upwelling-enhanced ocean acidification and deoxygenation (George and Lugendo, 2022). The tidal-driven water movement among mangrove, seagrass, and coral reef ecosystems facilitates the transfer of water with higher pH and DO values from seagrass ecosystems to mangrove ecosystems during high tides. Similarly, it prevents water with a lower pH from mangroves from reaching coral reefs during low tides. When mangrove, seagrass, and coral reef ecosystems are situated at considerable distances from each other or when water circulation through them is limited, as seen at the Wete site, they tend to have fewer mutual impacts, and mangrove ecosystems may be more susceptible to the lower pH and DO levels during upwelling events (Schulz et al., 2019; Kroeker et al., 2023).

The degradation or disappearance of seagrass meadows, primarily attributed to human-induced factors and the impacts of climate change (Crabbe, 2008; Waycott et al., 2009), poses a significant threat to the regulatory capacity of these ecosystems in mitigating lower pH and DO levels associated with upwelling events. As these critical coastal ecosystems deteriorate, their effectiveness in buffering the effects of upwelling-enhanced declines in pH and DO is compromised (Job et al., 2023). This, in turn, will expose organisms and adjacent coastal ecosystems to an increased susceptibility to the adverse effects of upwelling-enhanced ocean acidification and deoxygenation.




5 Conclusion and recommendation

It is concluded that multiple upwelling events occur during the northeast monsoon season, with decreasing duration over time, leading to significant declines in pH, DO, and temperature within the T-PS. A pH value of 7.43 is a threshold for ocean acidification in the T-PS, representing an aragonite saturation state of one, below which dissolution of the aragonite saturation state may begin in the seascape. The existing extremely low pH levels observed in the T-PS during upwelling events are above the threshold value of 7.43 for ocean acidification, and consequently, the dissolution of aragonite saturation state is unlikely to occur under the current upwelling events in the seascape. The extreme DO values below 4.6 mg/L are occurring in the T-PS during upwelling events, indicating a high vulnerability of resident organisms and coastal organisms in the seascape to deoxygenation. During upwelling events, the seagrass and coral reef ecosystems exhibit higher mean hourly values of pH and DO compared to those of the open ocean, attributed to the presence of seagrass meadows within these interconnected systems. The study recommends proactive conservation and management strategies for seagrass meadows that will minimize ongoing threats and enhance the resilience of these ecosystems against changing environmental conditions (George, 2019; Unsworth et al., 2019). These efforts will enable seagrass meadows to continue playing a vital role in mitigating the impacts of upwelling-enhanced ocean acidification and deoxygenation in the T-PS.
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Ocean acidification (OA) driven by eutrophication, riverine discharge, and other threats from local population growth that affect the inorganic carbonate system is already affecting the eastern Gulf of Mexico. Long-term declines in pH of ~ -0.001 pH units yr-1 have been observed in many southwest Florida estuaries over the past few decades. Coastal and estuarine waters of southwest Florida experience high biomass harmful algal blooms (HABs) of the dinoflagellate Karenia brevis nearly every year; and these blooms have the potential to impact and be impacted by seasonal to interannual patterns of carbonate chemistry. Sampling was conducted seasonally along three estuarine transects (Tampa Bay, Charlotte Harbor, Caloosahatchee River) between May 2020 and May 2023 to obtain baseline measurements of carbonate chemistry prior to, during, and following K. brevis blooms. Conductivity, temperature and depth data and discrete water samples for K. brevis cell abundance, nutrients, and carbonate chemistry (total alkalinity, dissolved inorganic carbonate (DIC), pCO2, and pHT were evaluated to identify seasonal patterns and linkages among carbonate system variables, nutrients, and K. brevis blooms. Karenia brevis blooms were observed during six samplings, and highest pCO2 and lowest pHT was observed either during or after blooms in all three estuaries. Highest average pH and lowest pCO2 were observed in Tampa Bay. In all three estuaries, average DIC and pHT were higher and pCO2 was lower during dry seasons than wet seasons. There was strong influence of net community calcification (NCC) and net community production (NCP) on the carbonate system; and NCC : NCP ratios in Tampa Bay, Charlotte Harbor, and the Caloosahatchee River were 0.83, 0.93, and 1.02, respectively. Linear relationships between salinity and dissolved ammonium, phosphate, and nitrate indicate strong influence of freshwater inflow from river input and discharge events on nutrient concentrations. This study is a first step towards connecting observations of high biomass blooms like those caused by K. brevis and alterations of carbonate chemistry in Southwest Florida. Our study demonstrates the need for integrated monitoring to improve understanding of interactions among the carbonate system, HABs, water quality, and acidification over local to regional spatial scales and event to decadal time scales.
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1 Introduction

Estuarine ecosystems face the detrimental effects of observed and projected increases of seawater carbon dioxide (CO2) concentrations and temperature due to climate change and complex coastal processes (Feely et al., 2008; Feely et al., 2010; Cai et al., 2011; Robbins et al., 2018; Doney et al., 2020; Hall et al., 2020; Osborne et al., 2022). Most Gulf of Mexico (GOM) waters are expected to be buffered more than other similar systems (Cai et al., 2011). However, coastal regions, which include estuaries, can experience enhanced coastal acidification due to eutrophication, hypoxia, and river discharge (Cai et al., 2011; Wallace et al., 2014; Cai et al., 2021) that is more spatially and temporally heterogeneous compared to open ocean acidification (Yates et al., 2007). The confluence of offshore water and estuarine plumes in the GOM coastal ocean can cause strong stratification, resulting in surface eutrophication and increased pH while promoting strong subsurface respiration/remineralization, inhibited ventilation, and near bottom hypoxia and acidification (Wallace et al., 2014; Zhao et al., 2020). Strong seasonality in sub-tropical regions can also lead to substantial intra-annual variability in the carbonate system in these environments (Cai et al., 2021), and there is evidence that subsurface pH is rapidly declining in stratified systems such as those in the GOM (Cai et al., 2011; Hall et al., 2020; Osborne et al., 2022). Nearly annual high biomass harmful algal blooms (HABs) affect GOM estuaries and may exacerbate acidification conditions resulting from a combination of these processes. At present, no studies have been conducted in Florida estuaries to characterize the effects of HAB events on local acidification.

Insight concerning the effect acidification will have on HABs, or conversely the effect that HABs will have on local carbonate chemistry patterns, remain poorly understood (Turner et al., 2021). Marine dinoflagellates, which have been speculated to benefit from a greater CO2 environment, are likely to become more abundant under certain climate scenarios (Reinfelder, 2011; Brandenburg et al., 2019; Gobler, 2020) and may outcompete other phytoplankton species (Reinfelder, 2011). The eastern GOM and its estuaries already experience frequent, near-annual high biomass HABs of the toxic dinoflagellate Karenia brevis, which produces brevetoxins that cause the human syndrome neurotoxic shellfish poisoning if consumed (Heil et al., 2014; Liu et al., 2016). Bloom dynamics are complex (e.g., onset, duration, spatiotemporal distributions, and intensity) and vary between events (Vargo, 2009; Liu et al., 2016; Tullis-Joyce and Roy, 2021). Impacts from blooms can include episodic hypoxia/anoxia, extensive fish kills and wildlife mortalities, shellfish harvesting area closures, and likely post-bloom acidification, resulting in substantial deleterious impacts to local ecosystems, human health, and economies. Future and continued ocean and coastal acidification (OA) are predicted to lead to the potential extinction or weakening of key marine species and resources (Dupont et al., 2008) or elevating occurrences of HABs (Gobler, 2020), thereby amplifying these threats.

Limited culture studies have shown that K. brevis cellular brevetoxin concentrations did not significantly change when grown at projected levels of elevated CO2 partial pressure (pCO2) (Errera et al., 2014; Hardison et al., 2014; Bercel and Kranz, 2019). However, growth rates increased under elevated pCO2 (Errera et al., 2014) likely due to enhanced acquisition of dissolved inorganic carbon (Bercel and Kranz, 2019), which may lead to a greater prevalence of K. brevis HABs in the future. Evidence has shown there are strong dependencies on CO2 by HAB species (Reinfelder, 2011). For example, K. brevis can regulate cellular CO2 concentrating processes in response to changes in CO2 concentrations, which may increase resiliency to elevated pCO2 environments (Bercel and Kranz, 2019). Ocean and coastal acidification could favor initiation and maintenance of HABs (Wells et al., 2015); however, further research is needed to understand the interaction of OA and HAB dynamics, particularly with respect to their occurrence in the GOM (Riebesell et al., 2018; Wells et al., 2020).

Estuarine regions within the SW Florida sub-tropical region experience frequent and intense K. brevis HAB events. Tampa Bay is Florida’s largest open water estuary and is significantly urbanized, which has resulted in changes in circulation, residence time, and water quality degradation (Beck et al., 2019). Tampa Bay has also been a success story in recovery toward improved water quality conditions and seagrass extent due to estuary-wide nutrient management planning (Greening et al., 2014). However, blooms of K. brevis commonly occur in lower Tampa Bay (Tullis-Joyce and Roy, 2021), with blooms (≥105 cells L-1) recorded in 18 of the last 30 years (FWC, 2023). Additionally, ephemeral acidification events have been documented in Tampa Bay (Yates et al., 2023). Charlotte Harbor forms one of the largest estuarine lagoons in SW Florida, partially separated from coastal waters by a series of barrier islands (Dürr et al., 2011), and it has gone through many of the same land use changes as other estuaries in the region. Charlotte Harbor has experienced nearly annual blooms of K. brevis and is thought to be a nitrogen limited system (Heil et al., 2014; Julian and Osborne, 2018; Weisberg et al., 2019), yet has experienced an increase in nitrogen loading since the 1880s (Turner et al., 2006). The Caloosahatchee River extends southwest from Lake Okeechobee into a subtropical riverine estuary that is connected to Charlotte Harbor and has undergone a number of physical alterations for navigation, flood control and regulatory releases, and has had a decline in water quality over the past few decades with elevated loads of dissolved inorganic phosphorus and nitrogen (Liu et al., 2009; Qiu and Wan, 2013; Dixon et al., 2014; Sun et al., 2016). The Caloosahatchee River catchment contributes a larger freshwater input to the coastal West Florida shelf compared to the Charlotte Harbor watershed, despite the disparity in their geographic size (Doering and Chamberlain, 1999; Steinman et al., 2002; Rumbold and Doering, 2020), as flow from the Caloosahatchee River is managed per the Lake Okeechobee System Operating Manual (LOSOM, 2023). There have been no comprehensive studies of the carbonate system or acidification in Charlotte Harbor or the Caloosahatchee River.

This study combines nutrient, carbonate system, and K. brevis cell abundance data from the Tampa Bay, Charlotte Harbor and the Caloosahatchee River regions to characterize patterns and variability across different scales in concert with environmental drivers and co-stressors, to identify potential linkages among carbonate chemistry, nutrients, and HAB events.




2 Materials and methods



2.1 Sample collection

Discrete water samples were collected quarterly during seasonal estuarine surveys along three transects (Tampa Bay, Charlotte Harbor, and the Caloosahatchee River) from 2020-2023 (Figure 1, Table 1). Transects were designed to sample each region along an estuarine to marine gradient. Samples were collected using either a Niskin rosette package including a conductivity, temperature and depth (CTD) water profiler (SeaBird, SBE55) or single horizontal Niskin with separate CTD profiler (SeaBird SBE19+) within daylight hours. CTD data were processed using SBE Data Processing software (Seasoft V2, 2018), following the software recommendations for compensating for sensor thermal mass, sensor alignment, timing offset (the delay associated with pumped sensors, i.e., conductivity), and changes in instrument velocity (due to ship heave). Data were binned (~0.2m increments) to smooth data variability. Processed and derived data included temperature (°C), salinity (PSU), and dissolved oxygen (mg L-1). Samples for K. brevis cell abundance were collected in 20 mL borosilicate glass vials and immediately preserved with unacidified Lugols and kept in a dark, cool place until analyses (Dixon et al., 2014). Samples for carbonate chemistry were collected in 500mL borosilicate glass bottles with Tygon tubing attached to Niskin bottles, filled to overflow with no aeration using methods of Dickson et al. (2007) prior to collection of other samples. Samples for measurement of total alkalinity (TA) and dissolved inorganic carbon (DIC) were immediately poisoned with mercuric chloride, sealed with Apiezon grease and stored in a cool, dark place until analysis. Samples for dissolved nutrients were filtered immediately using 0.45 μm polyethersulfone membrane filters and stored frozen until analysis. Samples for chlorophyll- a were filtered through a 25 mm GF/F (0.7 µm) within 48 hours of collection and stored frozen at -20°C until analysis.




Figure 1 | Estuarine (quarterly) sampling stations in (A) Tampa Bay, (B) Charlotte Harbor, and (C) the Caloosahatchee River. Blue dots represent locations where the full suite of carbonate chemistry variables and nutrients were measured, black dots represent locations where only cell counts were collected.




Table 1 | Sampling dates and number of discrete samples collected from each estuary for carbonate system, chlorophyll-a, nutrient analyses, and cell counts.






2.2 Karenia brevis cell enumeration

Aliquots (2 mL) of preserved samples from the three transects were examined under 200x – 400x magnification in a 24-well tissue culture plate after an approximate 10 min. settling time, and K. brevis cells were enumerated (with 500 cells L-1 as limit of detection). Samples with observed abundances greater than 106 cells L−1 were enumerated in a Nageotte hemocytometer. These and additional K. brevis cellular abundance data from the same areas and time period were obtained from the Florida Fish and Wildlife Conservation Commission – Fish and Wildlife Research Institute (FWC-FWRI) Harmful Algal Bloom (HAB) Monitoring Database (FWC, 2023).




2.3 Carbonate chemistry analyses

Samples for seawater TA (± 5 μmol kg-1) were analyzed via Gran titration methods using a modification of the open-cell titration method on a Metrohm OMNIS advanced automated titrator using 0.05M HCl in 0.6M NaCl for ~40 g seawater samples (Dickson et al., 2007). Samples were analyzed for DIC(± 5 μmol kg-1) using an Apollo AS-C3 DIC Analyzer (Apollo SciTech, Newark, DE) equipped with a LICOR LI-7000 gas-analyzer following the methods of Dickson et al. (2007). Certified reference materials (CRMs) for TA and DIC analyses obtained from Scripps Institution of Oceanography (A. Dickson) were used to ensure the accuracy of both TA and DIC analyses. Carbonate system variables including pHT (pH on the total scale) were calculated in CO2SYS (Version 3.0_Err; Pierrot et al., 2021) using measured TA and DIC values and constants of Millero (2010).




2.4 Nutrient and chlorophyll-a analyses

Discrete filtered seawater samples collected for nutrient analyses included dissolved ammonia (DNH4-N), dissolved nitrate-nitrite (DNO2,3-N), and dissolved phosphate (DPO4-P). Analyses for dissolved nutrients followed colorimetric, segmented flow, autoanalyzer techniques for a Bran+Luebbe/Seal Autoanalyzer as described in Dixon et al. (2014). Chlorophyll-a samples were analyzed fluorometrically after acetone extractions following EPA 440.0 methods (Arar and Collins, 1997).




2.5 Data processing and statistics

All carbonate system and basic water quality variables were analyzed using Pearson correlation analyses to identify potential linkages among carbonate system variables, temperature, salinity, chlorophyll-a, and K. brevis cell abundance. Correlation strength was defined using the following ranges for correlation coefficients (r): 0.00-0.19 = very weak; 0.20-0.39 = weak; 0.40-0.59 = moderate; 0.60-0.79 = strong; 0.80-1.00 = very strong (Yates et al., 2023). Linear regression analyses were also performed to further examine the relationship between salinity and nutrients.

Total alkalinity and DIC were normalized to salinity by multiplying each variable by the ratio of each estuary’s mean salinity to measured salinity [e.g., nTA = TA * (Smean/Smeasured)] and plotted on nTA-nDIC graphs using methods of Suzuki and Kawahata (2003) and Muehllehner et al. (2016). Graphs of nTA and nDIC were divided into quadrants based on a center point that represents the mean value of nTA and nDIC for each estuary. Lines representing the theoretical impact of photosynthesis (P), respiration (R), calcification (C), and carbonate dissolution (D) on nTA and nDIC were calculated using methods of Suzuki and Kawahata (2003) whereby the PR line is based on the Redfield ratio for C:N:P in marine systems containing macroalgae and seagrass, and the CD line is based on the decrease of two moles of TA for every one mole of DIC during calcification. Linear regressions were used to examine the relation between nTA and nDIC and potential influence of net community production (NCP) and net community calcification (NCC). Data points falling in the lower left quadrant result from positive rates of NCP and NCC; a linear relationship with a slope near 0 indicates NCP dominates over NCC; and a slope of 2.0 indicates NCC dominates over NCP (Muehllehner et al., 2016). The ratio of Net Ecosystem Calcification to Net Ecosystem Production (NCC : NCP) was calculated for each estuary from the slope (m) of a linear regression between nTA and nDIC whereby NCC : NCP = 1/(2/m-1) (Muehllehner et al., 2016). Ratios of NCC : NCP indicate the relative proportion of carbonate production to organic carbon production and can be an important indicator of ecosystem health in areas characterized by calcifying organisms (Takeshita et al., 2016).

Datasets were tested for normality and normality distributions of the data were not found. Datasets were analyzed for significant differences using nonparametric tests (Kruskal-Wallis) between estuaries and seasonally using the software package SigmaPlot 14.0 (SigmaPlot, 2023). Pairwise multiple comparisons (Dunn’s Method) were used to determine significance between factors.





3 Results



3.1 Karenia brevis

Discrete sampling highlighted the variability of K. brevis in each of the estuaries throughout the study period in terms of distribution and magnitude. Sampling captured both a long-lasting bloom (December 2020 through November 2021) when populations persisted throughout summer, a fairly rare occurrence, as well as a comparatively short-lived event that ended in late spring (October 2022-May 2023; Figure 2). However, for five sampling periods that fell in between bloom events, K. brevis was uniformly absent from all estuaries. Along the varied transects, cell concentrations ranged from 500-160,000 cells L-1 for Tampa Bay; 500-1,534,000 cells L-1 for Charlotte Harbor; and 500-3,270,000 cells L-1 for the Caloosahatchee River. For Tampa Bay, 16 of 24 (66%) samples equaled or exceeded 5,000 cells L-1 compared to 38 of 47 (81%) for Charlotte Harbor and 33 of 47 (70%) for the Caloosahatchee River, highlighting the prevalence of this HAB across SW Florida estuaries, even across multiple seasons.




Figure 2 | Cell counts of Karenia brevis in Tampa Bay (TB), Charlotte Harbor (CH), and the Caloosahatchee River (CR) during the period January 2020 to August 2023. Small gray symbols represent all K. brevis cell counts collected in the Florida Southwest Region during the same time period. Dotted lines represent sample dates.






3.2 Carbonate chemistry and river discharge

Seawater TA was significantly different between estuaries (p<0.001; Supplementary Table 1) with greatest concentrations in the Caloosahatchee River (2485.06 ± 10.06 µmol kg-1) compared to Tampa Bay (2344.35 ± 9.35 µmol kg-1) and Charlotte Harbor (2231.29 ± 14.41 µmol kg-1) (Supplementary Figure 1; Supplementary Table 2). Tampa Bay and Charlotte Harbor followed similar seasonal trends with greatest TA values observed in April of 2021 and 2022 (Figure 3). The Caloosahatchee River had the most elevated TA in August 2021 when Charlotte Harbor and Tampa Bay had the lowest TA. Dissolved inorganic carbon was also most elevated in the Caloosahatchee River (2270.83 ± 14.04 µmol kg-1) compared to Tampa Bay (2107.05 ± 8.52 µM kg-1) and Charlotte Harbor (2037.21 ± 10.40 µmol kg-1) (Supplementary Figure 1; Supplementary Table 2). Seasonal patterns of TA in the Caloosahatchee River were different than in the other two estuaries where TA was most elevated in September 2021 and November 2022, which coincided with elevated river discharge due to rainfall in the region (Figure 3). Dissolved inorganic carbon followed a similar pattern as that of TA in all three estuaries (Figure 3). pCO2 was significantly greater in Charlotte Harbor than Tampa Bay (p<0.001) and pCO2 was significantly greater in the Caloosahatchee River than in Tampa Bay (p<0.001; Supplementary Figure 1; Supplementary Table 2). In Tampa Bay, the greatest pCO2 and lowest pHT were observed after a K. brevis bloom (Figure 3) that followed a major diatom bloom (Beck et al., 2022a). In Charlotte Harbor, greatest pCO2 and lowest pHT was toward the end of a K. brevis bloom in September 2021 and early on during a bloom in December 2022 (Figure 3). In the Caloosahatchee River, pCO2 concentrations were also greatest and pHT was lowest after a K. brevis bloom (Figure 3). Calculated pHT was significantly greater in Tampa Bay than in Charlotte Harbor or in the Caloosahatchee River (p<0.001; Supplementary Figure 1; Supplementary Table 2). The lowest pHT for all three estuaries occurred in Charlotte Harbor in November 2022, post Hurricane Ian; and the highest pHT was observed in the Caloosahatchee River in February 2022 (Figure 3). In all three estuaries, average DIC and pHT were higher during the dry season than the wet season while average pCO2 was lower during the dry season than in the wet season (Figure 3). In Tampa Bay, dry season average DIC was 2134.22 ± 8.74 and wet season average DIC was 2018.14 ± 6.11, dry season average pHT was 8.01 ± 0.009 and wet season was 7.99 ± 0.013, and dry season average pCO2 was 478.27 ± 10.32 and wet season was 491.65 ± 17.53. In Charlotte Harbor, dry season average DIC was 2066.37 ± 11.24 and wet season was 1971 ± 18.38, dry season average pHT was 7.94 ± 0.01 and wet season was 7.88 ± 0.02, and dry season average pCO2 was 565.10 ± 17.24 and wet season was 685.79 ± 47.92. In the Caloosahatchee River, dry season average DIC was 2275.60 ± 14.60 and wet season was 2258.55 ± 33.61, dry season average pHT was 7.97 ± 0.01 and wet season was 7.92 ± 0.01, and dry season average pCO2 was 599.34 ± 19.32 and wet season was 706.62 ± 48.09. Average TA was higher during dry seasons in Tampa Bay (dry: 2367.69 ± 9.12; wet: 2282.11 ± 19.92) and Charlotte Harbor (dry: 2257.82 ± 16.18; wet: 2171.23 ± 27.41), but higher during wet seasons in the Caloosahatchee River (dry: 2479.58 ± 11.69; wet: 2498.03 ± 19.62) Figure 3).




Figure 3 | Seasonal patterns of mean pHT, pCO2, dissolved inorganic carbon (DIC) and total alkalinity (TA) concentrations at all stations throughout the sampling period in Tampa Bay [TB; n=99], Charlotte Harbor [CH; n=124], and the Caloosahatchee River [CR; n=128]. Solid vertical lines represent Piney Point legacy mining release (in Tampa Bay, March 2021) and dashed vertical lines represent Hurricane Ian (September 2022). Gray boxes represent K. brevis bloom conditions in TB, pink boxes represent K. brevis bloom conditions in CH and blue boxes represent K. brevis bloom conditions in CR. Thick black lines along the x-axis represent the wet season in the west coast of Florida (June 1-October 31).



Pearson correlation analysis was used to examine trends between carbonate system, salinity, temperature, chlorophyll-a, and K. brevis cell abundance data (Tables 2–4). In Tampa Bay, salinity had a significant moderate correlation with TA and a weak correlation with chlorophyll-a, but no significant correlation with other variables. Temperature had significant weak to very strong correlations with pHT, TA, DIC, and DO, and a moderate correlation with K. brevis abundance (suggesting strong seasonal influence of temperature). Karenia brevis abundance was significantly and strongly correlated with DIC, but not significantly correlated with other carbonate system variables or DO. Chlorophyll-a showed significant moderate correlations with DIC and K. brevis cell abundance and weak correlation with TA; pHT and DO were moderately correlated; and DO and TA were weakly correlated (Table 2). In Charlotte Harbor, salinity had a significant, very strong correlation with TA and DIC, a strong correlation with chlorophyll-a (suggesting strong seasonal influence from river discharge), but a weak correlation with pHT. Temperature had significant, weak correlations with chlorophyll-a, salinity, TA, DIC, and pHT and moderate correlation with DO. Chlorophyll-a had significant, strong correlations with TA, DIC, and salinity, moderate correlation with K. brevis abundance, and weak or no significant correlations with other variables. There was a strong correlation between pHT and DO, and a moderate correlation between chlorophyll-a and K. brevis cell abundance, but no significant correlations between K. brevis cell abundance and pHT, DIC, TA, or DO (Table 3). In the Caloosahatchee River, there were significant, moderate to strong correlations between TA, DIC and salinity, and a significant but weak correlation between salinity and pHT. Temperature had a significant moderate to strong correlation with pH and DO. Chlorophyll-a was very strongly correlated with K. brevis cell abundance but not significantly correlated with all other variables. There were weak but significant correlations between DO and pHT, DIC, and TA; and there were weak but significant correlations between K. brevis cell abundance and pHT and TA, and a moderate correlation between DIC and K. brevis cell abundance (Table 4).


Table 2 | Pearson correlation results for Tampa Bay (correlation coefficient (r) and p-value).




Table 3 | Pearson correlation results for Charlotte Harbor (correlation coefficient (r) and p-value).




Table 4 | Pearson correlation results for the Caloosahatchee River (correlation coefficient (r) and p-value).






3.3 nTA:nDIC

Diagrams of nTA:nDIC for each estuary over the entire sampling period are presented in Figure 4. These diagrams show the effect of CaCO3 production and dissolution, and dissolved and organic matter produced or metabolized, on TA and DIC (Muehllehner et al., 2016). The lower left quadrant of each diagram represents net community calcification and net community production. The upper right quadrant represents net community respiration and net community carbonate dissolution and represents TA and DIC values that are in excess of mean values. In all three estuaries, there were very strong linear relationships between nTA and nDIC (r2 ranging from 0.95 to 0.99), indicating a strong influence NCC and NCP on the carbonate system (Figure 4). Occurrences of net photosynthesis and calcification as dominant processes, and net respiration and dissolution as dominant processes, were observed during both dry and wet seasons. NCP and calcification were dominant processes when K. brevis was present in all three estuaries; however, some occurrences of net respiration and dissolution were observed when K. brevis was present in Charlotte Harbor and the Caloosahatchee River. Tampa Bay had a higher occurrence of production and calcification (n=56) than respiration and dissolution (n=40) throughout the sampling period. Most sample points in Charlotte Harbor and the Caloosahatchee River indicated net production and calcification (CH calcification and production n=74, CH dissolution and respiration n=50; CR calcification and production n=98, CR dissolution and respiration n=29, Figure 4, Table 5). Net community calcification:net community production ratios (NCC : NCP) provide information on the ratio of inorganic carbon production (calcification) or dissolution relative to organic carbon production or remineralization. Tampa Bay had the lowest NCC : NCP ratio (0.826), followed by Charlotte Harbor (0.932) and the Caloosahatchee River (1.022).




Figure 4 | (A) Theoretical change in nTA and nDIC resulting from photosynthesis (P), respiration (R), calcification (C), and dissolution (D). Linear relationships between nTA and nDIC in Tampa Bay (B), Charlotte Harbor (C), and the Caloosahatchee River (D). Points in upper right quadrant indicate carbonate dissolution and respiration were dominant processes. Points in lower left quadrant indicate photosynthesis and calcification were dominant processes. Dashed lines indicate mean nTA and nDIC in each estuary. Gray line indicates linear regression for all data. Solid black circles = dry season; open black circles = wet season; red circles = Karenia brevis present during the dry season (no border) or wet season (black border).






3.4 Nutrients

Conservative mixing of DNH4-N in Tampa Bay was observed throughout the study period, with the exception of elevated concentration as the result of an episodic release of phosphate mining effluent into middle Tampa Bay from the Piney Point facility located along the estuary’s eastern coastline in March and April of 2021. Seasonal periods of source or sink of DNH4-N in Charlotte Harbor occurred, and K. brevis was present whether there was a source or sink of DNH4-N. In periods when K. brevis was present, the source of DNH4-N typically occurred during winter months (November and December sampling events) while a sink of DNH4-N typically occurred during the spring months (February and April; Figure 5). At the northernmost sites in Charlotte Harbor (E23, E24 and E26; Figure 1) elevated bottom concentrations of DNH4-N were observed in November 2022, which was approximately 2 months after the passage of Hurricane Ian (Heidarzadeh et al., 2023). DNH4-N was also most elevated when K. brevis was present in the Caloosahatchee River (Figure 6). When outliers from the legacy mining event and Hurricane Ian were removed, there was a strong linear relationship between DNH4-N and salinity for Tampa Bay, a weak relationship for Charlotte Harbor, and a strong relationship for the Caloosahatchee River. Overall, Charlotte Harbor and the Caloosahatchee River had greater concentrations of DNH4-N compared to Tampa Bay but were not significantly different from each other (Supplementary Tables 3, 4).




Figure 5 | Seasonal patterns of mean dissolved ammonia (DNH4-N), nitrate-nitrite (DNO2,3-N), and phosphate, (DPO4-P) concentrations at all stations throughout the sampling period (TB – Tampa Bay, CH – Charlotte Harbor and CR – the Caloosahatchee River). Error bars are standard error. The solid line represents the mining release event (in Tampa Bay, September 2021) and the dashed line represents Hurricane Ian (September 2022). Gray boxes represent K. brevis bloom conditions in TB, pink boxes represent K. brevis bloom conditions in CH and blue boxes represent K. brevis bloom conditions in CR. Thick black lines along the x-axis represent the wet season in the west coast of Florida (June 1-October 31).






Figure 6 | Dissolved ammonia (DNH4-N), nitrate-nitrite (DNO2,3-N), and phosphate (DPO4-P) mixing curves for all three estuaries. Red symbols indicate presence of K. brevis cells (Kb). TB, Tampa Bay, CH, Charlotte Harbor, CR, Caloosahatchee River. Circled outlier data are samples taken shortly after (A) mining release event (in Tampa Bay, March 2021) and (B) Hurricane Ian (September 2022). The r2 data is calculated with outliers removed.



Tampa Bay had the lowest concentrations of DNO2,3-N of all three estuaries (p<0.001; Supplementary Table 4). Concentrations were similar in Charlotte Harbor as in Tampa Bay, except for November 2022, shortly after Hurricane Ian when concentrations were greater than 5 µM and K. brevis was present near the mouth of the estuary. Mixing was generally conservative in the Caloosahatchee River for DNO2,3-N unless samples were at or below detection (Figure 6). There was a very weak to weak relationship between DNO2,3-N and salinity for Tampa Bay, Charlotte Harbor and the Caloosahatchee River. However, the data from Hurricane Ian in Charlotte Harbor and elevated river flows in the Caloosahatchee River show the episodic relationship between DNO2,3-N and salinity were very strong. Overall, the Caloosahatchee River had the greatest concentration of DNO2,3-N compared to Charlotte Harbor and Tampa Bay, but Charlotte Harbor and Tampa Bay were not significantly different from each other (Supplementary Tables 3, 4).

Concentrations of DPO4-P were most elevated after the mining release event in Tampa Bay, likewise there was also elevated DPO4-P in Charlotte Harbor after Hurricane Ian (Figure 6). Tampa Bay and Charlotte Harbor both showed conservative mixing while the Caloosahatchee River was both a source and a sink for DPO4-P. When outliers from the mining event were removed, there was a strong negative relationship between DPO4-P and salinity. There was a strong relationship in Charlotte Harbor and the Caloosahatchee River independent of Hurricane Ian or elevated river flows. Overall, Charlotte Harbor had the greatest concentration of DPO4-N compared to the Caloosahatchee River and Tampa Bay, but the Caloosahatchee River and Tampa Bay were not significantly different from each other (Supplementary Tables 3, 4).

Ratios of DIN : DIP were consistently N-limited for all three estuaries with the exception of two TB stations in February 2022, one CH station in December 2021, and one CR station in April 2022. DIN : DIP ratios were highest in the Caloosahatchee River and were likely driven by the elevated NO2,3-N (p<0.001; Supplementary Figure 2; Supplementary Tables 3, 4).





4 Discussion

The presence of K. brevis is well-documented on the West Florida Shelf and in estuaries within the region (Liu et al., 2016). Acidification events have also been documented in this region (Robbins and Lisle, 2018; Robbins et al., 2018; Yates et al., 2023), yet little is understood about the interaction of acidification, or carbonate patterns in general, with high biomass blooms like those formed by K. brevis (Turner et al., 2021). Laboratory studies show that growth rates of K. brevis could increase under elevated pCO2 (Errera et al., 2014), which may lead to a greater prevalence and intensity of K. brevis bloom events in the future (Errera et al., 2014; Wells et al., 2015; Bercel and Kranz, 2019). This information is limited, however, in response to what might be occurring within the natural ecosystems. The interactions and dynamics between chemical and biological factors during K. brevis blooms can be quite complex.

During this study, two K. brevis blooms occurred from late 2020 to late 2021 (approximately 12 months) and in late 2022 to mid-2023 (approximately 8 months). During the first bloom event, K. brevis was observed in discrete samples in the Caloosahatchee River and Charlotte Harbor, followed by Tampa Bay. During the second bloom event, K. brevis was observed in discrete samples concurrently across all transects. It is important to note that samples for this study were collected quarterly and did not capture the full dynamics of K. brevis from initiation to termination across each transect (e.g., in Tampa Bay which persisted from May through October 2021, Figure 2); thus, the biological system and bloom initiation were influenced by conditions not captured during these monitoring efforts. These concurrent sampling efforts provided information for in situ conditions present only at the time of sampling and did not quantify biological response to evolving environmental conditions or estuarine circulation. During the first bloom event in Tampa Bay, DNO2,3-N, DNH4-N, and DPO4-P were elevated; however, increases in phytoplankton biomass were initially driven by diatoms, cyanobacteria, and finally K. brevis two months later, which was introduced to the bay from a northward moving coastal bloom (Beck et al., 2022a; Morrison et al., 2023). Other studies show that diatoms can also dominate in the region (Badylak et al., 2007; Heil et al., 2007) and show greater uptake rates for available nutrients when compared to K. brevis (Hall et al., 2023).

There were both seasonal and spatial differences in carbonate chemistry and nutrients across the estuaries. Tampa Bay had the most elevated average pHT overall compared to the other two estuaries. Tampa Bay is a success story with respect to pH changes over the past few decades. However, recent seagrass losses attributed to harmful algal blooms and tropical storm impacts have occurred in Tampa Bay (Tomasko et al., 2020; Beck et al., 2022b; Lopez et al., 2023); and decreasing pH has been observed over the past decade (Karlen et al., 2023). Submarine groundwater discharge has been documented in Florida estuaries (Swarzenski et al., 2007; Charette et al., 2013) and may also contribute to localized acidification events. Seagrasses are predicted to benefit from elevated pCO2 and are capable of increasing pH and carbonate mineral saturation states through photosynthesis, which in turn, may buffer against acidification (Sunday et al., 2017; Cyronak et al., 2018; Pacella et al., 2018). Additionally, the dissolution of carbonate sediments may also provide a mechanism for buffering seawater pH. Long-term water quality monitoring in Tampa Bay indicates that seawater pH has increased since the 1980s as the seagrass beds have recovered (Greening et al., 2014). Even so, the remineralization of organic material following a K. brevis HAB event may influence carbonate chemistry patterns that are normally well-buffered (Raven et al., 2020). Lowest pHT and highest pCO2 in Tampa Bay occurred in December 2022, following a series of bloom events which may be representative of an acidification event resulting from the breakdown of organic matter from dead fish or dying algae (Raven et al., 2020). This acidification event in Tampa Bay also occurred during the winter season when low productivity is expected for both seagrasses and algae biomass (Robbins and Bell, 2000). Recent modeling studies suggest that riverine nitrate additions via the Caloosahatchee could influence K. brevis blooms (Medina et al., 2020; Medina et al., 2022), assuming they were co-located, but more work is needed to understand these complex dynamics in the environment. During this study, for example, Tampa Bay only had elevated concentrations of DNH4-N and DPO4-N shortly after the mining release event, in April 2021 (Figure 5), and Beck et al. (2022a) showed elevated concentrations of total nitrogen persisting between this study’s quarterly sampling. Interestingly, pHT showed normal bay conditions (Morrison et al., 2023) during the April 2021 sampling event in Tampa Bay and did not appear to be influenced by the release.

Charlotte Harbor had the lowest TA and pHT of all three estuaries. Interestingly, it is one of the largest estuaries for seagrass in southwest Florida, where seagrass coverage has been relatively stable (Corbett, 2006). It is influenced by two large tidal rivers (the Myakka River and the Peace River), both of which provide high concentrations of dissolved organic matter (Doering and Chamberlain, 1999; Steinman et al., 2002) and are estimated to have increases in nitrogen loading (Turner et al., 2006). This area is also a hotspot for K. brevis blooms (Steidinger, 2009; Liu et al., 2022). This estuarine system is relatively high in dissolved organic matter (McPherson and Miller, 1987; Milbrandt et al., 2010) and breakdown of this organic matter can result in reduced pH compared to other systems with lower concentrations of DOM. Charlotte Harbor had the most frequent occurrences of K. brevis during the study period. In Charlotte Harbor, there wasn’t a distinct acidification event following the K. brevis bloom, as was observed in Tampa Bay. pCO2 was elevated and pHT was lower toward the end of the bloom in 2021 and at the beginning of the bloom in 2022. The second bloom event with increased pCO2 (and reduced pH) was shortly after Hurricane Ian. It is possible that elevated rainfall and freshwater input to the system (Figure 7) influenced carbonate chemistry with rainfall that is typically lower in pH and enhanced respiration from elevated nutrients (Hicks et al., 2022). Dissolved nutrient concentrations were most elevated following Hurricane Ian (Figure 5), which coincided with the start of a K. brevis bloom. This study did not examine the cause of the K. brevis blooms.




Figure 7 | River flows for the Alafia River (representing Tampa Bay - TB), the Peace River (representing Charlotte Harbor - CH) and the Caloosahatchee River (CR). The solid line represents a mining release event (in Tampa Bay, September 2021) and the dashed line represents Hurricane Ian (September 2022). The datapoint for Charlotte Harbor in October 2022 is 49,900 ft3sec-1 and extends beyond the data limit depicted. Thick black lines along the x-axis represent the wet season in the west coast of Florida (June 1-October 31).



The Caloosahatchee River had consistently greater concentrations of TA and DIC and had the most elevated DNO2,3-N compared to Tampa Bay and Charlotte Harbor. During this study period, the Caloosahatchee River was N-limited and had the highest DIN : DIP ratios when K. brevis was present. The Caloosahatchee River is a subtropical estuarine environment that extends approximately 48 miles from the S79 Franklin Locke and Dam (26.72173487, -81.69313699) until it empties into the Gulf of Mexico. The S79 dam separates the freshwater river and upstream lake from the estuary and acts like a salinity barrier. During this sampling period, salinity reached levels below 10 PSU twice in December 2020 and August 2021. Karenia brevis was only present at salinities greater than 15 PSU. River fed estuarine systems in carbonate environments such as South Florida, like the Caloosahatchee River, are often higher in TA and are likely to counteract effects of acidification more readily than non-river-fed systems (Duarte et al., 2013). The elevated TA in the Caloosahatchee River may also provide enough buffer against acidification; however, pCO2 was also greatest in the Caloosahatchee River compared to the other two estuaries. Other estuarine river systems have relatively high pCO2 typically resulting from high rates of respiration and nutrient loading in the upper river system (Cai et al., 1999; Guo et al., 2009; Prasad et al., 2013; Jeffrey et al., 2018). Interestingly, instead of a bloom-led acidification event as seen in Tampa Bay, pCO2 was most reduced following a K. brevis bloom. Concentrations of DNO2,3-N, DPO4-P and DIC were low during this time, and others have shown that river nutrient delivery and eutrophication can lead to strong changes in carbonate chemistry (Borgesa and Gypensb, 2010).

Karenia brevis was present in a majority of samples collected in Tampa Bay when our data indicate NCC and NCP were dominant processes (Figure 4, Table 5). Tampa Bay has primarily siliciclastic sands in the northern areas of the bay with higher concentrations of carbonate sediment toward the mouth of the estuary (Yates et al., 2023), suggesting that there is the possibility for more dissolution in the southern subregion of Tampa Bay than in the northern region. Interestingly, K. brevis cells were present in Charlotte Harbor during periods of net community calcification and production, and during periods of net respiration and carbonate dissolution. The rest of the data also show a relatively even distribution between calcification/dissolution and production/respiration. Similar to Tampa Bay, samples where K. brevis was present in the Caloosahatchee River, net community calcification and net community production dominated; however, the data are evenly split between calcification/production and dissolution/respiration.


Table 5 | Net Community Calcification: Net Community Production ratios (NCC : NCP) for each estuary.



Eutrophication and acidification might amplify patterns of harmful algae, such as K. brevis. The quarterly discrete sampling approach used in this study provided evidence of linkages among seasonal variability in the carbonate system, K. brevis blooms, and other environmental influences. However, long-term datasets including higher resolution time-series observations need to be evaluated to fully understand the drivers and evolution of acidification and HAB events. Studies show that photosynthetic responses to acidification might be small (Mackey et al., 2015), however the growth and death of a harmful algal bloom can intensify or even cause localized acidification events. This study was the first to examine potential linkages between presence of K. brevis blooms and acidification in three large western Florida estuaries: Tampa Bay, Charlotte Harbor, and the Caloosahatchee River. This is a first step towards connecting monitoring networks and observations of K. brevis blooms and carbonate chemistry changes in southwest Florida. Our study demonstrates the variability and complexities associated with understanding interactions among HABs, carbonate chemistry, and acidification, thus illustrating the need for improved spatial and temporal monitoring of the carbonate system along with HAB species to better understand linkages and interactions associated with OA, high biomass HAB events, and environmental conditions. This study also provides critical baseline data to support future comparisons.
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In this work, we present, for the first time, the seawater carbonate system measurements of two coastal time-series in the NW Mediterranean Sea, L’Estartit Oceanographic Station (EOS; 42.05°N 3.2542°E) and the Blanes Bay Microbial Observatory (BBMO; 41.665°N 2.805°E). At these two time-series, measurements of total alkalinity (TA), pH, and associated variables, such as dissolved inorganic nutrients, temperature, and salinity, have been performed monthly since 2010 in surface seawater. Seasonality and seasonal amplitude are analogous in both time-series, with seasonality in pHT in situ (pH at in situ seawater conditions on the total hydrogen ion scale) primarily determined by seasonality in sea surface temperature. The evaluated pHT in situ trends at BBMO (-0.0021 ± 0.0003 yr-1) and EOS (-0.0028 ± 0.0005 yr-1) agree with those reported for coastal and open ocean surface waters in the Mediterranean Sea and open ocean surface waters of the global ocean, therefore indicating that these time-series are representative of global ocean acidification signals despite being coastal. The decreases in pHT in situ can be attributed to increases in total dissolved inorganic carbon (DIC; 1.5 ± 0.4 µmol kg-1 yr-1 at BBMO and 1.6 ± 0.6 µmolESkg-1 yr-1 at EOS) and sea surface temperature (0.08 ± 0.02 °C yr-1 at BBMO and 0.08 ± 0.04 °C yr-1 at EOS). The increases in carbon dioxide fugacity (fCO2; 2.4 ± 0.3 µmol kg-1 yr-1 at BBMO and 2.9 ± 0.6 µmol kg-1 yr-1 at EOS) follow the atmospheric CO2 forcing, thus indicating the observed DIC increase is related to anthropogenic CO2 uptake. The increasing trends in TA (1.2 ± 0.3 µmol kg-1 yr-1 at BBMO and 1.0 ± 0.5 µmol kg-1 yr-1 at EOS) buffered the acidification rates, counteracting 60% and 72% of the pHT in situ decrease caused by increasing DIC at EOS and BBMO, respectively. Once accounted for the neutralizing effect of TA increase, the rapid sea surface warming plays a larger role in the observed pH decreases (43% at EOS and 62% at BBMO) than the DIC increase (36% at EOS and 33% at BBMO).
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1 Introduction

Human activities have exponentially increased the atmospheric concentration of carbon dioxide (CO2) since the Industrial Revolution. As a consequence of the oceanic uptake of about 20–30% of those CO2 emissions (Gruber et al., 2019; Friedlingstein et al., 2022), ocean surface pH has decreased by 0.1 to 0.2 units (Doney et al., 2009; Rhein et al., 2013; Bates et al., 2014; Ríos et al., 2015), a phenomenon known as ocean acidification. In addition to the pH decrease, the dissolution of anthropogenic CO2 in seawater leads to an increase in the partial pressure of CO2 (pCO2) and total dissolved inorganic carbon (DIC), and a reduction in the carbonate ion levels (Doney et al., 2009), thus reducing the saturation states of calcium carbonate minerals, such as aragonite (ΩAr) and calcite. Such changes in ocean chemistry may have direct and indirect consequences for marine life (particularly calcifying organisms), ecosystems, and reliant human communities (Riebesell et al., 2000; Kroeker et al., 2013; Mostofa et al., 2016; Doney et al., 2020).

Although ocean acidification is a global problem, it does not occur uniformly worldwide (Gattuso et al., 2015), presenting a wide range of rates, especially in coastal zones (Hofmann et al., 2011; Duarte et al., 2013a), where natural spatiotemporal variability is an important source of uncertainty when detecting anthropogenic acidification (Duarte et al., 2013a; Carstensen and Duarte, 2019). While the phenomenon of ocean acidification has garnered considerable scientific attention (Doney et al., 2009; Gattuso et al., 2015), the processes and consequences associated with coastal acidification have been less explored.

The ocean carbon cycle community is increasingly recognizing coastal and nearshore areas as hotspots for carbon and biogeochemical variability (Cai et al., 1998; Cai et al., 2020; Cai et al., 2021; Dai et al., 2022), especially vulnerable to global change, likely sites for marine CO2 removal interventions, and regions of great importance, as coastal ecosystems provide invaluable resources and services, including various for climate change mitigation (Duarte et al., 2013b). The increased CO2 uptake of coastal waters is not only contributing to their acidification but also exacerbating existing global challenges such as eutrophication, pollution, and habitat degradation (Andersson and Gledhill, 2013; Cai et al., 2023). Therefore, a robust understanding of carbonate chemistry is key to properly assessing habitat vulnerability to ocean acidification.

The dynamics of the seawater carbonate system are intricately shaped by the interplay between physicochemical (such as ocean circulation and mixing, and heat, carbon, and freshwater exchanges with the atmosphere) and biological (such as photosynthesis and calcification) factors. The temporal and spatial dimensions of these interactions add further complexity, emphasizing the need for continuous time-series to disentangle these complex interactions, providing a detailed understanding of how the seawater carbonate system responds to evolving environmental conditions (e.g., Doney et al., 2009; Benway et al., 2019). Long-term observations allow for the identification of trends, patterns, and potential tipping points, enabling to distinguish between natural variability and anthropogenic influences. Continuous datasets are, therefore, essential for advancing our knowledge and facilitating informed management strategies in the context of ongoing global environmental changes.

The Mediterranean Sea has been recognized as one of the most prominent climate-change hotspots (Giorgi, 2006) and is considered a “miniature ocean” (Bethoux et al., 1999), serving as a model to anticipate the responses of the global ocean to diverse pressures (Lejeusne et al., 2010). The relatively rapid overturning circulation of the Mediterranean Sea and the high total alkalinity (TA) of its waters lead to a naturally high capacity of the Mediterranean Sea to absorb and buffer anthropogenic CO2 (Schneider et al., 2010; Lee et al., 2011; Álvarez et al., 2014; Palmiéri et al., 2015). Despite its importance, the seawater carbonate system of the Mediterranean Sea is still poorly quantified, especially in coastal zones (understood here as those within the continental shelf), and long-term time-series are still sparse (Hassoun et al., 2022).

In this context, we present here the seawater carbonate system measurements of two coastal time-series in the NW Mediterranean Sea: L’Estartit Oceanographic Station (EOS; 42.05°N 3.2542°E) and Blanes Bay Microbial Observatory (BBMO; 41.665°N 2.805°E) (Figure 1). At these two coastal time-series, surface sampling for TA, pH, and associated variables, such as dissolved inorganic nutrients (nitrate, NO3-, silicate, SiO2, and phosphate, PO43-), temperature, and salinity, have been performed monthly since 2010. Using these newly released datasets, we evaluate the seasonality and assess the long-term pH changes in surface waters and explore the physical and chemical drivers causing them. Variations in these drivers are the result of changes in ocean circulation and mixing, biological processes, as well as exchanges of heat, freshwater, and carbon with the atmosphere.




Figure 1 | Locations of the studied coastal time-series, EOS and BBMO, on a map of climatological surface currents in the month of July (Martínez et al. (2022)), also including an schematic of the Northern Current.






2 Materials and methods



2.1 EOS and BBMO: site description, sampling, and measurements

The studied coastal time-series are located off the coast of Girona (Catalonia, Spain), ~60 km apart, being EOS in deeper waters and further from the coast than BBMO (92 m deep and ~3.5 km off the main coast and ~2 km off the Medes Islands, and 20 m deep and ~800 m offshore, respectively; Figure 1). Both stations are influenced by the southwest-flowing Northern Current (Figure 1), which originates before the Ligurian Sea and continues south of the Ibiza Channel (Millot, 1999). Both time-series locations present strong stratification in summer and a deep mixed layer depth during the rest of the year (Guadayol et al., 2009; Aparicio et al., 2017; Zamanillo et al., 2021). The most offshore site, EOS, lays close to a natural reserve (Marine Protected Area of the Medes Islands), while BBMO is close to the Blanes harbor area so, a priori, we would expect land-ocean interactions and anthropogenic activities to lead to higher variability at BBMO than at EOS.

Weekly monitoring of sea surface temperature at EOS began in 1973, led by Josep Pascual, being the longest uninterrupted time-series of oceanographic data in the Mediterranean Sea (Salat et al., 2019). Monthly sampling for pH and TA started in 2010, jointly with Josep Pascual’s measurements of sea surface temperature and salinity. Plankton ecology around the BBMO site has been extensively studied since the mid-XX century (e.g., Margalef, 1945), but it was in 1998 when a more continuous sampling effort began, with a focus on microbial biodiversity and biogeochemical function. Since then, monthly water sampling has been carried out for a very broad range of biotic and abiotic variables (Gasol et al., 2012) for which pH and TA also began to be measured at the end of 2009. For this work, we focus our study period at EOS from 22/01/2010 to 23/08/2019, since measurements had to be interrupted at that date, and from 22/12/2009 to 02/08/2022 at BBMO.

BBMO temperature and salinity were measured with a SAIV-A/S-SD204 CTD (Environmental Sensors & Systems, Norway), with an accuracy of ± 0.02 in salinity and ± 0.01 °C in temperature. EOS temperature was measured with reversible thermometers with an accuracy of ± 0.02 °C, while EOS salinity was measured with two CTDs, a SAIV-A/S-SD204 CTD (Environmental Sensors & Systems, Norway) with an accuracy of ± 0.02 in salinity, and a CTD75M (Sea & Sun Technology, Germany) with an accuracy of ± 0.01 in salinity. For consistency between BBMO and EOS datasets, the salinity record obtained with the SAIV-A/S-SD204 CTD is considered in this study. When salinity values from the SAIV-A/S-SD204 CTD were missing, salinity values from CTD75M were used. The salinity records obtained with the two CTDs were quality controlled and calibrated to obtain a consistent dataset.

Discrete seawater samples for pH, TA, and dissolved inorganic nutrients were taken monthly from a depth of 0.5 m at both stations (with a Niskin bottle at EOS and in 10 L polyethylene carboys at BBMO). For pH measurements, at EOS, two cylindrical optical glass cells with a 10 cm path-length were filled directly from the Niskin bottle right after reaching land, ready to be analyzed in the next 3–4 hrs. At BBMO, a 150 mL glass bottle was filled leaving no headspace, and three 10 cm path-length cylindrical optical glass cells were filled from it once at the ICM laboratory (< 2 hrs after sampling). For TA measurements, one sample per site was taken in 500 mL borosilicate glass bottles, rinsed three times, and carefully filled from the bottom with a tube. Samples for TA were poisoned with 300 µL mercuric chloride (HgCl2) saturated solution to halt biological activity (Dickson et al., 2007), right after reaching land for EOS and at the ICM laboratory for BBMO. Bottles were then stored in the dark at room temperature until they were analyzed in the laboratory, within days up to one month. Each TA sample was measured by duplicate. Samples for dissolved inorganic nutrients were stored frozen at -20°C in sterile falcon tubes until analysis. These tubes were filled directly from the Niskin bottle upon reaching land in EOS and from a bottle at the ICM laboratory in the case of BBMO samples.

TA was analyzed by potentiometric titration, determined by double endpoint titration (Pérez and Fraga, 1987; Mintrop et al., 2000), and calibrated with reference materials (Prof. A. Dickson, Scripps Institution of Oceanography (USA); Batches #93, #104, #136, and #179). TA measurement precision was ± 4 µmol kg-1.

pH was determined at 25 °C and 1 atm in a Cary 100 UV-vis spectrophotometer containing a 25°C-thermostated cell holder following Clayton and Byrne (1993), using unpurified m-cresol purple as indicator dye, and reported on the total hydrogen ion scale (pHT25). The indicator dye used was from Sigma-Aldrich, lots 211761-1G (from 2009 to 16/04/2018) and 211761-10G (from 16/04/2018 onward). pH measurement precision was ± 0.006 pH units.

Dissolved inorganic nutrients were determined by standard continuous flow analysis with colorimetric detection (Hansen and Grassof, 1983) using a Bran + Luebbe autoanalyser. Precisions were ± 0.01 µmol kg-1 NO3-, ± 0.02 µmol kg-1 PO43-, and ± 0.01 µmol kg-1 SiO2.

Seawater carbonate system parameters, ΩAr, DIC, CO2 fugacity at in situ seawater conditions (fCO2), and pH at in situ seawater conditions on the total hydrogen ion scale (pHT in situ) were calculated from pHT25 and TA measurements using the MATLAB® version of CO2SYSv3 (Sharp et al., 2021), with the carbonic acid dissociation constants of Mehrbach et al. (1973) reformulated on the total hydrogen scale by Lueker et al. (2000), the bisulfate dissociation constant of Dickson (1990), and the total boron to salinity ratio of Lee et al. (2010). We used the CO2SYSv3 uncertainty propagation code (Sharp et al., 2021; adapted from Orr et al., 2018) to estimate the uncertainties in calculated parameters, taking into account the uncertainties in thermodynamic constants suggested by Orr et al. (2018), resulting in an uncertainty of ± 4 µmol kg-1 in DIC, ± 0.02 in ΩAr, and ± 10 µatm in fCO2. When dissolved inorganic nutrient measurements were unavailable (12% of the EOS dataset and 6% of the BBMO dataset), those values were assumed to be equal to the monthly average values for each time-series.




2.2 Trend assessment

To quantify interannual changes, all datasets were detrended for seasonality using the recently developed Trends of Ocean Acidification Time Series (TOATS, https://github.com/NOAA-PMEL/TOATS) software, which is a supplement to the recently published best practices for assessing trends of ocean acidification time-series with monthly or higher periodicity sampling (Sutton et al., 2022). Briefly, the procedure first removes the overall linear trend by applying a simple linear regression and removing the slope from the original dataset. Then, climatological monthly means are calculated using this detrended time-series, and the climatological annual means are determined. Monthly adjustments are then determined by subtracting the climatological annual mean from the climatological monthly means. Finally, the de-seasoned dataset is obtained by subtracting the adjustment value for each month from the time-series of monthly means, which was not detrended [for more details, see Sutton et al. (2022)]. The TOATS software also provides the trend detection time, i.e., the minimum observational period needed to statistically distinguish between natural variability (noise) and anthropogenic forcing.

Long-term trends were computed with the de-seasoned dataset, using ordinary least squares regression, and 95% confidence intervals were calculated for the slopes of the regressions. The reported trends were calculated excluding data points identified as outliers in pH after the dataset was de-seasoned (data from 16/05/2017, 22/06/2017, and 24/07/2019 for EOS, and 13/12/2016 and 13/10/2021 for BBMO, data outside 2SD –standard deviation– boundaries).

We tested if the trends were different using the TOATS de-seasonalizing software (Sutton et al., 2022) and the widely-applied approach of Bates et al. (2014), where de-seasoned data is computed by subtracting the respective climatological monthly means computed from the time-series and calculating the trends with those anomalies. The two approaches produced statistically indistinguishable trends (Table 1, Supplementary Table 1).


Table 1 | De-seasoned time-series {using the Trends of Ocean Acidification Time Series [TOATS, https://github.com/NOAA-PMEL/TOATS; Sutton et al. (2022)] software} regression analyses at EOS and BBMO for pH at in situ seawater conditions on the total hydrogen ion scale (pHT in situ), temperature (T), salinity (S), total alkalinity (TA), total dissolved inorganic carbon (DIC), and fugacity of carbon dioxide at in situ seawater conditions (fCO2 in situ).



For comparison with atmospheric CO2 values, we used atmospheric CO2 data from Plateau Rosa, Italy (courtesy of the World Data Center for Greenhouse Gases; https://gaw.kishou.go.jp/).




2.3 Carbonate system driver determination

Observed temporal changes in pHT in situ were decomposed into those associated with each of the potential drivers, assuming linearity and using a first-order Taylor-series deconvolution approach (Equation 1) (García-Ibáñez et al., 2016; Kwiatkowski and Orr, 2018):

 

where   represents the slope contribution of changing “Driver” to the observed temporal change in pHT in situ (ΔpH). The sensitivity of pH to each driver ( ; Table 2) was estimated by calculating pHT in situ using the true observations of each driver and holding the other three drivers constant (mean value of the time-series) and regressing it to each driver. Sensitivity was then multiplied by the corresponding observed temporal changes in in situ temperature (ΔTemp), salinity (ΔS), TA (ΔTA), and DIC (ΔDIC) (Table 1). We did not use salinity-normalized TA and DIC as drivers because there was no clear relationship between TA and salinity or between DIC and salinity (not shown). This was also the approach used in another coastal time-series in the NW Mediterranean Sea (Point B; Kapsenberg et al., 2017), where salinity was found to be a poor TA predictor.


Table 2 | Decomposition of de-seasoned pHT in situ trends at EOS and BBMO.



The driver decomposition results using the de-seasonalizing TOATS software (Table 2) were statistically indistinguishable from those resulting from applying the de-seasonalizing technique of Bates et al. (2014) (Supplementary Table 2).





3 Results



3.1 Seasonality in biogeochemical variables

The two time-series present a relatively similar seasonality in all the studied variables (Figures 2, 3). Surface waters are warm in summer and temperate in winter (Figure 2A), with maximum temperatures above 23 °C between June and September and minimum temperatures around 13 °C from December to March.




Figure 2 | Monthly means (with standard deviation as error bars) of observations of (A) sea surface temperature (T; °C), (B) salinity, (C) total alkalinity (TA; µmol kg-1), (D) total dissolved inorganic carbon (DIC; µmol kg-1), (E) pH at in situ seawater conditions on the total hydrogen ion scale (pHT in situ), (F) aragonite saturation state (ΩAr), (G) carbon dioxide fugacity at in situ seawater conditions (fCO2; µatm) and atmospheric mole fraction of CO2 (xCO2; ppmv; grey; data from Plateau Rosa, Italy for 15/04/1993–15/12/2018; courtesy of the World Data Center for Greenhouse Gases; https://gaw.kishou.go.jp/), and (H) nitrate (NO3-; µmol kg-1) from the two coastal time-series, BBMO (blue squares; 2009-2022) and EOS (magenta circles; 2010-2019).



Surface salinity and TA present no clear seasonal cycle (Figures 2B, C), with values quite constant all year round, with annual average salinity values of 37.9 ± 0.3 and annual average TA values of 2557 ± 14 µmol kg-1. Salinity values have higher variability in March and December (Figure 3B).




Figure 3 | Observations of sea surface (A) temperature (T; °C), (B) salinity, (C) total alkalinity (TA; µmol kg-1), (D) total dissolved inorganic carbon (DIC; µmol kg-1), (E) pH at in situ seawater conditions on the total hydrogen ion scale (pHT in situ), (F) aragonite saturation state (ΩAr), (G) carbon dioxide fugacity at in situ seawater conditions (fCO2; µatm), and (H) nitrate (NO3-; µmol kg-1) from the two coastal time-series, BBMO (blue squares) and EOS (magenta asterisks).



Surface DIC presents maximum values of around 2280 µmol kg-1 in March in both time-series (Figure 2D). From that maximum, DIC decreases in spring-summer to minimum values of 2213 ± 22 µmol kg-1 (monthly mean ± standard deviation) reached in September at BBMO and of 2207 ± 21 µmol kg-1 reached in November at EOS.

Seasonal changes in surface pHT in situ, ΩAr, and fCO2 are mainly determined by temperature seasonality because the seasonality in the other variables controlling them (i.e., salinity, DIC, and TA) is relatively small compared to that in temperature (Figure 2). The temperature control on pHT in situ, ΩAr, and fCO2 seasonality leads to relatively low pHT in situ and high ΩAr and fCO2 in summer, and relatively high pHT in situ and low ΩAr and fCO2 in winter (Figures 2E–G). The two time-series sites behave as CO2 sinks during autumn, winter, and spring, and as CO2 sources during summer, when fCO2 surpasses atmospheric CO2 levels (Figure 2G).

In terms of dissolved inorganic nutrients, we show nitrate as the most representative dissolved inorganic nutrient (Figures 2H, 3H). Seasonality in nitrate content in surface waters is higher at EOS than BBMO but, at both sites, there is a maximum around February, with values decreasing into summer, where minimum concentrations are reached, and increasing during autumn.




3.2 Trends in the biogeochemical variables

We observed significant increases in sea surface temperature at both sites, with similar trends at BBMO (0.08 ± 0.02 °C yr-1) and at EOS (0.08 ± 0.04 °C yr-1) (Table 1). Sea surface salinity also increases significantly over time, with a three-times faster increase observed at EOS (0.040 ± 0.012 yr-1) than at BBMO (0.013 ± 0.006 yr-1) (Table 1). The TOATS-derived temperature trend detection time is 15.5 ± 2.5 years for BBMO and 9.3 ± 1.5 years for EOS, being EOS long enough (9.6 years) to detect statistically-significant trends in sea surface temperature, while BBMO may not be long enough (12.7 years) to detect the reported trend. The TOATS-derived salinity trend detection time is 19.3 ± 2.8 years for BBMO and 9.9 ± 2.1 years for EOS, indicating, therefore, that both time-series may not be long enough to detect those statistically significant trends. Although the trend detection times are sometimes longer than the length of our time-series, the sea surface temperature and salinity trends found in this study are statistically significant for both time-series (Table 1).

In terms of seawater carbonate system parameters, we observe that sea surface pHT in situ decreased significantly and at similar rates at BBMO, -0.0021 ± 0.0003 yr-1, and at EOS, -0.0028 ± 0.0005 yr-1 (Figure 4; Table 1). The TOATS-derived pHT in situ trend detection time is 9.7 ± 1.5 years for BBMO and 7.6 ± 1.8 years for EOS, being, therefore, both time-series long enough to detect those statistically significant trends.




Figure 4 | Sea surface pHT in situ observations (grey circles), de-seasoned monthly means of pHT in situ (black squares; using the using the Trends of Ocean Acidification Time Series (TOATS, https://github.com/NOAA-PMEL/TOATS; Sutton et al. (2022)) software), and pHT in situ trends from the de-seasoned dataset (values in Table 1) from the two coastal time-series, (A) BBMO and (B) EOS.



Significant increasing trends in sea surface TA, DIC, and fCO2 are observed with similar rates in both sites (Table 1). The TOATS-derived trend detection times for BBMO are 14 ± 3 years for DIC and TA and 9.4 ± 1.5 for fCO2, while for EOS they are 12 ± 3 years for DIC, 13 ± 3 years for TA, and 7.5 ± 1.7 for fCO2. Therefore, both time-series are long enough to detect statistically-significant trends in fCO2 but may not be long enough for detecting statistically-significant trends in DIC and TA. Despite the trend detection times, the reported trends in DIC and TA for both sites are statistically significant (Table 1). Sea surface ΩAr decreased at both sites, with the observed trend at EOS (-0.0051 ± 0.0041 yr-1) being more than three-times greater than that at BBMO (-0.0014 ± 0.0026 yr-1), although the trends are non-significant (Table 1). This is corroborated by the relatively long detection times for ΩAr, being 44.7 ± 6.6 years for BBMO and 16.6 ± 2.7 years for EOS.

In terms of dissolved inorganic nutrients, non-significant trends were detected for the studied time period, mainly because of the small long-term changes (not shown) compared to the natural variability (long-term changes were three orders of magnitude smaller than the seasonal amplitude), needing between 10–50 years of data to detect statistically-significant trends. 




3.3 Drivers of ocean acidification trends

To investigate the drivers of the observed long-term changes in sea surface pHT in situ at BBMO and EOS, we decomposed them into their principal underlying drivers: changes in temperature, salinity, DIC, and TA (Figure 5; Table 2). Variations in these drivers are the result of changes in ocean circulation and mixing, biological processes, as well as exchanges of heat, freshwater, and carbon with the atmosphere.

The estimated trends from the decomposition () agree with the observed pHT in situ trends (Figure 5; Table 2), thus indicating that the decomposition analyses accurately represent the observed trends. The predominant driver of the observed pHT in situ decreases was the increase in DIC, followed by sea surface warming. The observed fCO2 trends (2.4 ± 0.3 µmol kg-1 yr-1 at BBMO and 2.9 ± 0.6 µmol kg-1 yr-1 at EOS) agree with those exhibited by atmospheric CO2 (data from Plateau Rosa, Italy, for 2010–2018), which increased at 2.36 ± 0.03 ppmv yr-1 (r2 = 0.98; p-value < 0.01), therefore suggesting that the main driver of the changes in the inorganic carbon content at BBMO and EOS is the uptake of atmospheric CO2. Increases in TA played a major role in counteracting the pH decline. Assuming that the increase in TA was due to increases in carbonate alkalinity (bicarbonate and carbonate ions), then increases in bicarbonate and carbonate ions would contribute to both increases in TA and DIC, and we can sum their contributions to changes in pHT in situ. TA changes then counteracted 60% and 72% of the pHT in situ decrease linked to increasing DIC at EOS and BBMO, respectively. Once accounted for the neutralizing effect of the increase in TA, the observed rapid increase in sea surface temperature plays a larger role in the observed pHT in situ decreases (43% at EOS and 62% at BBMO) than the DIC increase related to anthropogenic CO2 (36% at EOS and 33% at BBMO, when the TA effect is removed).




Figure 5 | Decomposition of the observed long-term trends in sea surface pHT in situ ( , grey; Table 1) into the contributions of their main drivers (values in Table 2) following García-Ibáñez et al. (2016): changes in sea surface temperature ( , green), salinity ( , navy), TA ( , light blue), and DIC ( , red) from the two coastal time-series, (A) BBMO and (B) EOS. The addition of the pHT in situ changes from each driver are also given ( , white; Table 2). Trends reported in (x 10-3) yr-1 and error bars represent the standard error of the estimate.







4 Discussion

The two presented coastal time-series in the NW Mediterranean Sea, with continuous monthly data, allowed us to unravel the intricate feedbacks inherent to the carbon cycle, despite the considerable fluctuations often exhibited in coastal regions. This study, therefore, highlights the importance of sustaining continuous time-series observations to help us distinguish natural from human-induced changes, such as rising ocean temperatures or deoxygenation (e.g., Benway et al., 2019).

The two studied time-series exhibit similar seasonal dynamics and ocean acidification trends and drivers. Summer stratification (May to October; Guadayol et al., 2009; Aparicio et al., 2017; Zamanillo et al., 2021) leads to decreases in dissolved inorganic nutrients (Figure 2H) and DIC (Figure 2D), the latter exacerbated by CO2 outgassing associated with summer warming. Notably, BBMO experiences a more pronounced decrease in DIC and dissolved inorganic nutrients compared to EOS, likely attributable to wind patterns. The occurrence of “Garbins” (south-westerlies) triggers episodic upwelling events that transport deep waters from outside the platform (enriched in DIC and dissolved inorganic nutrients) to the time-series locations (Aparicio et al., 2017). Guadayol and Peters (2006) found that Garbins are more frequent and intense at Roses (nearby EOS) than at Malgrat (nearby BBMO), propitiating a greater impact of upwelling events replenishing the DIC and dissolved inorganic nutrient pools at EOS compared to BBMO. This would explain the more pronounced decrease in DIC and dissolved inorganic nutrients during summer at BBMO compared to EOS. The decrease in DIC observed during summer months would lead to an increase in pHT in situ and a decrease in fCO2, but the increase in temperature during the stratification season leads to a net decrease in pHT in situ (Figure 2E) and a net increase in fCO2 (Figure 2G). Once the summer stratification is over, surface waters are replenished in DIC (Figure 2D) and dissolved inorganic nutrients (Figure 2H) from deeper layers.

Both time-series present quite homogeneous values of salinity and TA all year round (Figures 2B, C, 3B, C), with higher variability in March and December, where extreme precipitation events can sporadically lower salinity to values below 36.5 (Figure 3B). These extremes in salinity are not accompanied by extremes in TA (Figures 3B, C), most likely because the freshwater endmember in this region may have a relatively high TA content due to the limestone draining in part of the courses of the rivers and groundwaters in the area (Hartmann et al., 2015). This precludes the detection of relationships between TA and salinity, at least with the frequency of sampling of our dataset.

The decreasing trends in sea surface pHT in situ found at BBMO and EOS (Table 1) agree with other published time-series in the Mediterranean Sea. Specifically, the observed pHT in situ trends at EOS are very similar to those reported for the coastal time-series Point B (-0.0028 ± 0.0003 yr-1 for 2007–2015; Kapsenberg et al., 2017) and the open-ocean time-series DYFAMED (-0.003 ± 0.001 yr-1 for 1995–2001; Marcellin Yao et al., 2016), both in the NW Mediterranean Sea. Our sea surface pHT in situ trends also agree with trends computed for pHT at 25 °C in the Mediterranean Sea, such as those reported for the northern Adriatic Sea (-0.0025 yr-1 for 1983–2008; Luchetta et al., 2010) and the Strait of Gibraltar (-0.0030 ± 0.0003 yr-1 for 2005–2021; Amaya-Vías et al., 2023). These pH trends reported at a constant temperature would most likely be larger if the trends were assessed at in situ conditions, due to the warming trends observed in the Mediterranean Sea (e.g., Salat et al., 2019) that contribute to ocean acidification (as shown in Kapsenberg et al. (2017)). The sea surface pHT in situ trends reported here also agree with other sea surface pH trends reported in open ocean waters elsewhere (Bates et al., 2014; Lauvset et al., 2015; González-Dávila and Santana-Casiano, 2023), thus indicating that EOS and BBMO time-series may reflect regional as well as global ocean acidification signals despite being coastal sites.

The rapid warming of the Mediterranean Sea contributes to the acidification of its waters, increasing the ocean acidification signal derived from the CO2 uptake. This is corroborated by our results (Figure 5; Table 2), which go in line with those reported for the coastal time-series Point B (Kapsenberg et al., 2017), being changes in DIC and temperature the main drivers of the observed sea surface pH changes at these three coastal time-series in the NW Mediterranean Sea (EOS, BBMO, and Point B). However, the trends in each of the drivers do not completely coincide. While the sea surface temperature trends observed at EOS and BBMO (Figure 5; Table 1) agree with those observed at Point B (0.072 ± 0.022 °C yr-1), the trends in DIC and TA at Point B are twice as high as those observed at our coastal time-series sites. Additionally, there are contrasting trends in sea surface salinity, where Point B shows a non-statistically significant decrease while BBMO and EOS exhibit a statistically-significant increase. Regarding TA, Kapsenberg et al. (2017) remarked that their changes were faster than those attributable to direct effects of seawater CO2 uptake, and they suggested that this could be related to increasing limestone weathering. Within our dataset, some TA rises could potentially link to increases in salinity (as shown in Table 1). This suggests that the observed TA increases at EOS and BBMO might relate to increased evaporation and/or reduced river and precipitation.

The ability to remove seasonal patterns from the datasets depends on how comprehensively the dataset covers the entire seasonal cycle. Essentially, the duration of the time-series needed to identify a human-induced trend depends on the level of natural variability present within the signal. In the case of pH in coastal systems, this requires nearly a decade or longer of data before a trend emerges from the noise (Sutton et al., 2019; Turk et al., 2019). To investigate how representative our observed trends in sea surface pH are at EOS and BBMO, we compared trends with those derived from the OceanSODA-ETHZ product (Gregor and Gruber, 2021), which is an observation-based, global gridded product with monthly surface data for all parameters of the seawater carbonate system at a resolution of 1° × 1° derived from the pCO2 observations from the Surface Ocean CO2 ATlas (SOCAT; Bakker et al., 2016) and the TA observations from the Global Ocean Data Analysis Product (GLODAP; Olsen et al., 2016). This product produced rates of pH change in agreement with those reported in time-series around the globe (Ma et al., 2023). The version used here was v2023, which expands from 1982 to 2022. The grids selected for our study were those centered at 42.50°N 3.50°E (for EOS) and 41.50°N 2.50°E (for BBMO). The OceanSODA-ETHZ product reproduces the observed seasonal cycle at our sites, but does not reproduce the seasonal amplitude of our observations (Supplementary Figure 1). The pHT in situ trends from the de-seasoned OceanSODA-ETHZ product are similar for both sites (-0.0020 ± 0.0001 yr-1 for BBMO and -0.0021 ± 0.0001 yr-1 for EOS; Supplementary Figures 2A, B black symbols). These pHT in situ trends do not change if we shorten the time period to match the length of our time-series (Supplementary Figures 2A, B red symbols). The pHT in situ trend from the de-seasoned OceanSODA-ETHZ product agrees with that obtained with the BBMO dataset, while for EOS it is slightly lower. Ma et al. (2023) previously noted that pH trends from OceanSODA-ETHZ cannot reproduce those obtained in short (< 30 years) time-series. However, it was already reported that the stronger ocean acidification trends observed toward the coast are not captured by the synthesis and modeling products (McGovern et al., 2022).

To test the capacity of our EOS dataset to resolve long-term trends, we compared our sea surface temperature trends for 2010–2019 at EOS with those resulting from the EOS sea surface temperature dataset for 1974–2018 (Pascual and Salat, 2019). For 1974–2018, sea surface temperature at EOS increased at a rate of 0.032°C yr-1 (Supplementary Figure 2C black symbols), which is the same trend that Salat et al. (2019) reported after de-seasoning the dataset using the Bates et al. (2014) approach. When we use the information from the entire dataset (1974–2018) to de-season the dataset and then compute the sea surface temperature trend for 2010–2018, there is no difference from the trend for 1974–2018 (details not shown). However, if we reduce the period to de-season the dataset to 2010–2018, the trend changes to 0.13 ± 0.03°C yr-1 (Supplementary Figure 2C red symbols), which agrees with the trend in sea surface temperature found in this study. This therefore indicates that our studied time period for EOS may be too short to produce robust long-term trends.




5 Conclusions

We characterized the seasonality and long-term changes of the seawater carbonate system in the surface waters of two coastal time-series in the NW Mediterranean Sea, EOS and BBMO. Despite EOS being more offshore and near a natural reserve and BBMO being close to a harbor area, the two sites present similar seasonal dynamics and ocean acidification trends and drivers, suggesting that these changes are mainly determined by changes in temperature and the interplay between seasonal stratification/mixing that are common to both sites, and not by more local processes that could have differing effects at the two locations.

The observed sea surface pHT in situ trends at BBMO (-0.0021 ± 0.0003 yr-1; 22/12/2009–02/08/2022) and EOS (-0.0028 ± 0.0005 yr-1; 22/01/2010–23/08/2019) agree with other ocean acidification trends reported for coastal and open ocean time-series in the Mediterranean Sea and open ocean waters of the global ocean, therefore indicating that these coastal time-series are representative of global ocean acidification signals.

The observed decreases in sea surface pHT in situ are caused by increases in DIC (related to anthropogenic CO2 uptake) and sea surface temperature. Once accounted for the neutralizing effect of the observed increase in TA (counteracting 60% and 72% of the influence of increasing DIC at EOS and BBMO, respectively), the rapid sea surface warming plays a larger role in the observed pHT in situ decreases (43% at EOS and 62% at BBMO) than the DIC increase (36% at EOS and 33% at BBMO, when the TA effect is removed).

Future climate-related changes, such as rising temperatures or deoxygenation (Gruber, 2011), are expected to complicate the detection of future changes in seawater carbonate chemistry attributable to the atmospheric CO2 increase. Maintaining time-series of ocean carbon data is therefore crucial for assessing seasonal dynamics, annual budgets, and interannual and climatic variability (Tanhua et al., 2013; Vance et al., 2022), as they provide essential information to disentangle the complex interplay of climate-related physical, chemical, and biological feedbacks within the carbon cycle. Emergent climate trends can generally be identified earlier with more frequent measurements, particularly for systems that are highly variable on shorter timescales, like coastal regions. Despite the considerable spatiotemporal fluctuations in coastal regions, our dataset derived from the two presented coastal time-series, covering monthly data collected over 9.6–12.7 years, already reveals robust trends in ocean acidification comparable to those reported in open ocean time-series, offering valuable insights that allow unravelling the complex interplay of climate-induced physical and chemical feedbacks inherent to the carbon cycle. Although our dataset may not provide a complete overview due to the influence of short-term variability on long-term signals, our study nevertheless emphasizes the importance of long-term time-series for evaluating anthropogenic changes.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://doi.org/10.20350/digitalCSIC/16070.





Author contributions

MIG-I: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. EG: Data curation, Formal analysis, Writing – review & editing. AL: Data curation, Formal analysis, Writing – review & editing. JP: Project administration, Resources, Writing – review & editing. JG: Funding acquisition, Project administration, Resources, Writing – review & editing. CM: Funding acquisition, Project administration, Resources, Writing – review & editing. EC: Funding acquisition, Project administration, Resources, Writing – review & editing. CP: Funding acquisition, Project administration, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the European Union – NextGeneration EU – as part of the MITECO program for the Spanish Recovery, Transformation and Resilience Plan (Recovery and Resilience Facility of the European Union established by the Regulation (EU) 2020/2094), entrusted to CSIC, AZTI, SOCIB, and the universities of Vigo and Cadiz. Sampling has been funded by multiple projects of the Spanish Ministry of Science, Innovation and Universities throughout the studied period, including the active project ESCACS (PID2021-122451OB-I00). Financial and institutional support was also received from the Catalan Government (Research Group on Marine Biogeochemistry and Global Change, 2021SGR00430) and from the ‘Severo Ochoa Centre of Excellence’ (CEX2019-000928-S) funded by AEI 10.13039/501100011033, which included a postdoctoral contract to MG-I.




Acknowledgments

Thanks are due to Juancho Movilla, Pilar Fernández-Vallejo, and Àngel López-Sanz for technical support during the earlier measurements of the two time-series. Atmospheric CO2 data from Plateau Rosa were collected by Ricerca sul Sistema Energetico (RSE S.p.A.); we are grateful for their contribution.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2024.1348133/full#supplementary-material




References

 Álvarez, M., Sanleón-Bartolomé, H., Tanhua, T., Mintrop, L., Luchetta, A., Cantoni, C., et al. (2014). The CO2 system in the Mediterranean Sea: a basin wide perspective. Ocean Sci. 10, 69–92. doi: 10.5194/os-10-69-2014

 Amaya-Vías, S., Flecha, S., Pérez, F. F., Navarro, G., García-Lafuente, J., Makaoui, A., et al. (2023). The time series at the Strait of Gibraltar as a baseline for long-term assessment of vulnerability of calcifiers to ocean acidification. Front. Mar. Sci. 10. doi: 10.3389/fmars.2023.1196938

 Andersson, A. J., and Gledhill, D. (2013). Ocean acidification and coral reefs: effects on breakdown, dissolution, and net ecosystem calcification. Annu. Rev. Mar. Sci. 5, 321–348. doi: 10.1146/annurev-marine-121211-172241

 Aparicio, F. L., Nieto-Cid, M., Calvo, E., Pelejero, C., López-Sanz, À., Pascual, J., et al. (2017). Wind-induced changes in the dynamics of fluorescent organic matter in the coastal NW Mediterranean. Sci. Total Environ. 609, 1001–1012. doi: 10.1016/j.scitotenv.2017.07.170

 Bakker, D. C. E., Pfeil, B., Landa, C. S., Metzl, N., O’Brien, K. M., Olsen, A., et al. (2016). A multi-decade record of high-quality fCO2 data in version 3 of the Surface Ocean CO2 Atlas (SOCAT). Earth Syst. Sci. Data 8, 383–413. doi: 10.5194/essd-8-383-2016

 Bates, N., Astor, Y., Church, M., Currie, K., Dore, J., González-Dávila, M., et al. (2014). A time-series view of changing ocean chemistry due to ocean uptake of anthropogenic CO2 and ocean acidification. Oceanography 27, 126–141. doi: 10.5670/oceanog.2014.16

 Benway, H. M., Lorenzoni, L., White, A. E., Fiedler, B., Levine, N. M., Nicholson, D. P., et al. (2019). Ocean time series observations of changing marine ecosystems: an era of integration, synthesis, and societal applications. Front. Mar. Sci. 6. doi: 10.3389/fmars.2019.00393

 Bethoux, J. P., Gentili, B., Morin, P., Nicolas, E., Pierre, C., and Ruiz-Pino, D. (1999). The Mediterranean Sea: a miniature ocean for climatic and environmental studies and a key for the climatic functioning of the North Atlantic. Prog. Oceanogr. 44, 131–146. doi: 10.1016/S0079-6611(99)00023-3

 Cai, W. J., Feely, R. A., Testa, J. M., Li, M., Evans, W., Alin, S. R., et al. (2021). Natural and anthropogenic drivers of acidification in large estuaries. Annu. Rev. Mar. Sci. 13, 23–55. doi: 10.1146/annurev-marine-010419-011004

 Cai, J., Ni, J., Chen, Z., Wu, S., Wu, R., He, C., et al. (2023). Effects of ocean acidification and eutrophication on the growth and photosynthetic performances of a green tide alga Ulva prolifera. Front. Mar. Sci. 10. doi: 10.3389/fmars.2023.1145048

 Cai, W.-J., Wang, Y., and Hodson, R. E. (1998). Acid-base properties of dissolved organic matter in the estuarine waters of Georgia, USA. Geochim. Cosmochim. Acta 62, 473–483. doi: 10.1016/S0016-7037(97)00363-3

 Cai, W.-J., Xu, Y.-Y., Feely, R. A., Wanninkhof, R., Jönsson, B., Alin, S. R., et al. (2020). Controls on surface water carbonate chemistry along North American ocean margins. Nat. Commun. 11, 2691. doi: 10.1038/s41467-020-16530-z

 Carstensen, J., and Duarte, C. M. (2019). Drivers of pH variability in coastal ecosystems. Environ. Sci. Technol. 53, 4020–4029. doi: 10.1021/acs.est.8b03655

 Clayton, T. D., and Byrne, R. H. (1993). Spectrophotometric seawater pH measurements: total hydrogen ion concentration scale calibration of m-cresol purple and at-sea results. Deep Sea Res. Part Oceanogr. Res. Pap. 40, 2115–2129. doi: 10.1016/0967-0637(93)90048-8

 Dai, M., Su, J., Zhao, Y., Hofmann, E. E., Cao, Z., Cai, W.-J., et al. (2022). Carbon fluxes in the coastal ocean: synthesis, boundary processes, and future trends. Annu. Rev. Earth Planet. Sci. 50, 593–626. doi: 10.1146/annurev-earth-032320-090746

 Dickson, A. G. (1990). Thermodynamics of the dissociation of boric acid in synthetic seawater from 273.15 to 318.15 K. Deep Sea Res. Part Oceanogr. Res. Pap. 37, 755–766. doi: 10.1016/0198-0149(90)90004-F

 Dickson, A. G., Sabine, C. L., and Christian, J. R. (2007). Guide to best practices for ocean CO2 measurements (Canada: PICES Special Publication).

 Doney, S. C., Busch, D. S., Cooley, S. R., and Kroeker, K. J. (2020). The impacts of ocean acidification on marine ecosystems and reliant human communities. Annu. Rev. Environ. Resour. 45, 83–112. doi: 10.1146/annurev-environ-012320-083019

 Doney, S. C., Fabry, V. J., Feely, R. A., and Kleypas, J. A. (2009). Ocean acidification: the other CO2 problem. Annu. Rev. Mar. Sci. 1, 169–192. doi: 10.1146/annurev.marine.010908.163834

 Duarte, C. M., Hendriks, I. E., Moore, T. S., Olsen, Y. S., Steckbauer, A., Ramajo, L., et al. (2013a). Is ocean acidification an open-ocean syndrome? Understanding anthropogenic impacts on seawater pH. Estuaries Coasts 36, 221–236. doi: 10.1007/s12237-013-9594-3

 Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, I., and Marbà, N. (2013b). The role of coastal plant communities for climate change mitigation and adaptation. Nat. Clim. Change 3, 961–968. doi: 10.1038/nclimate1970

 Friedlingstein, P., Jones, M. W., O’Sullivan, M., Andrew, R. M., Bakker, D. C. E., Hauck, J., et al. (2022). Global carbon budget 2021. Earth Syst. Sci. Data 14, 1917–2005. doi: 10.5194/essd-14-1917-2022

 García-Ibáñez, M. I., Zunino, P., Fröb, F., Carracedo, L. I., Ríos, A. F., Mercier, H., et al. (2016). Ocean acidification in the subpolar North Atlantic: rates and mechanisms controlling pH changes. Biogeosciences 13, 3701–3715. doi: 10.5194/bg-13-3701-2016

 Gasol, J. M., Massana, R., Simó, R., Marrasé, C., Acinas, S. G., and Pedrós-Alió, C. (2012). “Blanes bay (site 55),” in 2012. ICES phytoplankton and microbial plankton status report 2009/2010. ICES cooperative research report no. 313. Eds.  T. D. O’Brien, W. K. W. Li, and X. A. G. Morán (Denmark: International Council for the Exploration of the Sea), 131–141.

 Gattuso, J.-P., Magnan, A., Billé, R., Cheung, W. W. L., Howes, E. L., Joos, F., et al. (2015). Contrasting futures for ocean and society from different anthropogenic CO2 emissions scenarios. Science 349, aac4722. doi: 10.1126/science.aac4722

 Giorgi, F. (2006). Climate change hot-spots. Geophys. Res. Lett. 33, L08707. doi: 10.1029/2006GL025734

 González-Dávila, M., and Santana-Casiano, J. M. (2023). Long-term trends of pH and inorganic carbon in the Eastern North Atlantic: the ESTOC site. Front. Mar. Sci. 10. doi: 10.3389/fmars.2023.1236214

 Gregor, L., and Gruber, N. (2021). OceanSODA-ETHZ: a global gridded data set of the surface ocean carbonate system for seasonal to decadal studies of ocean acidification. Earth Syst. Sci. Data 13, 777–808. doi: 10.5194/essd-13-777-2021

 Gruber, N. (2011). Warming up, turning sour, losing breath: ocean biogeochemistry under global change. Philos. Trans. R. Soc Math. Phys. Eng. Sci. 369, 1980–1996. doi: 10.1098/rsta.2011.0003

 Gruber, N., Clement, D., Carter, B. R., Feely, R. A., van Heuven, S., Hoppema, M., et al. (2019). The oceanic sink for anthropogenic CO2 from 1994 to 2007. Science 363, 1193–1199. doi: 10.1126/science.aau5153

 Guadayol, O., and Peters, F. (2006). Analysis of wind events in a coastal area: a tool for assessing turbulence variability for studies on plankton. Sci. Mar. 70, 9–20. doi: 10.3989/scimar.2006.70n19

 Guadayol, Ò., Peters, F., Marrasé, C., Gasol, J. M., Roldán, C., Berdalet, E., et al. (2009). Episodic meteorological and nutrient-load events as drivers of coastal planktonic ecosystem dynamics: a time-series analysis. Mar. Ecol. Prog. Ser. 381, 139–155. doi: 10.3354/meps07939

 Hansen, H. P., and Grassof, K. (1983). Automated chemical analysis, in: Methods of Seawater Analysis. 2nd Edition. Eds.  K. Grassof, M. Ehrhardt, and K. Kremling (Wheinheim: Verlag Chemie), 347–395.

 Hartmann, A., Gleeson, T., Rosolem, R., Pianosi, F., Wada, Y., and Wagener, T. (2015). A large-scale simulation model to assess karstic groundwater recharge over Europe and the Mediterranean. Geosci. Model. Dev. 8, 1729–1746. doi: 10.5194/gmd-8-1729-2015

 Hassoun, A. E. R., Bantelman, A., Canu, D., Comeau, S., Galdies, C., Gattuso, J.-P., et al. (2022). Ocean acidification research in the Mediterranean Sea: Status, trends and next steps. Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.892670

 Hofmann, G. E., Smith, J. E., Johnson, K. S., Send, U., Levin, L. A., Micheli, F., et al. (2011). High-frequency dynamics of ocean pH: A multi-ecosystem comparison. PloS One 6, e28983. doi: 10.1371/journal.pone.0028983

 Kapsenberg, L., Alliouane, S., Gazeau, F., Mousseau, L., and Gattuso, J.-P. (2017). Coastal ocean acidification and increasing total alkalinity in the northwestern Mediterranean Sea. Ocean Sci. 13, 411–426. doi: 10.5194/os-13-411-2017

 Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G. S., et al. (2013). Impacts of ocean acidification on marine organisms: quantifying sensitivities and interaction with warming. Glob. Change Biol. 19, 1884–1896. doi: 10.1111/gcb.12179

 Kwiatkowski, L., and Orr, J. C. (2018). Diverging seasonal extremes for ocean acidification during the twenty-first century. Nat. Clim. Change 8, 141–145. doi: 10.1038/s41558-017-0054-0

 Lauvset, S. K., Gruber, N., Landschützer, P., Olsen, A., and Tjiputra, J. (2015). Trends and drivers in global surface ocean pH over the past 3 decades. Biogeosciences 12, 1285–1298. doi: 10.5194/bg-12-1285-2015

 Lee, K., Kim, T.-W., Byrne, R. H., Millero, F. J., Feely, R. A., and Liu, Y.-M. (2010). The universal ratio of boron to chlorinity for the North Pacific and North Atlantic oceans. Geochim. Cosmochim. Acta 74, 1801–1811. doi: 10.1016/j.gca.2009.12.027

 Lee, K., Sabine, C. L., Tanhua, T., Kim, T.-W., Feely, R. A., and Kim, H.-C. (2011). Roles of marginal seas in absorbing and storing fossil fuel CO2. Energy Environ. Sci. 4, 1133–1146. doi: 10.1039/C0EE00663G

 Lejeusne, C., Chevaldonné, P., Pergent-Martini, C., Boudouresque, C. F., and Pérez, T. (2010). Climate change effects on a miniature ocean: the highly diverse, highly impacted Mediterranean Sea. Trends Ecol. Evol. 25, 250–260. doi: 10.1016/j.tree.2009.10.009

 Luchetta, A., Cantoni, C., and Catalano, G. (2010). New observations of CO2-induced acidification in the northern Adriatic Sea over the last quarter century. Chem. Ecol. 26, 1–17. doi: 10.1080/02757541003627688

 Lueker, T. J., Dickson, A. G., and Keeling, C. D. (2000). Ocean pCO2 calculated from dissolved inorganic carbon, alkalinity, and equations for K1 and K2: validation based on laboratory measurements of CO2 in gas and seawater at equilibrium. Mar. Chem. 70, 105–119. doi: 10.1016/S0304-4203(00)00022-0

 Ma, D., Gregor, L., and Gruber, N. (2023). Four decades of trends and drivers of global surface ocean acidification. Glob. Biogeochem. Cycles 37, e2023GB007765. doi: 10.1029/2023GB007765

 Marcellin Yao, K., Marcou, O., Goyet, C., Guglielmi, V., Touratier, F., and Savy, J.-P. (2016). Time variability of the north-western Mediterranean Sea pH over 1995–2011. Mar. Environ. Res. 116, 51–60. doi: 10.1016/j.marenvres.2016.02.016

 Margalef, R. (1945). Fitoplancton nerítico de la Costa Brava catalana (Sector de Blanes) (Barcelona: Instituto Español de Estudios Mediterráneos).

 Martínez, J., García-Ladona, E., Ballabrera-Poy, J., Isern-Fontanet, J., González-Motos, S., Allegue, J. M., et al. (2022). Atlas of surface currents in the Mediterranean and Canary–Iberian–Biscay waters. J. Oper. Oceanogr. 0, 1–23. doi: 10.1080/1755876X.2022.2102357

 McGovern, E., Schilder, J., Artioli, Y., Birchenough, S., Dupont, S., Findlay, H., et al. (2022). “Ocean acidification,” in OSPAR 2023: the 2023 quality status report for the north-east atlantic (London: OSPAR Commission). Available at: https://Oap.Ospar.Org/En/Ospar-Assessments/Quality-Status-Reports/Qsr-2023/Other-Assessments/Ocean-Acidification.

 Mehrbach, C., Culberson, C. H., Hawley, J. E., and Pytkowicz, R. M. (1973). Measurement of the apparent dissociation constants of carbonic acid in seawater at atmospheric pressure. Limnol. Oceanogr. 18, 897–907. doi: 10.4319/lo.1973.18.6.0897

 Millot, C. (1999). Circulation in the western mediterranean sea. J. Mar. Syst. 20, 423–442. doi: 10.1016/S0924-7963(98)00078-5

 Mintrop, L., Pérez, F. F., González-Dávila, M., Santana-Casiano, J. M., and Körtzinger, A. (2000). Alkalinity determination by potentiometry: Intercalibration using three different methods. Cienc. Mar. 26, 23–37. doi: 10.7773/cm.v26i1.573

 Mostofa, K. M. G., Liu, C.-Q., Zhai, W., Minella, M., Vione, D., Gao, K., et al. (2016). Reviews and Syntheses: Ocean acidification and its potential impacts on marine ecosystems. Biogeosciences 13, 1767–1786. doi: 10.5194/bg-13-1767-2016

 Olsen, A., Key, R. M., van Heuven, S., Lauvset, S. K., Velo, A., Lin, X., et al. (2016). The Global Ocean Data Analysis Project version 2 (GLODAPv2) – an internally consistent data product for the world ocean. Earth Syst. Sci. Data 8, 297–323. doi: 10.5194/essd-8-297-2016

 Orr, J. C., Epitalon, J.-M., Dickson, A. G., and Gattuso, J.-P. (2018). Routine uncertainty propagation for the marine carbon dioxide system. Mar. Chem. 207, 84–107. doi: 10.1016/j.marchem.2018.10.006

 Palmiéri, J., Orr, J. C., Dutay, J.-C., Béranger, K., Schneider, A., Beuvier, J., et al. (2015). Simulated anthropogenic CO2 storage and acidification of the Mediterranean Sea. Biogeosciences 12, 781–802. doi: 10.5194/bg-12-781-2015

 Pascual, J., and Salat, J. (2019). Oceanographic and meteorological observations from L’Estartit meteorological and oceanographical station in the NW Mediterranean. doi: 10.1594/PANGAEA.902591

 Pérez, F. F., and Fraga, F. (1987). A precise and rapid analytical procedure for alkalinity determination. Mar. Chem. 21, 169–182. doi: 10.1016/0304-4203(87)90037-5

 Rhein, M., Rintoul, S. R., Aoki, S., Campos, E., Chambers, D., Feely, R. A., et al. (2013). “Observations: ocean,” in Climate change 2013: the physical science basis. Contribution of working group I to the fifth assessment report of the intergovernmental panel on climate change. Eds.  T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley (Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press), 255–316. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

 Riebesell, U., Zondervan, I., Rost, B., Tortell, P. D., Zeebe, R. E., and Morel, F. M. M. (2000). Reduced calcification of marine plankton in response to increased atmospheric CO2. Nature 407, 364. doi: 10.1038/35030078

 Ríos, A. F., Resplandy, L., García-Ibáñez, M. I., Fajar, N. M., Velo, A., Padin, X. A., et al. (2015). Decadal acidification in the water masses of the Atlantic Ocean. Proc. Natl. Acad. Sci. U.S.A. 112, 9950–9955. doi: 10.1073/pnas.1504613112

 Salat, J., Pascual, J., Flexas, M., Chin, T. M., and Vazquez-Cuervo, J. (2019). Forty-five years of oceanographic and meteorological observations at a coastal station in the NW Mediterranean: a ground truth for satellite observations. Ocean Dyn. 69, 1067–1084. doi: 10.1007/s10236-019-01285-z

 Schneider, A., Tanhua, T., Körtzinger, A., and Wallace, D. W. R. (2010). High anthropogenic carbon content in the eastern Mediterranean. J. Geophys. Res. Oceans 115, C12050. doi: 10.1029/2010JC006171

 Sharp, J. D., Pierrot, D., Humphreys, M. P., Epitalon, J.-M., Orr, J. C., Lewis, E. R., et al. (2021). CO2SYSv3 for MATLAB. Zenodo (v3.2.0). doi: 10.5281/ZENODO.4774718

 Sutton, A. J., Battisti, R., Carter, B., Evans, W., Newton, J., Alin, S., et al. (2022). Advancing best practices for assessing trends of ocean acidification time series. Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.1045667

 Sutton, A. J., Feely, R. A., Maenner-Jones, S., Musielwicz, S., Osborne, J., Dietrich, C., et al. (2019). Autonomous seawater pCO2 and pH time series from 40 surface buoys and the emergence of anthropogenic trends. Earth Syst. Sci. Data 11, 421–439. doi: 10.5194/essd-11-421-2019

 Tanhua, T., Bates, N. R., and Körtzinger, A. (2013). “The marine carbon cycle and ocean carbon inventories,” in Ocean circulation and climate — A 21st century perspective, international geophysics (London: Elsevier), 787–815.

 Turk, D., Wang, H., Hu, X., Gledhill, D. K., Wang, Z. A., Jiang, L., et al. (2019). Time of emergence of surface ocean carbon dioxide trends in the North American Coastal Margins in support of Ocean acidification observing system design. Front. Mar. Sci. 6. doi: 10.3389/fmars.2019.00091

 Vance, J. M., Currie, K., Zeldis, J., Dillingham, P. W., and Law, C. S. (2022). An empirical MLR for estimating surface layer DIC and a comparative assessment to other gap-filling techniques for ocean carbon time series. Biogeosciences 19, 241–269. doi: 10.5194/bg-19-241-2022

 Zamanillo, M., Ortega-Retuerta, E., Cisternas-Novoa, C., Marrasé, C., Pelejero, C., Pascual, J., et al. (2021). Uncoupled seasonal variability of transparent exopolymer and Coomassie stainable particles in coastal Mediterranean waters: insights into sources and driving mechanisms. Elem. Sci. Anthr. 9, 165. doi: 10.1525/elementa.2020.00165




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 García-Ibáñez, Guallart, Lucas, Pascual, Gasol, Marrasé, Calvo and Pelejero. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 15 February 2024

doi: 10.3389/fmars.2024.1348161

[image: image2]


A carbonate system time series in the Eastern Mediterranean Sea. Two years of high-frequency in-situ observations and remote sensing


C. Frangoulis 1*, N. Stamataki 1,2, M. Pettas 1, S. Michelinakis 1, A. L. King 3, L. Giannoudi 4, K. Tsiaras 4, S. Christodoulaki 1, J. Seppälä 5, M. Thyssen 6, A.V. Borges 7 and E. Krasakopoulou 8


1 Institute of Oceanography, Hellenic Centre for Marine Research, Heraklion, Greece, 2 Department of Physics, Section of Environmental Physics and Meteorology, National and Kapodistrian University of Athens, Athens, Greece, 3 Department of Oceanography, Norwegian Institute for Water Research, Oslo, Norway, 4 Institute of Oceanography, Hellenic Centre for Marine Research, Athens, Greece, 5 Research Infrastructure, Finnish Environment Institute, Helsinki, Finland, 6 Aix Marseille Université, Université de Toulon, Centre National de la Recherche Scientifique, Institut de Recherche et de Développement, Mediterranean Institute of Oceanology, Marseille, France, 7 Chemical Oceanography Unit, Freshwater and OCeanic science Unit of reSearch, Liège, Wallonia, Belgium, 8 Department of Marine Sciences, University of the Aegean, Mytilene, Greece




Edited by: 

Abed El Rahman Hassoun, Helmholtz Association of German Research Centres (HZ), Germany

Reviewed by: 

Naohiro Kosugi, Japan Meteorological Agency, Japan

Marta Álvarez, Spanish Institute of Oceanography (IEO), Spain

*Correspondence: 
C. Frangoulis
 cfrangoulis@hcmr.gr


Received: 01 December 2023

Accepted: 29 January 2024

Published: 15 February 2024

Citation:
Frangoulis C, Stamataki N, Pettas M, Michelinakis S, King AL, Giannoudi L, Tsiaras K, Christodoulaki S, Seppälä J, Thyssen M, Borges A and Krasakopoulou E (2024) A carbonate system time series in the Eastern Mediterranean Sea. Two years of high-frequency in-situ observations and remote sensing. Front. Mar. Sci. 11:1348161. doi: 10.3389/fmars.2024.1348161



The rate of ocean uptake of anthropogenic CO2 has declined over the past decade, so a critical question for science and policy is whether the ocean will continue to act as a sink. Large areas of the ocean remain without observations for carbonate system variables, and oceanic CO2 observations have declined since 2017. The Mediterranean Sea is one such an area, especially its eastern part, where there is a paucity of carbonate system data, with large areas not sampled or only sampled by ship-based discrete measurements as opposed to high frequency, sensor-equipped time-series fixed stations. The aim of this study was to analyze a multi-year time-series of high-frequency (hourly) partial pressure CO2 (pCO2) and pH measurements in the Eastern Mediterranean, along with low-frequency (monthly) measurements of total dissolved inorganic carbon and total alkalinity. The pCO2 time-series was the first obtained in the Eastern Mediterranean. The study was conducted at a fixed platform of the POSEIDON system (Heraklion Coastal Buoy) located near Crete Island. Temperature was the dominant factor controlling the temporal variability of pCO2 and pH, while the remaining non-thermal variability appeared to be related to evaporation, water mixing, and biological remineralization-production. The air-sea CO2 fluxes indicated a transition from a winter-spring sink period to a summer-autumn source period. The annual air-sea CO2 flux was too low (-0.16 ± 0.02 mol m-2 yr-1) and variable to conclusively characterize the area as a net source or sink of CO2, highlighting the need for additional high frequency observation sites. Algorithms were developed using temperature, chlorophyll and salinity data to estimate pCO2 and total alkalinity, in an effort to provide tools for estimates in poorly observed areas/periods from remotely sensed products. The applicability of the algorithms was tested using Surface Ocean CO2 Atlas (SOCAT) data from the Eastern Mediterranean Sea (1999 to 2020) which showed that the algorithm pCO2 estimates were generally within ±20 μatm of the pCO2 values reported by SOCAT. Finally, the integration and analysis of the data provided directions on how to optimize the observing strategy, by readapting sensor location and using estimation algorithms with remote sensing data.
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1 Introduction

Although the ocean has absorbed 25 ± 2% of the total anthropogenic CO2 emissions from the early 1960s to the late 2010s (Gruber et al., 2023), a critical question for climate science and climate policy is whether the ocean will continue to act as a sink for this human-induced CO2 burden (Aricò et al., 2021), as the rate of ocean uptake of anthropogenic CO2 has declined over the past decade (Friedlingstein et al., 2022). The answer to this question is becoming more difficult, as the number of oceanic CO2 observations has almost halved between 2017 and 2023 as shown in the Surface Ocean CO2 Atlas (SOCAT) data portal version 2023 (Bakker et al., 2023) increasing the uncertainty in estimates of the oceans’ role in the carbon pump. This uncertainty is further increased by the sparseness of partial pressure CO2 (pCO2) measurements with limited spatiotemporal coverage, while large areas of the ocean are completely void of observations for carbonate system variables (SOCAT portal, Bakker et al., 2016).

This global situation is further exacerbated at the scale of the Mediterranean Sea. Although the Mediterranean Sea has been identified as an important anthropogenic carbon storage area because the column inventory is much higher than in the Atlantic or Pacific Oceans (Schneider et al., 2010; Lee et al., 2011), there is a general paucity and sparseness in time and space of reliable measurements of the carbonate system variables both in the surface and in the water column (Hassoun et al., 2022; Álvarez et al., 2023).

The Mediterranean Sea carbonate system is unique in several ways: overall high total alkalinity (AT) (especially in the eastern basin), pH values higher than the waters of the North Atlantic and the Pacific Oceans, and dissolved inorganic carbon (CT) values comparable only to the North Pacific Ocean, although induced by different processes (Álvarez et al., 2023). The Mediterranean Sea, with warm, high alkalinity surface waters, a low Revelle factor (close to 10), and corresponding to a high buffering capacity, can contribute to atmospheric CO2 uptake and transport to the deep and abyssal layers through the active overturning circulation (Schneider et al., 2010). Some locations in the Mediterranean Sea (e.g. Aegean Sea, Gulf of Lions) with intermediate and deep-water mass formation events (Durrieu de Madron et al., 2005) have an increased potential to transfer anthropogenic CO2 to deep layers (Touratier et al., 2016; Krasakopoulou et al., 2017). The significant contribution of the Mediterranean Sea outflowing waters to the North Atlantic anthropogenic carbon inventories has already been identified (Carracedo et al., 2018 and references therein). Due to the anti-estuarine circulation at the strait of Gibraltar, the Mediterranean Sea receives natural and anthropogenic carbon from the Atlantic in the surface layer and exports carbon in the deeper layer (Flecha et al., 2019 and references therein). This deep outflow transfers carbon to the intermediate water layers in the Atlantic, where it remains isolated from the atmosphere for several centuries, contributing to CO2 sequestration (Bethoux et al., 2005).

The study of the CO2 cycle in the Mediterranean may prove significant beyond regional questions, as this sea acts as a miniature world ocean, experiencing faster changes of its oceanographic and biogeochemical conditions in response to natural and anthropogenic pressures (Álvarez et al., 2023). In fact, specific processes that also occur in the world ocean can be studied in the Mediterranean Sea at shorter timescales. These include the impact of climate on various hydrodynamic circulation features (e.g. Robinson and Golnaraghi, 1994; Bergamasco and Malanotte-Rizzoli, 2010), assessing the functioning of ecosystems with contrasting trophic status (Malanotte-Rizzoli and Eremeev, 1999), and understanding the functioning of low nutrient-low chlorophyll regions with respect to CO2 fluxes (Sisma-Ventura et al., 2017).

The Mediterranean Sea, especially the eastern part, has been undersampled and efforts to observe the carbonate system have mainly been carried out with research vessel (R/V) cruises (Álvarez et al., 2023 and references therein; Hassoun et al., 2022 and references therein), making it difficult to establish an annual budget as a source or sink of atmospheric CO2. The paucity of high-frequency time-series does not allow a full understanding of the drivers of carbonate system temporal variability. High frequency time-series are key for understanding the biological component of carbonate system variability providing information how plankton production and respiration contribute to carbon flux (Fassbender et al., 2016; Xue et al., 2016; Parard et al., 2010). The value of these time-series observations is not only local, as they can be used for deriving relationships between physical and biochemical sea-surface data and the measurable carbonate variables. These relationships can lead to regional remote sensing algorithms which are particularly important for estimating carbonate variables in poorly covered areas. It has been hypothesized that surface temperature, remotely sensed from space, can be used as a tool for extrapolation of CO2 dynamics over larger spatial scales in the Eastern Mediterranean Sea (D’Ortenzio et al., 2008; Sisma-Ventura et al., 2017).

Over the last few years, POSEIDON (www.poseidon.hcmr.gr), the Eastern Mediterranean ocean observatory dedicated to multiple in-situ observations, has been progressively integrating pH and pCO2 sensors in the Cretan Sea which is the most platform-dense (supersite) subsystem of POSEIDON with two fixed platforms (Figure 1) and moving ones like gliders, Argos and a Ferrybox (Petihakis et al., 2018; Frangoulis et al., 2019). These carbonate system observations contribute to the JERICO-coastal research infrastructure, aiming to close the gaps in the coastal ocean monitoring efforts, both in terms of spatio-temporal range of observations and of variables included (Farcy et al., 2019). Based on observations supported by this infrastructure, the aim of the present paper is to analyze the first high-frequency, multi-year time-series of pCO2 measurements in the Eastern Mediterranean (Adriatic Sea excluded), in parallel with high-frequency measurements of pH and low-frequency (monthly) discrete measurements of other carbonate system variables such as CT and AT. These analyses will be used to understand the main drivers of the temporal variability of the carbonate system and to evaluate the area as a source or sink of atmospheric CO2. These in-situ data will be used to develop and evaluate algorithms to estimate sea surface carbonate variables (pCO2 and AT) using sea surface data (in-situ or satellite).




Figure 1 |     Map of the Eastern Mediterranean Sea with location of Heraklion Coastal Buoy (HCB), E1-M3A buoy and FINOKALIA atmospheric station (bottom left inset). Color tracks (z axis) indicated difference between observed and estimated sea surface pCO2 (Δobs-est), using Equation 8  with in-situ temperature and pCO2 measurements (from SOCAT dataset). Top right inset shows frequency of observations vs Δobs-est. In-situ data excluded values above latitude 39.8°N and data from the present study.






2 Materials and methods

Data were collected from sensors placed on one of the POSEIDON fixed platforms, the Heraklion Coastal Buoy (HCB), as well as regular (monthly frequency) R/V missions at the same location (35.43°N, 25.07°E, depth 180 m) (Figure 1). The buoy used during the study period was an Oceanor Wavescan buoy. Details on the buoy configuration can be found in Petihakis et al. (2018). Although the nearest coast to HCB is 4 km away and the nearest urban area 11 km away, due to the site depth and the lack of important rivers (Poulos et al., 2009), the site receives little coastal influence, except during extreme rain events.



2.1 Mooring sensors



2.1.1 Mooring carbonate data

A spectrophotometric pH sensor using non-purified m-cresol purple dye, SP200-SM (Sensorlab), was deployed at subsurface (inlet at 1.5 m), on HCB providing pH data (at total scale) every 3 hours in near real time to the POSEIDON database. A description of the sensor and its principle of operation can be found in González-Dávila et al. (2016). The sensor was tested in the laboratory with TRIS (2-amino-2-hydroxymethyl-1,3-propanediol)-buffer standards prior and after each deployment. The repeated analyses for each of those tests (n = 6) presented accuracy that was within ±0.002 pH units (close to the ones described by González-Dávila et al., 2016). Discrete samples for pH analysis were also taken during its deployment (see section 2.2.1 discrete carbonate data).

A pCO2 sensor, CO2-Pro Atmosphere (ProOceanus) based on non-dispersive infrared spectrometry, was also deployed on HCB next to the pH sensor, providing air (inlet at 2 m above the surface layer) and seawater (inlet at 1.5 m) CO2 data every 6 hours in delayed mode. Description of the sensor and its principle of operation can be found in Jiang et al. (2014). The sensor was removed from April to August 2021 in order to participate in the Integrated Carbon Observation System (ICOS) pCO2 instrument inter-comparison workshop. Periods of non-operation in 2022 were for servicing. Three standard gases (351, 420, 493 μatm) were connected to the sensor prior and after each deployment. In addition, during deployment, one standard gas (420 μatm) was connected regularly (6 times over the total deployment period). Based on these laboratory and field data a 3.6 to 4.9 μatm (depending on the gas reference) drift per year was observed. Correction was not applied for this drift as the value obtained was below the uncertainty of the sensor when operating on a mooring, including uncertainties of references (8.7 ± 14 μatm; Jiang et al., 2014).

Quality control was applied to pH and pCO2 sensor data by taking into consideration minimum and maximum ranges, spikes and stuck values.




2.1.2 Mooring ancillary data

The HCB buoy is equipped with sub-surface (at 1 m) sensors for currents, temperature (SST) and salinity (conductivity) (SSS) monitoring, as well as wave (height and direction) and aerial meteorological sensors at 3 m above the surface layer (wind speed and direction, air temperature, atmospheric pressure, humidity). Temperature and salinity (conductivity) data used in the present study were measured by a SBE 37-SIP or SBE 37. Details about other seawater sensors specifications and variables measured can be found in Petihakis et al. (2018).





2.2 Research vessel cruises



2.2.1 Research vessel cruises discrete carbonate data

During regular (monthly frequency) R/V visits at HCB, water samples were taken near to the CO2 and pH sensors (at 2 m depth and at 2.5 m horizontal distance from both sensors inlet) and within ±15 min of sensor measurements. Three samples were taken from different Niskin bottles for pH analysis as well three samples for CT and AT analysis according to the collection and storage recommendations of Dickson et al. (2007). The pH samples were analyzed thermostatted at 25°C within 6 hours from sampling using a spectrophotometric lab pH instrument with purified m-cresol purple dye (AFT-pH, Sunburst Sensors) which was regularly checked against the TRIS buffer. The measurements of CT and AT were carried out thermostatted at 25°C using a VINDTA 3C checked with CRMs. TRIS buffers and CRMs were from Dr. Andrew Dickson, Marine Physical Laboratory, Scripps Institution of Oceanography. Based on the TRIS buffers and CRMs the accuracy was estimated to be ± 2.0 μmol kg-1 for AT, ± 3.0 μmol kg-1 for CT, and ±0.004 units for pH. Based on triplicate samples from different Niskin bottles, the precision was estimated to be ~1 μmol kg-1 for AT, ~3 μmol kg-1 for CT, and ~0.004 units for pH. During the second year, several major technical issues with the VINDTA 3C analyser prevented access to good quality data.




2.2.2 Research vessel cruises ancillary data

During regular (monthly frequency) R/V visits at HCB, CTD (Conductivity, Temperature, Depth) casts (with SBE19+) were made from surface to close to the bottom, at a distance varying from 20 m to 200 m from HCB. Water samples were also taken at various depths (2, 10, 20, 50, 75, 100, 120 m) for nutrients and chlorophyll a (Chla) determination and stored at -20°C until their analysis. For nutrients, the concentration of orthophosphate was measured according to Rimmelin and Moutin (2005), the concentration of nitrate, nitrite and silicate according to Strickland and Parsons (1972) and the concentration of dissolved ammonium according to Ivančič and Degobbis (1984). The detection limits for phosphate (PO4), nitrate+nitrite (NO3+NO2), silicate (SiO4) and ammonium (NH4) were 0.8 nM, 0.017, 0.10 and 0.019 μM, respectively. Chla was measured fluorometrically (Holm-Hansen et al., 1965) as described in Lagaria et al. (2017).





2.3 Calculation of derived parameters of the carbonate system

Derived seawater carbonate system parameters, using pairs of measured carbonate variables were estimated using the software program CO2SYS (version 3.0, Pierrot et al., 2021) considering temperature, salinity and nutrient concentrations (silicate and phosphate) and with the output from CO2SYS at in-situ temperature conditions. The pH data from the pH sensor collected at in-situ temperature were converted to pH at 25°C using the CO2SYS program and AT estimated from salinity (see below).

Carbonate variables were estimated using pairwise combination of carbonate variables (using CO2SYS, version 3.0, Pierrot et al., 2021). For estimations of AT, CT and pH (using pH&CT, pH&AT, and AT&CT, respectively), we followed the recommendation by Álvarez et al. (2014) based upon a large Mediterranean pH&AT&CT dataset: carbonic acid dissociation constants K1 and K2 from Mehrbach et al. (1973) as refitted by Dickson and Millero (1987) and the dissociation constant for HSO4- from Dickson (1990). The Root Mean Square Deviation (RMSD) between observed and estimated values of AT, CT and pH were 19.5 μmol kg-1, 17.6 μmol kg-1 and 0.033 pH units, respectively. For estimations of pCO2 (using AT&CT, pH&AT, pH&CT), various CO2SYS program options were tested (as pCO2 measurements were not performed by Álvarez et al., 2014) to identify the K1, K2 option that gave the lowest ΔpCO2 obs-est. Although the present study is the first in the Mediterranean Sea measuring four variables: AT, CT, pH (bottle data) and CO2 (sensor data), and thus could in principle be used to examine internal consistency, this was attempted but abandoned due to several reasons explained in Supplementary Material. Therefore, the same K1, K2 option for estimating CO2 (using AT&CT, pH&AT) as above (Álvarez et al., 2014) was deemed more appropriate and internally consistent. Using this option the comparison of seawater pCO2 from the sensor with calculated pCO2 had RMSD ~29 and 9 μatm when calculated from AT&CT and pH&AT, respectively.

The method proposed by Takahashi et al. (2002), with terminology as adapted by González-Dávila et al. (2016), was used in order to estimate the variability of pCO2 recorded by the buoy sensor resulting from the contribution of the thermal (pCO2TH) and non-thermal (pCO2NT) control using the Equations 1 and 2:





where pCO2 and SST are the values obtained from HCB seawater sensors and pCO2mean (410 μatm) and SSTmean (20.58°C) their respective annual mean values.




2.4 Air-sea CO2 flux

The air-sea interface CO2 exchange flux FCO2, (mmol m-2 d-1) calculation was made according to Equation 3 from Wanninkhof (2014)



where K0 (moles L-1 atm-1) is the solubility of CO2 in seawater (Weiss, 1974), and pCO2SW and pCO2ATM are the surface seawater and atmospheric partial pressure of CO2 (μatm) and k (cm h-1 by convention Equation 4) is the gas transfer coefficient expressed as



where U10 is the wind speed (m s-1), Sc is the CO2 Schmidt number (dimensionless) normalized to 660 (the Sc for CO2 in seawater at 20°C and salinity 35) and the coefficient 0.251 has units of (cm h-1) (m s-1)-2.

A positive flux indicates a release of CO2 from the ocean toward the atmosphere.

Fluxes of CO2 were computed using pCO2SW from HCB, pCO2ATM data from nearest (54 km distance) land-based coastal atmosphere observation station of FINOKALIA and wind data from HCB (measured every 3 h). Description of FINOKALIA station (https://www.icos-cp.eu/observations/national-networks/icos-greece) and its air CO2 time-series can be found in Gialesakis et al. (2023). Wind data from the nearest (34 km distance) sea-based meteorological station of E1-M3A were used to complete meteorological data gaps of HCB (air pressure, wind). Description of E1-M3A can be found in Petihakis et al. (2018). Wind speed measurements obtained at 3 m were adjusted to 10 m above sea surface (U10) based on Hsu et al. (1994). Due to a gap of wind data from 07/06/2021 to 12/09/21 (in both HCB and E1-M3A), a constant value of wind speed (5.50 m s-1) was used during that period, obtained by the average of summer values from the E1-M3A time-series data (ten years).





3 Results



3.1 Hydrography, Chla and nutrients

Subsurface temperature and salinity have been measured at the POSEIDON HCB mooring site since 2016. Between November 2020 and May 2023, the mooring captured seasonal variability in temperature and salinity over the ~2.5 year observation period (Figure 2). There were some minor gaps in the salinity data (mostly <3 day periods), while a larger gap occurred from mid-July to November 2022. Over the ~2.5 year observation period, the SST ranged from 15.3°C in winter to 28.3°C in summer. According to the entire temperature and salinity data record of HCB station (available at https://poseidon.hcmr.gr) the hydrological situation over the studied period showed no extreme climatic events. The drop in salinity observed in May 2022 could be due to the intrusion of a different water mass (see Discussion). The SST satellite product (daily values) showed a consistent relationship with the in-situ data during the entire period (Figure 2). The SSS satellite product (weekly values) difference with in-situ data varied generally between ~0.2 and ~0.4 units.




Figure 2 | Time series of temperature (°C) (top panel) and salinity (lower panel) at HCB buoy from sensors on buoy (black dots) and from satellite data (green dots).



The variations in Chla concentration over the studied period displayed smooth seasonal patterns (especially 0-120 m mean depth-integrated values), with somewhat higher values in winter-spring (December to May) and lower in summer-autumn (June to November). The highest concentrations were observed during spring 2022 which was the only time during the study period when Chla exceeded ~0.2 µg L-1 (Figure 3). Mean depth-integrated Chla values during the summer-autumn period were generally greater than surface Chla values, reflecting the deepening of the Chla maximum. The Chla satellite product was generally higher than in-situ surface data with the difference being generally less that ~0.05 µg L-1.




Figure 3 | Time series of chlorophyll a (Chla in μg L-1) at HCB Station from bottle data (black dots), from bottle data integrated over 120 m (white dots) and from satellite data (blue dots-line).



The variations in inorganic nutrients surface concentrations over the studied period (Supplementary Material Figure 1) were overall low (<0.92 μM for NO3+NO2, <0.02 μM for PO4, <0.88 μM for NH4, <1.50 μM for SiO4) without any distinct seasonal pattern.




3.2 Carbonate system variables



3.2.1 Carbonate data

Figure 4 shows the time-series variations of the measured sea surface carbonate system variables. For pH, twenty months of continuous records were obtained from the in-situ sensor at a frequency of 3 hours. The pH at in-situ temperature ranged from 7.97 (July) to 8.13 (February-March). During the last seven months (January-July 2022), pH measurements were less precise (the spread of data increased) which was mostly due to issues with the sensor’s operation, which was consequently removed for servicing in July 2022. Bottle pH data were collected periodically during the entire period of sensor deployment and also for the period between July 2022-March 2023 when the sensor was not deployed. Bottle pH and sensor pH data had a RMSD = 0.006 pH units. Part of the difference observed between the two methods (-0.001 ± 0.006 pH units) could be due to the pH lab analysis using purified m-cresol purple (Liu et al., 2011 for calculations) versus the sensor using non-purified m-cresol purple (Clayton and Byrne, 1993 for calculations). In fact, non-purified m-cresol purple can result in differences of -0.001 to ~-0.02 depending on which m-cresol purple brand/batch is used and at what pH range (Douglas and Byrne, 2017).




Figure 4 | Time series of carbonate variables at the HCB buoy at subsurface (2 m). (A) pH data from sensor on buoy at in-situ temperature (black dots) and at 25°C (grey dots) together with pH from bottle data at 25°C (green dots). (B) pCO2 data from sensor on buoy (black dots), estimated pCO2 from bottle pH and AT data (green dots), estimated pCO2 from pH and sea surface salinity (SSS) data from buoy sensors (blue line), (C) AT from discrete measurements (green dots), AT data estimated from SSS data from buoy sensor (black dots) and AT estimated from SSS satellite data (blue dots). (D) CT from bottle data (green dots), CT data estimated from discrete measurements of pH and AT (blue dots) and CT estimated from pH&SSS (grey dots).



For pCO2, nineteen months of data were obtained (with 17 months at high frequency i.e. 6 hours) within a total period of 31 months. The densest period of data recording was 11 months within the period from April 2022 to May 2023. Periods of interruption were due to participation in an ICOS workshop (2021) and for servicing and maintenance. pCO2 data was acquired during all months except August, September and mid-January to mid-February. The seawater pCO2 values over the period of measurements ranged from ~350 μatm (March and April) to ~500 μatm (September). Concurrently, CO2 and pH were measured over a total period of 12 months.

AT and CT bottle data were obtained mainly during the first year (during the second year several major technical issues with the VINDTA 3C analyzer impacted the amount of high-quality data). During the first year AT varied between 2628 and 2654 μmol kg-1, decreasing from December to March, then increasing from April to October.

When excluding one seasonal deviation (December 2020), AT was linearly related to SSS (r2 = 0.7, p< 0.0001, n=39, Supplementary Material Figure 3) according to:



with ΔATobs-est having a RMSD ~6.3 μmol kg-1.

Bottle CT data varied between 2236 and 2300 μmol kg-1 without a clear seasonal pattern. CT was also estimated from other variables, as described in the next section.




3.2.2 Estimation algorithms

The relationship found between AT and SSS (see previous section) was used to estimate AT from SSS from buoy sensor (buoySSS) and satellite SSS (satSSS) data (Figure 4) downloaded from COPERNICUS (see data availability for the exact reference). These derived ATbuoysss data were used in combination with the pH in-situ data (from sensor) to calculate CT (CTbuoySSS&pH) and pCO2 (pCO2buoySSS&pH) using CO2SYS with the above-mentioned options. The obtained estimate CTbuoySSS&pH data giving indication of the seasonal variability of CT (Figure 4) should be considered with caution as it is based on the AT relationship to salinity (previous section). The obtained estimate of pCO2buoySSS&pH data when compared to CO2 sensor data showed a RMSD= 17 μatm.

Algorithms were developed to calculate sea surface pCO2 with exclusive use of satellite SST and Chla data downloaded from COPERNICUS (see data availability for the exact reference). A linear regression model (cftool, MATLAB) was applied that used a quadratic polynomial, univariate for the SST algorithm and bivariate for SST and Chla algorithm. The regression model used a linear square differences method to fit the in-situ pCO2 data. The satellite data fused to the regression model were first normalized to their mean and standard deviation value. Coefficients of the regression model/algorithms were calculated with 95% confidence bounds and the goodness of fit was evaluated through R-squared and RMSE.

The first algorithm (Equation 6) was based on a single variable, satellite SST (satSST):



The second algorithm (Equation 7) was based on two variables, satellite SST and Chla (satChla):



Estimated pCO2 from SST (Figure 5) compared to sensor data displayed a RMSD= 13 μatm, while using the estimate from SST&Chla (Figure 5) the RMSD value was 14 μatm.




Figure 5 | Measured pCO2 (black dots), and estimated pCO2 from pH and SSS data from buoy sensors (blue interrupted line), from SST satellite data (orange line) and from SST&Chla satellite data (green line).



To test the validity of the algorithm pCO2satSST over a wider spatiotemporal scale, available data of in-situ sea surface pCO2 with their respective temperature measurements from the Eastern Mediterranean Sea (selected area shown in Figure 1) were taken from SOCAT database with addition of one previously unpublished dataset (Krasakopoulou and Rapsomanikis, 2023), hereinafter together referred to as “SOCAT dataset”. Data were available in 1999, 2006, 2008, 2015, 2016, 2018 and 2020-2022. After excluding data from 2020-2022, which were the ones in the present study, the remaining dataset had 37372 values. After exclusion from this dataset the data collected at salinities below 35 PSU (i.e. above 39.8°N latitude, North Aegean and Dardanelles straits), a large part of which showed high Δobs-est, the remaining dataset (35179 values) was used to modify the Equation 6 to make it applicable at the period 1999 to 2019 and the area from 32.0°N to 39.0°N and from 19.5°E to 32.0°E (Equation 8):



where the last term accounts for the long-term increase of pCO2, with y being the year. Using this algorithm, the deltas obtained varied between -40 and +40 μatm (Figure 1) with 91% of values being between -20 and +20 μatm.




3.2.3 Thermal vs non-thermal effects on pCO2

The contribution of the thermal and non-thermal control on the pCO2 variations recorded by the buoy sensor was examined in Figure 6 (CO2 sensor data gaps were completed by pCO2buoySSS&pH). The thermal/non-thermal ratio was lower than 1 (Supplementary Material Figure 1) for almost 6 months in winter-spring (mid-December to May, with minimum ratio ~0.7 at March-April), indicating that non-thermal drivers exerted a greater control than temperature during that period. The ratio was above 1; hence, thermal control was predominant in the remaining 6 months in summer-autumn (June to early December, maximum ratio ~1.5 in July-August) (Supplementary Material Figure 3). Although the periods during which thermal or non-thermal controls predominate were almost equal, when the magnitude of the change they produce is examined (Figure 6), it appears that the thermal term was more than twice as large as the non-thermal term.




Figure 6 | Thermal and non-thermal components of pCO2 (μatm, estimated from pH and SSS data, blue line in Figure 4) calculated respectively from Equations 1, 2 and expressed as difference from measured values (ΔpCO2). Smoothed curves were created from the data points shown using the least-squares spline approximation (spap2 function of Matlab R2018b*) with the spline of order 3.







3.3 Air-sea CO2 fluxes

The area acted as a sink of atmospheric CO2 during approximately 7.5 months in winter-spring, between mid-October and May, and as source during approximately 4.5 months in summer-autumn, between June and mid-October. In the winter-spring (sink) period, the highest negative flux was -18.0 mmol CO2 m-2 d-1, whereas the summer-autumn (source) period the highest positive flux was +13.1 mmol m-2 d-1. A strong variability was observed in both periods (+3.8 ± 2.3 and -3.5 ± 3.5 mmol m-2 d-1) with wind being the main driver of the flux variability (Figure 7). To estimate the net flux over the entire source/sink acting periods, sea surface pCO2 data-lacking periods were completed using pCO2buoySSS&pH, and the remaining gaps using pCO2satSST&Chla. Based on this composite pCO2 dataset, the total flux integrated over the sink period was between -834 and -662 mmol CO2 m-2 (over 219 and 234 days, during the first- and second-year period respectively), whereas the total flux integrated over the source period was between +607 and +563 mmol CO2 m-2 (over 154 and 144 days, during the first- and second-year period respectively). The estimated annual flux ranged between -0.23 ± 0.02 and -0.10 ± 0.01 mol CO2 m-2 y-1 (during the first- and second-year period respectively).




Figure 7 |     Daily average values of CO2 air-sea flux calculated using daily average values of in-situ wind measured at HCB and E1-M3A, temperature and salinity measured at HCB (salinity data gaps completed by annual average), air CO2 from FINOKALIA station and seawater pCO2 data: from pCO2 sensor at HCB (black line), estimated using AT derived from sensor SSS (Equation 5) and sensor pH (blue line), estimated using AT derived from buoy sensor SSS (Equation 5) and buoy sensor pH with constant wind (green line) and estimated using satellite SST and Chla (Equation 7) (grey line). A positive flux indicates a release of CO2 from the ocean toward the atmosphere. Due to a gap of wind data from 07/06/2021 to 12/09/21, a constant value of wind speed (5.50 m s-1) was used during that period, obtained by the average of summer values from the E1-M3A time-series data.







4 Discussion



4.1 Time-series observations in the Eastern Mediterranean Sea

There are few time-series stations in the Mediterranean that monitor the carbonate system, with the vast majority being in the northwestern Mediterranean and the Northern Adriatic (Hassoun et al., 2022 and references therein; Champenois and Borges, 2021; Wimart-Rousseau et al., 2023). Among these, high-frequency (daily to hourly scale) published data in the Eastern Mediterranean are found sporadically in the Northern Adriatic (e.g. Turk et al., 2010, 2013) although initiatives are maintained (ICOS RI, 2022), and one year in the Saronikos Gulf (González-Dávila et al., 2016). The eutrophic Northern Adriatic is a particular case where the carbonate system in under strong riverine influence and strong benthic pelagic coupling due to its shallowness (Urbini et al., 2020 and references therein), thus not representative of the generally oligotrophic and deep system of the Eastern Mediterranean and therefore we will not include it in the following when mentioning “Eastern Mediterranean”. Time-series in the remaining Eastern Mediterranean are in the South-Eastern Levantine sub-basin (5- to 6-year cycles in Lebanese and Israeli coast, respectively Sisma-Ventura et al., 2017; Hassoun et al., 2019) and one in the Aegean Sea (one-year cycle in Saronikos Gulf; González-Dávila et al., 2016). Furthermore, a fourth one-year cycle in the North-Western Levantine (South of Crete) could be considered a reconstructed time-series out of three cruises and Argo floats casts (Wimart-Rousseau et al., 2021). In fact, the carbonate observing effort devoted to the Eastern Mediterranean, has been essentially with R/V cruises, mostly measuring CT, AT and pH (Wimart-Rousseau et al., 2021 and references therein; Álvarez et al., 2023 and references therein; Hassoun et al., 2022 and references therein). In addition, high frequency (hourly to daily scale) measurements are also scarce in the Mediterranean (Hassoun et al., 2022 and references therein), with the Eastern Mediterranean having before the present study only one annual high frequency cycle of pH (González-Dávila et al., 2016).




4.2 Drivers

Observations at high frequency are important as they provide more information on changes in ocean chemistry essential for the assessment of the marine ecosystem’s responses to warming, eutrophication, and the oceanic CO2 uptake (Flecha et al., 2015), on how diel variations in plankton production and respiration contribute to the variability of the carbonate system (Honkanen et al., 2021), as well as on developing/validating algorithms and exploring drivers connected with sub-mesoscale phenomena. Measuring from moving platforms may compromise the results as biological diurnal oscillations may not be appropriately accounted for (Honkanen et al., 2021). The present study provides the first marine pCO2 time series in the Eastern Mediterranean measuring pCO2 directly and at high frequency (hourly scale) and the second pH time-series cycle also at high frequency (a previous annual cycle done in Saronikos Gulf in 2013; González-Dávila et al., 2016). This allowed for the examination of the drivers of surface pCO2 and pH temporal variability over a period of almost two years. In the area studied the strong seasonal variability and low values of net air-sea CO2 flux demonstrate the need of high frequency in-situ observations (including measurements of pCO2, temperature and wind speed) in order to reduce the uncertainty of the estimation.

Temperature plays a major role in driving seawater pCO2 and pH variability whereas changes induced by non-thermal processes are considered to be mainly due to biological activity, but could also include changes due to advection, vertical diffusion, and air-sea gas exchanges (Takahashi et al., 1993). The main drivers in determining pCO2 and pH on continental shelves include water temperature, water mixing, presence of organic matter in river plumes and biological control. At the low latitudes non-upwelling shelves, which are typically oligotrophic, the biological pump is less effective (review by Chen et al., 2013). Therefore, the importance of pCO2 seawater variability due to biological control is revisited in the Eastern Mediterranean (Wimart-Rousseau et al., 2021). Decomposing the drivers contributing to thermal control (pCO2TH) and non-thermal control (pCO2NT) (which in general cancel each other out) is important for understanding which drivers are more important (Ko et al., 2021). In our study area and period, we infer that pCO2TH was the main factor followed by pCO2NT due to evaporation, water mixing and biological remineralization-production, as explained below. Temperature is the dominant factor controlling the diel to seasonal variability of pCO2 (and pH), as previously described by other studies in the Eastern Mediterranean (González-Dávila et al., 2016; Wimart-Rousseau et al., 2020). The observed annual cycle of pCO2NT was similar to the one described in the North-Western Mediterranean (Merlivat et al., 2018; Wimart-Rousseau et al., 2023), however with biological control (remineralisation-production) and evaporation being the main non-thermal drivers, as suggested for the North-Western Levantine (Wimart-Rousseau et al., 2021). Starting from March, the pCO2NT decrease from March to May would be associated with photosynthetic uptake (decreasing CT and slightly increasing AT) as indicated by Chla higher values and progressively also associated with evaporation (mainly increasing AT). Then from June to September, the decrease of pCO2NT would be linked to the effect of AT increase related to evaporation (indicated by the salinity increase) as well as, but to a lesser extent, to autotrophic processes. The effect of remineralization would increase progressively from summer onwards. In fact though the biomass of heterotrophs is higher than autotrophs in this oligotrophic area during summer (Siokou-Frangou et al., 2002), the low amount of organic matter reduces the importance of remineralization in summer. It is only after accumulation of organic matter, with simultaneous decrease of autotrophic and evaporation processes that the increase of pCO2NT due to remineralization would appear in October (initiating the increase of CT). This increase of pCO2NT (and CT) would be supported by winter water mixing after December for a period lasting 1 to 3 months (Krasakopoulou et al., 2009; Tsiaras et al., this issue). Then pCO2NT increase would progressively be slowed down by autotrophs after February, closing the annual cycle. On the other hand, physical factors other than evaporation (i.e. land-based fluxes, precipitation, lateral advection) appear to play a minor role in the pCO2NT in the study area and period. In fact, land-based water fluxes are generally low as there are only small rivers in the area (Poulos et al., 2009) and as precipitation data (from land-based meteorological station data located in Heraklion city, Lagouvardos et al., 2017) showed no significant rain events during the period of pCO2 records (as confirmed by the absence of salinity decreases at HCB during rain events). Lateral advection appears to have negligible effect in pCO2NT at HCB. At this location, depending on the prevailing circulation pattern, local high salinity surface water shares occasionally the surface layers with less saline Modified Atlantic Water (MAW), karst waters (Georgopoulos et al., 2000) or Modified Black Sea Water (MBSW) (Velaoras et al., 2019; Kassis and Korres, 2021). A surface water mass of MAW or MBSW could explain the drop in salinity observed in May 2021 (but not karst waters since AT-SSS relation was not affected). This water mass intrusion did not affect pCO2.




4.3 Air-sea CO2 flux

Marginal seas are often an important sink for atmospheric CO2 and overall play a significant role in the global carbon cycle, as they transfer carbon to deeper layers, however, not all marginal seas are CO2 sinks and some function as CO2 sources (Borges, 2005; Chen et al., 2013; Dai et al., 2013). The current assessment of the whole Mediterranean as source or sink of CO2 lies mainly on modelling studies that describe it as close to equilibrium with the atmosphere, or at most functioning as a weak sink for atmospheric CO2 (D’Ortenzio et al., 2008; Palmiéri et al., 2015). In fact, the Mediterranean in-situ studies on pCO2 variability and air-sea fluxes are based upon a sparse time-series of pCO2 observations mainly located in the North-Western Mediterranean and the Adriatic Sea. There is lack of surface ocean pCO2 data with adequate spatial and/or temporal coverage in large areas of the Mediterranean, especially in the Eastern basin and the whole southern part of the basin (Hassoun et al., 2022; Álvarez et al., 2023). In the present study, the pCO2 time series measurements allowed for estimation of the air-sea fluxes, indicating a transition from a winter-spring CO2 sink (between mid-October and May) to a summer-autumn CO2 source (June to mid-October). These periods are in agreement with other field studies providing direct measurements of pCO2 or pCO2 calculated from AT-CT in the Aegean Sea in February and May (Krasakopoulou et al., 2006, 2009, respectively), estimates of pCO2 (by AT-pH) during an annual cycle in the Aegean (González-Dávila et al., 2016) and from reconstructed time-series out of seasonal cruises in the South-East (Sisma-Ventura et al., 2017) and the North-West Levantine Sea (Wimart-Rousseau et al., 2021). Among these studies, those that estimated annual air-sea CO2 fluxes (González-Dávila et al., 2016; Sisma-Ventura et al., 2017), suggest their area to be a weak CO2 source, which supports a previous hypothesis for the whole Eastern Mediterranean Sea (Durieu de Madron et al., 2009; Taillandier et al., 2012). The estimated annual flux obtained in the present study between -0.15 and -0.18 mol CO2 m-2 y-1 is close to the one obtained by modelling (Tsiaras et al., this issue) for the Levantine Basin (-0.25 mol CO2 m-2 y-1 for 2010-2022). However, it should be stressed that the area examined in the present study cannot be characterized as a CO2 sink due to a) the flux being low and b) the significant variability in the flux mostly related to wind speed. This is the case also for a general characterization of the Eastern Mediterranean as source or sink. The few field studies up to now, with direct CO2 measurements, suggest the flux being weak (either sink or source) while they are limited temporally to the present time-series and spatially to few cruises (Krasakopoulou et al., 2006; Krasakopoulou et al., 2009; Bakker et al., 2016) with most CO2 data being estimates from other carbonate system parameters (review by Álvarez et al., 2023). We hypothesize that most areas in the oligotrophic Eastern Mediterranean Sea currently act as either weak source or sink of CO2. This could be a transition period and with the rapid warming and increasing of atmospheric CO2, the balance may change to a strong sink as predicted by modelling studies (Cossarini et al., 2021; Tsiaras et al., this issue). Additional field studies, especially time series measuring CO2 (ideally at high frequency), are needed to support model and algorithm validation, to allow specifying the spatiotemporal extent as CO2 source or sink of this area.




4.4 Carbonate variables estimation

Overall, the above described (section 4.2) dependencies of pCO2 mainly with temperature, evaporation (shown by salinity) and biological production (shown by Chla) support that remote sensing could be used to estimate pCO2, as discussed further below. In the Mediterranean Sea, only a few algorithms have been proposed for the estimation of pCO2 using temperature (or other non-carbonate variables) despite that temperature appears to be a dominant factor in determining surface pCO2 in the Mediterranean Sea. In the Eastern Mediterranean Sea, to our knowledge, only two studies have provided such relationships (González-Dávila et al., 2016; Sisma-Ventura et al., 2017). The present study provides the first pCO2 algorithm developed from in-situ CO2 measurements and remotely sensed SST data (Figure 5) confirming the potential for the prediction of pCO2 based on satellite data, as used in other marine regions (e.g. Eastern North Pacific, Hales et al., 2012). Moreover, it is suggested as a tool for extrapolation of CO2 dynamics over wider spatial scales in the Mediterranean Sea (Sisma-Ventura et al., 2017). Satellite Chla data were also accounted for, in the developed algorithm similarly to other studies (Ford et al., 2022 and references therein) together with the SST satellite data. However, the outcome showed no improvement of the agreement with the in-situ data. The weak role of biological non-thermal control of pCO2 was shown and discussed in the previous section. This could be explained by the generally low Chla concentration, both on average and in the amplitude of the seasonal variation, which is consistent with the oligotrophic character of the entire Cretan Sea, both in terms of Chla and primary production (Psarra et al., 2000). In addition, the fact that pCO2 measurements did not fully cover the late winter-spring bloom periods could weaken the correlation. It should be noted that extrapolation of in-situ observations of pCO2 using satellite observations like SST and Chla (Chen and Hu, 2019 and references therein; Ford et al., 2022 and references therein) should be done cautiously as application outside of the time–space domain in which it was developed is less reliable, essentially because of its empirical nature (D’Ortenzio et al., 2008). To examine the present algorithms’ spatiotemporal domain, we applied it (Equation 8) to a CO2 dataset from a wider area of the Eastern Mediterranean (Figure 1) spanning from 1999 to present. Data in the North Aegean with low salinities (<35) were excluded as the algorithm displayed high bias, which can be attributed to the carbonate system of this area being mostly related to Black Sea Water inflow and river runoff (Krasakopoulou et al., 2017). A linear term of +1.7 units per year accounted for long-term increase of pCO2 was included (related to atmospheric CO2 increase), as suggested by other studies (Chen and Hu, 2019). A +1.7 μatm pCO2 yr-1 (from 1983 to 2014), was also reported in the BATS and HOT stations (Bates et al., 2014), whereas in the Mediterranean Sea, reported values varied between +0.6 and +1.5 μatm pCO2 yr-1 (from 2010 to 2022, Tsiaras et al., this issue) and +3.5 µatm pCO2 yr-1 (from 2007 to 2015, Kapsenberg et al., 2017). Based upon the algorithm applicability analysis, it appeared that within the area and time window tested most (91%) of Δobs-est were between -20 and +20 μatm which is one order of magnitude below the amplitude of seasonal range (~150 μatm in the present study, ~200 μatm review by Álvarez et al., 2023). We thus consider that the algorithm could be useful when used, within the spatiotemporal window it was constructed, as an additional data quality control test, or to fill out data gaps of limited spatiotemporal extent. This analysis supports that the HCB station is indicative of a wider area of the Eastern Mediterranean Sea with respect to pCO2, as previously suggested for E1-M3A for temperature, Chla, primary production, pH, and oxygen (Henson et al., 2016).

Contrary to the few published relationships used to estimate pCO2 from temperature, many relationships used to estimate AT from salinity have been proposed for the different Mediterranean Sea sub-basins (Copin-Montégut, 1993; Schneider et al., 2007; Cossarini et al., 2015; Hassoun et al., 2015 and references therein; González-Dávila et al., 2016) and widely applied, for example, to reconstruct AT time-series (Wimart-Rousseau et al., 2021). Among these published AT-SSS relationships, the ones that performed better with the present study’s dataset were the ones of Hassoun et al. (2015) for Cretan Straits waters, followed by the one of González-Dávila et al. (2016). Despite the rather extended use of these AT-SSS relationships, satellite SSS data have been used only in preliminary estimates of AT in the Mediterranean (Sabia et al., 2020), probably as SSS satellite products have become mature only in recent years (Land et al., 2015). A comparison with latest satellite SSS products shows a difference of 0.3 salinity units demonstrating the upcoming potential to estimate AT from satellite SSS (Figures 2, 4).





5 Conclusions

The present study contributes to the recommendation to improve ocean acidification studies in the Mediterranean by increasing data coverage and availability, especially of time-series (Hassoun et al., 2022). There is a clear need to sustain the time-series in this area of scarce CO2 data affected by rapid warming (Sisma-Ventura et al., 2017). The provision of this new in-situ carbonate time series in a poorly covered area is also important internationally for databases such as SOCAT, and contributes to the United Nations Sustainable Development Goals (SDG) 13 Climate Action and SDG 14 Life Below Water [in particular 14.3.1 Average marine acidity (pH)]. In addition to providing data per se, the high frequency measurements of CO2 and pH allowed for a better understanding in the drivers of the temporal variability of the carbonate system, to develop new estimation algorithms, to support model validation, and to advance the current view of the Eastern Mediterranean air-sea flux. At this time, the net air-sea CO2 flux cannot be conclusively characterized as source or sink. Comparison of the fluxes from the 1980s and 2000s already showed a tendency for the Eastern Mediterranean to become a weaker CO2 source (Taillandier et al., 2012). The same trend was predicted by a study covering the period 1999-2019 (Cossarini et al., 2021). In the near future, the warmer Eastern Mediterranean is expected to become more stratified and oligotrophic (Reale et al., 2022). The present study emphasizes that in addition to future changes in temperature, atmospheric CO2 and biological productivity, it is crucial to consider future changes in the wind regime. One should consider not only whether the total wind stress will change, but also whether this change will occur mainly during the winter (sink) or summer (source) period. It is also important to consider the hypothesis that a transition is occurring in the Aegean Sea after 2020 with periods of deep water formation due to persistence of high salinity in upper and intermediate layers (Kassis and Korres, 2021; Potiris et al., 2023).

Another point that emerged was the benefit of a multi-platform approach (satellite, R/V cruises, buoy, atmospheric station) adopted in the present study, with a high sampling effort for 2.5 years. This can provide guidance for future observing activities with a cost-benefit approach, which is particularly important for countries with less available funds, such as those in the Eastern Mediterranean and the North African countries.

Indeed, the data obtained provided new carbonate estimation algorithms that can utilize remote sensing data (satellite SSS, SST and Chla) to fill data gaps of limited spatio-temporal extent. In addition to these algorithms, the results of the present study provide indications on how to optimize an in-situ observation strategy. Having in mind that direct measurements of the variable of interest (pH or pCO2) is the best, if a well-established local AT/SSS relationship exists (and its limitations known), then a pH (or pCO2) sensor could be used to estimate pCO2 (or pH) together with an in-situ SSS sensor. For example, in this case, since the estimation of pCO2 from pH (or pH from pCO2) together with SSS obtained from sensor at HCB is satisfactory, then the pH (or pCO2) sensor could be moved to the nearby (34 km) observing platform of the E1-M3A, thus increasing the spatial extent of observations without significant additional effort (instead of having both sensors at the same location).
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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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This study examines carbonate chemistry variability from 2008 to 2021 in subtropical coastal waters adjacent to Honolulu, Hawai’i. We use surface seawater carbon dioxide partial pressure (pCO2sw) measurements obtained every three hours from two buoys located along the south shore of O’ahu near anthropogenically impacted fringing reefs. The Ala Wai buoy was located 200 m offshore of a canal draining most of Honolulu, while the Kilo Nalu buoy was 1.3 miles (2 km) to the northwest, at a similar distance from shore with fewer terrestrial inputs. We compare pCO2sw variability from diurnal to interannual time scales. A trend analysis reveals a statistically significant increase in pCO2sw of +1.84 ± 0.27 µatm per year over the 11-year period. This rate is slightly lower than the average atmospheric growth rate observed during the same timeframe. In contrast to a nearby open-ocean site, the coastal sites experience amplified shorter-term variability, while seasonal to inter-annual variability is comparable to the open ocean. Ala Wai exhibits greater ranges than Kilo Nalu in all carbonate system variables due to its proximity to the Ala Wai Canal outflow. We examine the drivers that may explain both the similarities and contrasts in carbon dynamics observed between the two locations. Drivers of aragonite saturation state (ΩAr), an important variable for quantifying ocean acidification, are isolated from the in-situ time-series. Interannual salinity variations both due to freshwater pulses and large-scale regional salinity changes have a larger impact on ΩAr than temperature changes, which mostly have an effect seasonally. A large biological contribution to ΩAr is suspected, and further investigated using TA/DIC ratios normalized to median salinity and their slopes. Observed ratios at the south shore sites are evaluated relative to expected ratios derived from an open-ocean reference. Results suggest that dissolution and respiration are the primary biogeochemical processes occurring at these coastal sites. This highlights the significance of carbonate dissolution in anthropogenically impacted coastal waters, which is likely buffering acidification due to anthropogenic CO2 and freshwater inputs at these sites.
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1 Introduction

Hawai’i’s coral reefs hold the highest estimated collective economic value of any coral reefs in the United States, covering the most extensive area (Brander and van Beukering, 2013). With some located in close proximity to the urban center of Honolulu, these reefs play a significant role in Hawaiian culture, support the region’s diverse ecology, contribute to the local economy, and offer essential coastal protection to the area’s infrastructure (Cesar and Beukering, 2004). However, like many coastal areas worldwide, these ecosystems are facing increasing challenges due to human activities, including rising levels of atmospheric carbon dioxide (CO2) and its impact on ocean chemistry (Grigg, 1995; Kleypas et al., 2021). Accurately monitoring water chemistry at disturbed locations, such as near Honolulu Harbor, is a complex task due to the need to differentiate between natural fluctuations and human-induced disturbances. Nonetheless, this effort is of utmost importance for a comprehensive understanding of the fate of coral reefs in Hawai’i.

Ocean acidification is recognized as a global concern impacting both open ocean (Sabine et al., 2004) and coastal regions (Salisbury et al., 2008; Gruber et al., 2012). Increases in hydrogen concentration (pH) and CO2 levels in the surface ocean have been observed in the North Pacific (Dore et al., 2009). Observations at Station ALOHA (A Long-term Oligotrophic Habitat Assessment), a long-term observation site in the North Pacific Subtropical Gyre near Hawai’i, indicate a decrease in sea surface pH and an increase in the surface seawater partial pressure of carbon dioxide (pCO2sw) of −0.0019 ± 0.0002 yr−1 and + 1.88 ± 0.16 μatm yr−1, respectively, from 1988 - 2007 (Dore et al., 2009). The seasonal and diurnal variations in seawater carbonate chemistry and calcium carbonate saturation states (Ω) within the coastal zone can be several times higher or lower than expected for oceanic waters due to local processes such as eutrophication, upwelling, groundwater and river runoff, and biological productivity (calcification and dissolution, and photosynthesis and respiration). This environmental complexity in coastal systems is not well constrained in global climate models, which restricts our ability to project future climate changes, including ocean acidification, under different greenhouse gas emission scenarios for these important ecosystems (Duarte et al., 2013; Fennel et al., 2019).

Coastal time-series are crucial to assess variability of the coastal ocean and coral reef carbonate chemistry across different time scales. Two buoys were deployed off of Honolulu, O’ahu, Hawai’i, one from 2008 to 2019 and another from 2008-2021, to assess anthropogenic impacts on water chemistry in a distressed coral reef. Such data are critical for understanding and mitigating the effects of human activities on marine ecosystems. The buoys experienced runoff from the Ala Wai Canal, whose drainage area spans the 19 square-mile Ala Wai Watershed from the Ko’olau Mountains to Māmala Bay. The watershed includes several significant streams, including Makiki, Mānoa, and Pālolo streams, which ultimately converge in the Ala Wai Canal. This canal, a product of early 1920s engineering, was designed to drain coastal wetlands, thereby facilitating the development of the famous Waikīkī District (Glenn and McMurtry, 1995). The time series data collected from these buoys have provided valuable insights into various ecosystem indices, ranging from water quality to ocean acidification and overall ecosystem health (Drupp et al., 2013; Terlouw et al., 2019). Furthermore, this dataset serves as a baseline, enabling comparisons with more pristine areas and providing a crucial understanding of long-term environmental changes and trends.

The primary purpose of this research is to comprehensively investigate the carbonate chemistry variability in the coastal ocean south of Honolulu, Hawai’i, with a particular focus on understanding the drivers of this variability. By examining this region’s unique characteristics, including its proximity to urban Honolulu and the presence of fringing reefs, we aim to provide valuable insights into the complex interactions between natural and anthropogenic factors that influence the CO2-carbonate system in coastal environments.

This study seeks to enhance our understanding of the intricate processes shaping the CO2-carbonate system in the coastal ocean. Our key research questions and objectives are as follows:

	What are the trends in seawater pCO2 (partial pressure of CO2) in the study area over the past decade, and how do they compare to the global atmospheric CO2 trend?

	What is the nature and magnitude of carbonate chemistry variability at different time scales, from diurnal to interannual, in the coastal waters south of Honolulu?

	What are the main drivers of CO2-carbonate system variability in this region, and how do they contribute to changes in aragonite saturation state (ΩAr), a critical indicator of ocean acidification?

	How do local drivers such as temperature, salinity, and freshwater inputs interact with global drivers like atmospheric CO2 concentrations to influence the CO2-carbonate system in these coastal waters?






2 Methods



2.1 Study sites

Ala Wai (AW) and Kilo Nalu (KN) buoys were both located on sand patches within fringing reef structures 200-300 m offshore south of urban Honolulu from 2008 to 2019 (KN) and 2021 (AW). The water depth at both sites is around 12 m. The coastline is relatively unprotected, and the buoys were subject to open ocean swells during the Northern Hemisphere summer. Residence times at both locations are thought to be short due to wind driven circulation, surface waves, and highly energetic tidal forcing, with tidal current speeds alongshore of 20 cm s-1 (Pawlak et al., 2009; Tomlinson et al., 2011). According to a benthic habitat survey from the early 2000s, the area surrounding AW has 10-50% live coral, while the immediate vicinity of KN is characterized as “uncolonized” or 90-100% turf algae, with live coral nearby (Battista et al., 2007). The AW site receives substantial amounts of freshwater discharge and associated sediment loads (turbidity spikes of >20 NTU reported by Tomlinson et al., 2011) from the Ala Wai Canal, which drains the majority of the urban Honolulu area (De Carlo et al., 2004; Tomlinson et al., 2011; Terlouw et al., 2019). In contrast, the KN site is not directly affected by freshwater discharge from the canal on a regular basis, except for during large storm events (Tomlinson et al., 2011; Terlouw et al., 2019). Discharge at a nearby USGS gauge in the Manoa-Palolo Drainage Canal, which accounts for 58% of waterflow into the Ala Wai Canal (Fryer, 1995), can reach well over 2000 cubic feet during and after storms, compared to a mean discharge of only 21 cubic feet. A study of the effect of storm events on the AW/KN pair can be found in Tomlinson et al. (2011). Urban inputs are still present at Kilo Nalu through submarine groundwater discharge, storm drains, and overland runoff (Terlouw et al., 2019).

The Woods Hole Oceanographic Institute Hawaii Ocean Time-Series Site (WHOTS) mooring serves as an open ocean reference for this study (Sutton et al., 2014). It is located at Station ALOHA (22°45’N, 158°W), 100km north of O’ahu, which was chosen to be representative of the oligotrophic North Pacific Subtropical Gyre (NPSG) [www.soest.hawaii.edu/whots/ , www.pmel.noaa.gov/co2/story/WHOTS].




2.2 Observations



2.2.1 Autonomous

Each buoy was equipped with a Moored Autonomous pCO2 (MAPCO2) system. The MAPCO2 instrument calibration and data Quality Assurance and Quality Control (QA/QC) processes are described in detail in (Sutton et al., 2014). The MAPCO2 houses a LI-COR LI-820 CO2 gas analyzer. Every three hours, the LI-820 measures the mole fraction of CO2 (xCO2) in the air, as well as in air equilibrated with surface seawater after a two-point in situ calibration with a zero and high standard reference gas. Buoys are also equipped with a conductivity-temperature-depth (CTD) sensor, providing sea surface temperature (SST) and salinity (SSS) measurements at 1 m depth, as well as turbidity, fluorescence and oxygen sensors. This enables the quantification of the partial pressure of CO2 in seawater and air (pCO2sw and pCO2air). Observations cover June 2008 to May 2019 (KN) and June 2008 to February 2021 (AW) (Sutton et al., 2016a, 2016b).




2.2.2 Discrete

The autonomous observations at both sites were supplemented periodically through direct measurements of total alkalinity (TA) and dissolved inorganic carbon (DIC), which are sufficient to fully constrain the CO2-carbonate system and thus validate carbonate system estimates derived from measured pCO2 and site-specific empirical relationships. Seawater samples at both sites were collected at the surface using borosilicate bottles and stored at room temperature following Dickson et al. (2007) protocols. Each sample was poisoned with a saturated solution of mercuric chloride (HgCl2) to prevent biological alteration and sealed tightly to prevent atmospheric gas exchange. The open-cell potentiometric TA analyses were measured with a precision of ± 3-5 µmol kg-1 by Gran titration using certified 0.1 N hydrochloric acid (HCl) titrant. The DIC samples were analyzed by measuring the infrared absorption of the CO2 released after the acidification of the sample with 10% phosphoric acid using an automated Apollo DIC analyzer. The precision for this method was ± 2-3 µmol kg-1. Certified Reference Materials (CRMs) were run after every three samples throughout the analyses. Chlorophyll, phosphate and silicate concentrations were collected periodically at the buoy sites and measured according to Strickland and Parsons (1972) during the period from 2008 to 2021. For detailed methodologies and data collection of the discrete samples see De Carlo et al. (2018) and Knor et al. (2018) datasets.





2.3 Trend analysis

Trends of Ocean Acidification Time Series (TOATS) software package, described comprehensively in Sutton et al. (2022) was utilized to analyze trends in pCO2sw, SST, and salinity. Monthly means are calculated from the autonomous high frequency data, and then de-trended using a simple linear regression. From this detrended time-series of monthly averages, climatological monthly and annual means are calculated. These represent long-term averages for each month and year. Monthly adjustments are then calculated by subtracting the annual mean from climatological monthly means. This step helps identify deviations from the long-term average for each specific month. The monthly adjustments are subtracted from the original time series of monthly means (with the trend included), and the linear trend of these de-seasoned monthly means is assessed using the Weighted Least Squares linear regression model from the statsmodels Python module (Seabold and Perktold, 2010) with Newey-West standard errors. In addition to ordinary least squares regression results (adjusted R2 value, p-value, slope error, and confidence intervals), the trend detection time is computed according to the Weatherhead et al. (1998) trend detection method.

There are substantial data gaps in the pCO2sw time-series at both moorings (AW: 2014-2016; KN: 2011-2014), which can make meaningful trend detection difficult (Figure 1). Gaps in the time series occurred intermittently due to instrument failure and annual buoy servicing. Thankfully, there is minimal overlap in data gaps between the two moorings. The average pCO2sw difference between KN and AW is small (7 µatm), and monthly mean pCO2 values are even closer (6 µatm on average). Consequently, for the TOATS trend analysis, data from both moorings were combined to create an overall “O’ahu South Shore” pCO2sw time series. Where data from both moorings was available, KN was prioritized due to its lower variability. The initial and final months for the combined time-series are taken from the same buoy (AW). Both datasets and the resulting combined dataset are shown in the Supplemental Information (Supplementary Figure 1). The pCO2sw trends were also evaluated at each mooring separately, to investigate the effect of the data gaps, and at a nearby open-ocean reference buoy, the WHOTS mooring at Station ALOHA (Sutton et al., 2014).




Figure 1 | Observed pCO2sw time-series at coastal O‘ahu sites, AW (A) and KN (B), and the open-ocean reference station, WHOTS (C). A rolling mean with a 1-week window is shown in black for each site.






2.4 Variability on different time scales

Variability of pCO2sw at different time scales was evaluated, by iteratively calculating variability after averaging over higher-frequency time scales. Hence, “sub-diurnal” variability is quantified as the mean standard deviation of daily mean pCO2sw (largely the diurnal cycle). “Sub-monthly” variability is the mean standard deviation of daily mean pCO2sw averaged monthly (largely tidal fluctuations). “Sub-annual” variability is the mean standard deviation of monthly mean pCO2sw averaged annually (largely the seasonal cycle). Finally, “sub-decadal” variability is the standard deviation of annual means of pCO2sw of the whole time-series.




2.5 High frequency computation of CO2-carbonate system parameters using a TA-salinity empirical relationship

Two of four CO2-carbonate system variables (TA, DIC, pCO2 and pH) are needed to fully constrain this chemical equilibrium and all of its species, including quantities like the saturation state of aragonite (ΩAr), that are crucial indicators of ocean acidification and its potential biological impacts (Feely et al., 2009). Aragonite is a calcium carbonate mineral that makes up the skeletons of many marine calcifiers, including corals, and it is more soluble than calcite (Millero, 2007). Since discrete observations of TA and DIC were sporadic, and the high-frequency MAPCO2 observations are only of one parameter (pCO2sw), an alternative method was employed to investigate ΩAr on the south shore of Honolulu. The in-situ bottle measurements from both sites were used to determine if salinity could be used as a proxy for TA using the same relationship at both sites. For that, we consider the two stations to be end-members of a mixing process where fresh water from the Ala Wai canal mixes with seawater. We also assume that the average TA difference of 5.7 µmol kg-1 between AW and KN is smaller than the temporal variability. TA measurements demonstrated a moderate yet robust correlation with salinity (r2 = 0.62; RMES = ± 11.5 umol kg-1), supported by a significant p-value (p< 0.0001) and a substantial sample size (n = 184). A total of 212 discrete measurements were analyzed, but 28 samples fell outside of the 95% prediction bounds and are hence not considered in the linear regression model. The resulting linear relationship for TA is:

	

Where the uncertainties are the standard error of the slope and coefficient. The reef CO2 system was then fully constrained utilizing the MATLAB program CO2SYS (Van Heuven et al., 2011) with the calculated TA in conjunction with measured pCO2sw. Salinity, temperature, and pressure (1db – pressure at 1 meter) from the buoy were additional input parameters, as well as average silicate and phosphate concentrations at both sites from discrete measurements (silicate: 3.85 µmol kg-1, phosphate: 0.10 µmol kg-1). We applied the dissociation constants for K1 and K2 of Lueker et al. (2000) and the KHSO4- from Dickson et al. (1990).

Most of the errors are associated with the uncertainties of the TA linear model. These errors arise primarily from biological processes (e.g., calcification, calcium carbonate dissolution, denitrification and sulfate reduction) altering the TA/S ratio, and because of the low frequency of the discrete measurements. However, the modeled and in-situ TA show good agreement throughout the time series (Figure 2), and the differences over the annual mean were 3 and 8 μmol kg-1 for KN and AW, respectively. The average difference between pCO2sw buoy measurements and pCO2sw calculated from modeled TA and DIC was <10 µatm at AW and < 3 µatm at KN.




Figure 2 | Modeled (red) and discrete (gray) time-series of TA at AW (A) and KN (B).






2.6 Drivers of ΩAr: salinity, temperature and anthropogenic CO2

To assess the contributions of salinity, temperature, and anthropogenic carbon uptake, we recalculate ΩAr in CO2SYS multiple times while holding certain parameters constant, to isolate each of these drivers. For the temperature influence, pCO2sw is normalized to median temperature (25.86°C) using the temperature-normalization from Takahashi et al. (1993), and temperature is held constant at 25.86°C, while salinity and TA vary as observed. The total temperature influence is then defined as the in-situ ΩAr minus ΩAr at median temperature. The temperature influence is further split into a direct influence on ΩAr, and the indirect influence via pCO2sw. In an analog manner, for the salinity influence, TA is normalized to median salinity (34.8), and salinity is held constant at 34.8, while temperature and pCO2sw vary as observed. The salinity influence is then defined as the in-situ ΩAr minus ΩAr at median salinity. The salinity influence is then also further split into a direct influence on ΩAr, and an indirect influence via TA. The combination of total temperature and salinity contributions constitutes physical carbon drivers. Finally, for the influence of anthropogenic CO2, an increase of 2.32 µatm yr-1 (Lan et al., 2023) is added to pCO2sw at t=0 for the whole time series, while TA, salinity and temperature are held constant at their t=0 values. The anthropogenic CO2 influence is then defined as the in-situ ΩAr minus ΩAr calculated from increasing pCO2sw with all other inputs constant. All biogeochemical carbon drivers are defined as the in-situ ΩAr minus total salinity, total temperature, and anthropogenic CO2 influence.





3 Results



3.1 Seawater pCO2 trends

Both AW and KN exhibit a significant increase in pCO2sw over the whole time-series (2008-2021 and 2008-2019, respectively) of 1.75 ± 0.25 µatm yr-1 (AW) and 1.89 ± 0.13 µatm yr-1 (KN). When both time-series are combined to address data gaps, the trend of 1.84 ± 0.27 µatm yr-1 is still significant (Figure 3; Table 1). The coastal sites trend is comparable to the observations at the nearby open-ocean WHOTS mooring at Station ALOHA, which experienced an annual 1.89 ± 0.21 µatm increase in pCO2sw from 2008-2021 (Table 2). All four trends are statistically indistinguishable.




Figure 3 | Combined pCO2sw observations (light purple) at AW and KN, with monthly means (dark purple) and trend (gray).




Table 1 | Significant annual trends ± standard error observed at the Oahu and offshore time-series sites, quantified using TOATS (Sutton et al., 2022).




Table 2 | Amplitude of pCO2sw variability in µatm at the Oahu and offshore buoys on different time scales, defined as the average standard deviation of daily, monthly, annual and total mean pCO2sw.






3.2 Seawater pCO2 variability

The south shore coastal sites show similar amplitudes to the open ocean reference (WHOTS) in their longer-term variability, with all three sites at ~10µatm in for both sub-annual (seasonal) and sub-decadal (interannual) variability (Table 2). In contrast, shorter-term variability is greatly enhanced at the coastal sites compared to the WHOTS site, with both AW and KN showing a three-fold larger sub-monthly variability (~9 µatm compared to 3 µatm, see also Figure 1). The diurnal cycle at WHOTS is minimal at 2 µatm, while Kilo Nalu’s mean sub-daily variability is five times higher (11 µatm) and Ala Wai’s almost ten times higher (19 µatm). In addition to pCO2sw variability, DIC and TA normalized to salinity of 35, nDIC (200 versus 140 µmol/kg) and nTA (275 versus 140 µmol/kg) also show larger ranges at AW compared to KN.




3.3 Discrete samples

Mean values for TA, DIC, chlorophyll-a and nutrients are reported in Table 3.


Table 3 | Mean values for TA, DIC, chlorophyll-a and nutrients at AW and KN.






3.4 High-frequency ΩAr

Aragonite saturation state calculated both using the high-frequency model described in the methods (section 2.5), and from discrete samples is shown in Figure 4. The error for modeled ΩAr of 0.2 (~6%) is determined using the Orr et al. (2018) error propagation in CO2SYS, with model error for TA (11.5 µmol kg-1) and measurement uncertainties for pCO2sw, salinity and temperature (2 µatm, 0.016, 0.002°C) as inputs. The 6% error in ΩAr exceeds the 1% threshold for climate-level data quality specified for the quantification of long-term trends (Newton et al., 2015). Red arrows in Figure 4 indicate times where ΩAr drops below 2.82. This threshold was established as an annual tolerance limit for tropical coral reefs by Guan et al. (2015). Saturation state only fell below this threshold once at KN during the summer of 2016, but 13 times at AW. Twelve of the 13 instances occurred between December 2017 and December 2018.




Figure 4 | Aragonite saturation state calculated with the high-frequency model and from discrete TA/DIC data at AW (A) and KN (B), with shaded areas showing an uncertainty of 0.2. Red arrows indicate times where ΩAr drops below a threshold of 2.82 thought to be a biological limit for coral reef survival (Guan et al., 2015).







4 Discussion



4.1 Drivers of ΩAr: salinity, temperature and anthropogenic CO2

While pCO2sw variability at AW and KN from diurnal to interannual time scales has been characterized elsewhere (Drupp et al., 2013; Terlouw et al., 2019), our comprehensive south shore model that fully constrains the CO2-carbonate system provides a unique opportunity to conduct a more detailed examination of the factors driving this variability, including that of ΩAr, an important indicator variable for ocean acidification. The high-frequency ΩAr time-series does not exhibit a significant downward trend (Figure 4), as would be expected if the main or only driver of ΩAr was the (increasing) anthropogenic CO2 contribution. However, we do see a few instances of ΩAr dropping below a critical threshold later on in the time-series, particularly between December 2017 and December 2018 at AW (Figure 4).

Therefore, different processes influence ΩAr and modulate ocean acidification due to anthropogenic CO2 invasion at this location. Monthly means of the isolated contributions described in section 2.6 are shown in Figure 5.




Figure 5 | Time-series of monthly means of isolated ΩAr drivers for the combined south shore dataset, defined as in-situ ΩAr - ΩAr with each driver held constant: temperature (A), salinity (B), and biogeochemical and anthropogenic (C) drivers.



Temperature changes affect ΩAr directly by altering the equilibrium constant, but also indirectly via the temperature effect on pCO2sw (Takahashi et al., 1993). The direct and indirect effects of temperature on ΩAr (Figure 5A, green and turquoise lines) are substantial (up to ±0.25 over a monthly average), but they largely cancel out: When it is warmer, the direct temperature effect increases ΩAr, but higher temperature also raises pCO2sw by about 4% per degree SST increase, which indirectly decreases ΩAr (Takahashi et al., 1993). Overall, the direct temperature effect dominates and determines the sign of the total temperature effect (Figure 5A, dashed line). Therefore, temperature contribution accentuates the seasonal cycle with little interannual or higher-frequency variability: The temperature effect increases ΩAr in the summer and decreases ΩAr in the winter, since aragonite becomes more soluble at lower temperatures (lower ΩAr). SST is rising at +0.099 ± 0.011°C per year (r2 = 0.5, p<0.05) at the AW site, and is anticipated to continue increasing with anthropogenic climate change (Figure 6). Consequently, summer peaks in the temperature influence are generally higher during 2017-2021 (~0.03) than 2009-2011 (~0.01). Overall, the influence of temperature on ΩAr tends to be smaller than the other drivers, but it is expected that increasing ΩAr from rising SST in the future will, at least to some extent, counteract the decrease in ΩAr from anthropogenic CO2 invasion.




Figure 6 | SST (A) and SSS (B) from CTDs at AW, KN and WHOTS.



Salinity is a somewhat stronger driver of ΩAr than temperature at this location (Figure 5C), and the larger contribution is the influence of salinity on TA (Figure 5B, pink line). The direct influence of salinity on ΩAr is negligible (Figure 5B, black line). The most notable feature in the salinity effect (via TA) is the interannual variability, with the first half of the time-series (2008-2015) showing a positive contribution of salinity to ΩAr, while the second half (2015-2021) is characterized by a decrease of ΩAr from salinity changes. ΩAr is influenced by salinity in two ways that work against each other: Thermodynamically, higher salinity increases the solubility of aragonite (decreases ΩAr) by increasing the K*spAr (the apparent solubility product constant for aragonite). However, higher salinity is also associated with higher concentrations of [Ca2+] and [CO32-], which increase ΩAr and alkalinity. The second mechanism clearly overpowers the first here, and low salinity is associated with low ΩAr, and high salinity with high ΩAr, driven by TA changes. As can be seen in Figure 6, the interannual change of the salinity contribution to ΩAr corresponds to a regional high salinity regime (at AW, KN, and WHOTS) between 2008-2015 followed by a period of regionally low salinity since 2015. Additionally, low ΩAr spikes that dip below the 2.82 threshold (Figure 4) are all associated with low salinity excursions (below 33.5) that occurred most frequently between 2017-2018. This suggests that extremely low ΩAr events at this site are mainly caused by a regional low-salinity regime combined with enhanced freshwater input from terrestrial runoff and/or precipitation. This change in salinity could also indicate a shift in source waters, which might include a change in carbonate chemistry.

The biogeochemical carbon drivers (Figure 5C, yellow line) include in-situ biological processes (e.g., photosynthesis/respiration and calcification/dissolution), and mixing with sources that have deviating CO2-carbonate chemistry, such as porewaters, groundwater discharge, or offshore water masses with a different geochemical makeup. Additionally, the DIC : TA ratio of the freshwater endmember in estuaries is known to affect coastal carbonate chemistry, and freshwater inputs can decouple changes in pH and ΩAr (Moore-Maley et al., 2018). The advected and in-situ biogeochemical drivers make up the largest influence on ΩAr. A component of this biogeochemistry creates a strong seasonality in-phase with the temperature influence on ΩAr, and there is interannual variability that mirrors that of the salinity contribution (low in the first half of the time-series, high in the second half).

It is likely that the positive contribution to ΩAr in the summer from the biogeochemical component is due to DIC loss from seasonally elevated biological productivity and outgassing at these sites increasing ΩAr, which is very sensitive to DIC : TA ratios. This corroborates previous findings about pCO2 dynamics at these sites (Drupp et al., 2013; Terlouw et al., 2019). The interannual variability in the biogeochemical term is more enigmatic, but also a crucial component to examine, as it is the main factor that has been preventing a substantial ΩAr decrease from rising anthropogenic CO2, as well as the negative influence of a salinity decrease since 2015, which has only been counteracted slightly by an increase in temperature (Figure 5C). If the water mass change responsible for the salinity decrease since 2015 includes altered carbon chemistry, it might be influencing ΔpCO2. Then, the ocean uptake of CO2 could be changing with time in a way that is not captured by the anthropogenic or salinity influences. It is also possible that the positive contribution to ΩAr from the biogeochemical drivers comes from a relative increase in TA. This excess TA could stem from dissolution of calcium carbonate sediments, from net dissolution within nearby coral reefs, and/or dissolution in the water column or sediments. This hypothesis is explored through estimating relative importance of reef metabolic processes below.




4.2 Drivers of ΩAr: photosynthesis/respiration and calcification/dissolution

The relative influence of photosynthesis/respiration and calcification/dissolution on CO2-carbonate chemistry is further investigated using slopes of salinity-normalized TA (nTA) and DIC (nDIC) from discrete bi-weekly samples at the buoys. Station ALOHA is used as an open-ocean endmember for the coastal sites. Using data from the Hawaii Ocean Time-series (HOT) at Station ALOHA between 2008-2021 (Lukas et al., 2001), multiple linear regression equations for TA and DIC with salinity and temperature at this open-ocean site are established. Measurements were selected from 2008 to 2021, and for the top 30m of the water column. Robust linear correlations of salinity and temperature with TA (r2 = 0.94, n = 217, p<0.001, RMSE = 3.63 µmol kg-1) and DIC (r2 = 0.82, n = 217, p< 0.001; RMSE = 5.43 µmol kg-1) support the assumption of conservative mixing mechanisms between freshwater and seawater end‐members in this region. The resulting linear relationship for the ocean end-member TA and DIC were determined to be as follows:

	

	

The theoretical oceanic end-member TAoce and DICoce for coastal locations were determined using the observed salinity and temperature from KN and AW buoys. Assuming that Station ALOHA represents an open-ocean endmember for AW and KN sites, any differences (Δ) between the observed nTA and nDIC at the buoys and nTA and nDIC predicted using the salinity and temperature relationship of oceanic end-member (ΔnDIC/ΔnTA) can then be attributed to biogeochemical processes in the coastal ocean that alter the slopes at known proportions (Deffeyes, 1965; Suzuki & Kawahata, 2003; Watanabe et al., 2006; Shamberger et al., 2011; Yeakel et al., 2015; Page et al., 2016; Cyronak et al., 2018). Although exact quantification of these processes needs additional information on quantities like residence time, this approach enables an assessment of whether coastal reef systems are net calcifying or dissolving, and net autotrophic or heterotrophic (Cyronak et al., 2018).

The relative changes in ΔnTA/ΔnDIC (coastal or buoy – oceanic) are shown in Figure 7, with black lines indicating the known effects of calcification/dissolution and photosynthesis/respiration. Calcification consumes 2 moles of TA for every mole of DIC consumed, while dissolution produces 2 moles of TA for every mole of DIC produced. Although photosynthesis produces only small amounts (0.16 moles) of TA for every mole of DIC consumed, with equal amounts of TA consumed when DIC is produced during respiration, these reactions are responsible for the significant diurnal changes in ΩAr and pCO2sw.




Figure 7 | ΔnTA and ΔnDIC at KN and AW; the difference between observed ratios and ratios predicted using open-ocean relationships of DIC and TA with temperature and salinity.



The ΔnTA/ΔnDIC diagram in Figure 7 is divided into quadrants centered at zero. The center point on the ΔnTA/ΔnDIC diagram represents a condition where the ΔnTA and ΔnDIC are both zero, indicating that the observed values match the expected oceanic conditions at this central reference point. A line with a slope close to -0.16 suggests a prevalence of organic carbon production (photosynthesis/respiration) over inorganic carbon production (calcification/dissolution). When calcification (lower left quadrant) or dissolution (upper right quadrant) dominates, data points align along a slope of 2. A slope closer to one indicates a balance between net inorganic and organic metabolic processes. The slope of ΔnTA/ΔnDIC is 0.55 (SE = 0.13, t-test = 4.4, n = 34, p< 0.05) at AW, and 0.46 (SE = 0.20, t-test = 2.3, n = 46, p< 0.05) at KN. Notably, the observed slopes at KN and AW are not significantly different (p = 0.72) from each other. This indicates that variations in nTA and nDIC are likely driven by a combination of ecosystem metabolism and dissolution. At AW, there is an excess of 10 ± 26 µmol kg-1 (median ± standard deviation) nTA and 19 ± 26 µmol kg-1 nDIC relative to the predicted open-ocean values. Most points fall into the top right quadrant, indicating net dissolution and net respiration. In contrast, at KN, differences relative to the predicted oceanic values are generally much smaller (<1 µmol kg-1 nTA and 3 ± 11 µmol kg-1 nDIC), although the majority of observations still indicate net respiration.

The insights from TA/DIC slopes provide essential information regarding the relative influence of Net Ecosystem Calcification (NEC) versus Net Ecosystem Production (NEP) on variations in carbonate chemistry (Cyronak et al., 2018). The slopes of ΔnTA:ΔnDIC also serve as valuable indicators for comprehending how NEP and NEC contribute to changes in nearshore ΩAr (Muehllehner et al., 2016, DeCarlo et al., 2017). Our hypothesis centers on the idea that the increase in nTA and nDIC arising from dissolution and respiration would lead to an elevation in ΩAr when compared to ocean source water. The following equation relates the ΔnTA:ΔnDIC slope to the NEC-to-NEP ratio (NEC : NEP) as proposed by Suzuki and Kawahata (2003):

	

A NEC : NEP ratio of 0.87 maintains approximately constant ΩAr, whereas higher ratios decrease ΩAr and lower ratios increase ΩAr for nDIC and nTA values typically observed at AW and KN (e.g., DeCarlo et al., 2017). The ΔnTA:ΔnDIC slopes were 0.55 ± 0.12 (AW) and 0.46 ± 0.20 (KN), indicating an NEC : NEP ratio of 0.38 at AW and 0.30 at KN. This suggests that organic carbon processes (i.e., respiration) play a more prominent role at both sites. Muehllehner et al. (2016) established a relationship between the slope of the metabolic vector and its impact on ΩAr, and we anticipate that metabolic processes will yield positive feedback in ΩAr relative to offshore ocean water. Metabolic processes increase ΩAr by 0.013 at AW, and only by 0.001 at KN. This difference is attributed to the higher increase in nTA and nDIC observed at the AW site, resulting in a vector magnitude (√(ΔnTA2 + ΔnDIC2)) of 36 ± 29 µmol kg−1 (mean ± standard deviation STD), whereas the KN site exhibited a lower magnitude of 14 ± 9 µmol kg−1. This supports the hypothesis that respiration could be contributing to the introduction of CO2 and stimulating the dissolution of carbonate sediments, either within the water column or in the benthic environment. This suggests that dissolution processes might have the potential to elevate the ΩAr values at AW relative to KN and open ocean. Testing this hypothesis on shorter timescales, such as daily or sub-daily time scales, would require a more precise characterization of the TA model or the incorporation of an additional carbonate parameter.





5 Conclusions

A significant trend in pCO2sw of +1.84 ± 0.27 µatm yr-1 is detected on the south shore of O’ahu. This trend is significant despite the considerable higher frequency variability (sub-diurnal to sub-annual) that is present especially at the AW site, and to a smaller extent at the KN site. The secular trend in pCO2sw is one of multiple drivers that influence the whole CO2-carbonate system equilibrium, which are characterized utilizing a variety of approaches. Previous studies suggest that carbonate chemistry at AW and KN is largely controlled by mixing with land-based sources, with additional increased respiration and some water column dissolution (Drupp et al., 2013; Terlouw et al., 2019). Choosing ΩAr as a parameter to examine ocean acidification and its modulation, this study confirms the importance of land-based freshwater pulses, which caused ΩAr to drop below the critical threshold for coral reef survival twelve times in a single year at the AW, but not the KN site. On inter-annual time scales, effects of (globally) increasing temperature and (regionally) decreasing salinity on ΩAr have been counteracting each other. Presumably, the regional low-salinity regime, which is largely due to changes in rainfall patterns associated with large-scale climatic oscillations (Lukas & Santiago-Mandujano, 2008) will switch to a high-salinity regime on a multi-annual to decadal time-scale. Increasing salinity along with rising SST might then dampen or even suppress the long-term decrease of ΩAr from anthropogenic CO2 invasion for a few years to decades. A significant contribution of enhanced dissolution, likely of carbonate sediments, to maintaining relatively high ΩAr on the south shore despite the influences of decreasing salinity, high respiration and increasing anthropogenic CO2 is confirmed by examining ΔnTA/ΔnDIC between observed values and those predicted using an open-ocean relationship with salinity and temperature. Dissolution of carbonate sediments at or near the AW and KN locations seems to be buffering acidification due to both rising pCO2sw and increased freshwater input from terrestrial runoff/precipitation and regional salinity changes.
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A basin-scale Mediterranean carbonate system model has been setup, building on the POSEIDON operational biogeochemical model. The spatial variability of carbonate system variables from a 13-year simulation (2010-2022) was validated against CARIMED in situ data (DIC, TA, pCO2), showing reasonable agreement in reproducing the observed patterns and preserving the dynamics in different areas, except a slight overestimation (~15 µmol/kg) of TA in the Eastern Levantine. The time-variability of model outputs (DIC, TA, pCO2, pH) was validated, against available time-series from Western (DYFAMED, Villefranche-PointB) and Eastern Mediterranean (HCB) sites, showing good agreement with the data, particularly for pCO2, pH and DIC. The model failed to reproduce the observed late summer peak of TA at DYFAMED/PointB sites, which may be partly attributed to the advection of lower alkalinity Atlantic water in the area. The seasonal variability of DIC and pCO2@20°C was found to be mainly controlled by winter mixing and the subsequent increase of primary production and net CO2 biological uptake, which appeared overestimated at HCB. Along with the reference simulation, three sensitivity simulations were performed, de-activating the effect of biology, evaporation and CO2 air-sea fluxes on DIC and TA, in order to gain insight on the processes regulating the simulated carbonate system variability. The effect of biological processes on DIC was found more significant (peak during spring) in the more productive North Western Mediterranean, while evaporation had a stronger impact (peak during late summer) in the Levantine basin. CO2 air-sea flux was higher in the Western Mediterranean, particularly the Gulf of Lions and Alboran Sea, as well as in river influenced areas, such as the N. Adriatic and along the pathway of the Black Sea Water in the Aegean. A weak release of CO2 was found in the Eastern Levantine and Libyan Sea. Its basin average (+2.1 mmol/m2/day) and positive trend (+0.1 mmol/m2/day/year) indicates a gradually increasing net CO2 ocean uptake. The simulated positive trends of DIC (0.77 μmol/kg/year) and TA (0.53 μmol/kg/year) in the North Western Mediterranean were consistent with observational and modelling studies, in constrast with the Levantine basin, where no significant trends were found for TA.
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1 Introduction

It is now recognized that ocean is a significant sink of CO2 (e.g., Sabine et al., 2004; Gruber et al., 2019), providing a buffer for anthropogenic carbon emissions and regulating global climate (Archer et al., 2009). A consequence of the CO2 oceanic uptake is the resulting decrease of pH and carbonate ions concentration, commonly known as ocean acidification (Caldeira and Wickett, 2003), which may have implications (e.g., survival, growth, abundance) over a broad range of calcifying marine organisms in the open ocean (e.g., coccoliths, foraminifera) and coastal areas (e.g., corals, mollusks) (e.g., Kroeker et al., 2013; Leung et al., 2022).

The Mediterranean is a semi-enclosed oligotrophic basin, characterized by a well-defined eastward decreasing productivity (e.g., Moutin and Raimbault, 2002; Bosc et al., 2004; Kalaroni et al., 2020b). It is characterized by relatively higher alkalinity, as compared to the global ocean, due to high evaporation and lateral inputs from rivers and the Black Sea (Schneider et al., 2007). Its more alkaline waters, as well as the deep-water formation and fast overturning circulation, favor the absorption of CO2 and its efficient transfer to deeper layers (Schneider et al., 2010; Alvarez et al., 2014; Palmiéri et al., 2015; Krasakopoulou et al., 2017; Hassoun et al., 2022). Given the important complexity of the Mediterranean ecosystem, long-term in situ measurements and dedicated modelling studies are required, in order to be able to assess and predict CO2 storage and acidification trends in the basin.

Understanding carbonate system dynamics is fundamental for optimizing observational strategies and shaping climate change policies with more precise predictions. Given the limited spatio-temporal coverage of in situ data, coupled hydrodynamic/biogeochemical models provide useful tools to gain a better understanding on the carbonate system seasonal and inter-annual variability, quantify the role of different processes (e.g., Carroll et al., 2022) and perform future projections under changing climate conditions (e.g., Reale et al., 2022; Solidoro et al., 2022). Over the last decade, a few modelling studies have investigated different aspects of the carbonate system dynamics in the Mediterranean. Cossarini et al. (2015a) provided a basin-scale analysis on the spatio-temporal variability of alkalinity in the Mediterranean, while Cossarini et al. (2015b) investigated the mechanisms of CO2 sequestration in the N. Adriatic Sea. Cossarini et al. (2021) provided aspects of the carbonate system variability and inter-annual trends, based on the Mediterranean re-analysis over the last two decades (1999-2019), as part of the Copernicus Marine Environment Monitoring Service (CMEMS) model product. Solidoro et al. (2022) investigated the changes on the Mediterranean plankton productivity, carbon pathways and carbonate system, under a high CO2 emission (SRES-A2) future climate scenario. Reale et al. (2022) used a relatively higher (1/16°) spatial resolution model to provide a detailed assessment of future climate projected changes in the Mediterranean ecosystem (nutrients, oxygen, plankton production/biomass, dissolved inorganic carbon, pH), under two CO2 emission scenarios (RCP4.5, RCP8.5). Butenschön et al. (2021) investigated the projected acidification in the Mediterranean, under a baseline future scenario (RCP4.5), along with additional alkalization scenarios. Finally, Palmiéri et al. (2015), used a perturbation approach, not explicitly describing biogeochemical processes, to simulate the anthropogenic carbon storage and resulted acidification in the Mediterranean, influenced by air-sea fluxes and exchanges with the Atlantic Ocean.

A major constraint for the successful setup and implementation of carbonate system models is the limited spatio-temporal coverage of in situ data, which are necessary for the model initial and boundary conditions, as well as to validate the simulated output. Even though the amount of available in situ data on carbonate parameters in the Mediterranean has significantly increased over the last decade, previous modelling efforts have not explicitly investigated the dynamics of the carbonate system variability, while model validation was mostly limited to basin-scale spatial variability. In the present study, a basin-scale Mediterranean carbonate system model has been setup, building on the POSEIDON operational biogeochemical model (Kalaroni et al., 2020a; Kalaroni et al., 2020b). The model output from a 13-year (2010-2022) simulation was evaluated against CARIMED (CARbon IN the MEDiterranean Sea, Alvarez et al., 2019) basin-scale dataset and time-series from three sites in the Western (DYFAMED, Villefranche-PointB) and Eastern (HCB) Mediterranean. Three additional sensitivity simulations, de-activating the effect of biology, freshwater and air-sea CO2 fluxes, were performed in order to gain a better understanding on the carbonate system dynamics and the processes regulating its variability. The simulated CO2 air-sea flux spatial variability and calculated inter-annual trends are also discussed.




2 Methods



2.1 Model description



2.1.1 Hydrodynamic/biogeochemical model

A three-dimensional coupled hydrodynamic/biogeochemical model is implemented at Mediterranean basin scale (1/10° resolution ~10km), based on the currently operational model within POSEIDON forecasting system (www.poseidon.hcmr.gr; Korres et al., 2007; Kalaroni et al., 2020a, b). The hydrodynamic model is based on the Princeton Ocean Model (POM, Blumberg and Mellor, 1983), which is a three-dimensional, sigma-coordinate and free surface primitive equation model. The model prognostic variables are temperature, salinity, velocity, sea surface height and turbulent kinetic energy. The vertical eddy viscosity and diffusivity coefficients are computed using the Mellor-Yamada 2.5 turbulence closure scheme (Mellor and Yamada, 1982) that solves the equations for turbulent kinetic energy and turbulence macroscale, considering the wind stirring and the stability induced by stratification. Horizontal diffusion is calculated along sigma-levels following a Smagorinsky formulation (Smagorinsky, 1963).

The biogeochemical model is based on the European Regional Seas Ecosystem Model (ERSEM; Baretta et al., 1995) that follows a “functional” group approach, including four phytoplankton groups (diatoms, nanoplankton, picoplankton, dinoflagellates), three zooplankton groups (heterotrophic nanoflagellates, microzooplankton, mesozooplankton) and bacteria. The pelagic model variables include also particulate and dissolved organic matter, along with dissolved inorganic nutrients (nitrate, ammonium, phosphate, silicate). The benthic-pelagic coupling is described by a simple first-order benthic return module, describing the settling of organic detritus and diffusional nutrient fluxes out of the sediment. For more details on the model setup and implementation, the interested reader may refer to Kalaroni et al. (2020a); Kalaroni et al. (2020b), where the model has been extensively validated against available satellite and in situ data.




2.1.2 Carbonate system model

The hydrodynamic/biogeochemical model POM-ERSEM has been coupled to a carbonate system sub-model (Blackford and Gilbert, 2007), which uses the HALTAFALL (Ingri et al., 1967) carbonate speciation code to calculate the CO2 partial pressure (pCO2), pH and carbonate system components (H2CO3, HCO3, CO3) in the water column, using dissolved inorganic carbon (DIC) and total alkalinity (TA) as input. The carbonic acid dissociation constants are based on Hanson and Mehrbach data, as refitted by Dickson and Millero (1987) and dissociation constant for HSO4 from Dickson (1990). pH is calculated in the sea water scale (SWS). The carbonate system model has been setup in the Mediterranean considering both DIC and TA as model state variables (submitted to advection, diffusion etc.). The seawater pCO2 is influenced by biogeochemical (i.e., photosynthesis, respiration) and physical (solubility/temperature) processes, as well as by the air-sea CO2 exchange, based on the pCO2 difference with the atmosphere. The CO2 flux across the air-sea interface is calculated as a function of temperature, wind speed and the difference between the seawater (pCO2water) and atmospheric (pCO2air) partial pressure of CO2:

 

where H is the solubility of CO2 in seawater, based on Weiss (1974) and k is the gas transfer coefficient, which is calculated following Nightingale et al. (2000) as:

 

where U10 is the wind speed 10m above water (m/s) and Sc is the temperature depending Schmidt number.

The variability of TA and DIC is evaluated in the model based on the effect from advection/diffusion (phys) and biological (bio) processes:

 

 

At the sea surface, these are also affected by freshwater (E-P) fluxes, which result in their concentration (evaporation) or dilution (precipitation), as in the case of salinity. DIC is also modified based on the CO2 flux (CO2flux, Equation 1) at the air-sea interface, which can be positive or negative, depending on the pCO2air and pCO2water values. With regard to biological processes, TA is increased (decreased), with the same amount of moles, by the uptake (release) of nitrates and phosphates or the release (uptake) of ammonia (Wolf-Gladrow et al., 2007). Similarly, DIC is decreased by the CO2 uptake from phytoplankton photosynthesis and increased by CO2 production from plankton community respiration. The effect of calcium carbonate formation/dissolution on TA and DIC is currently not considered, as calcifying organisms are not explicitly described in the model and information on their abundance and distribution in the Mediterranean is still poorly quantified (e.g., Siokou-Frangou et al., 2010).





2.2 Model setup

A 13-year simulation was performed over the 2010-2022 period. The initial conditions for the hydrodynamic (e.g., temperature, salinity, currents) and biogeochemical (e.g., dissolved inorganic nutrients, plankton groups biomass) models were obtained from Kalaroni et al. (2020a, b) simulation. The initial fields for DIC and TA (Figure 1) were obtained from GLODAP.v2.2016b global gridded fields (1° x 1° resolution, available in Copernicus database, Lauvset et al., 2016), which are based on in situ data from 1972-2013 period. Prior to the 13-year simulation, a 2.5-year spin-up (2010-2011 repeated) was performed starting from June, assuming that the initial DIC and TA fields represent spring period, which is close to the yearly mean, considering the DIC/TA seasonal variability. This 2.5-year spin-up was found sufficient for the purposes of the present study, focusing on the near surface carbonate system variability. At the model open boundary, west of the Gibraltar straits, DIC and TA during water inflow were obtained from GLODAP annual climatology fields (Figure 1). Deeper layer DIC and TA are restored to their initial fields, applying a weak relaxation (timescale:1 year) in order to prevent a systematic model drift over the long-term simulation. Average river inputs of TA and DIC for major Mediterranean rivers were obtained from GEMS/GLORI database (Schneider et al., 2007, http://www.gemswater.org) and available data from the literature (Skoulikidis, 1993, for North Aegean rivers). Average TA and DIC concentration of the inflowing Black Sea Water (BSW) was adopted from Copin-Montegut (1993). The concentration of atmospheric CO2 was assumed to linearly increase from ~375.2 µatm during 2002 to ~417 µatm during 2022 (~2.1 µatm/year), based on in situ data from ICOS-FINOKALIA station (Crete Isl., Greece, Gialesakis et al., 2023). This is quite similar to the trend (2.08 µatm/year) based on in situ data from Plateau Rosa, Italy (Kapsenberg et al., 2017).




Figure 1 | Initial fields for (A) total alkalinity (µmol/kg) and (B) dissolved inorganic carbon (µmol/kg), interpolated in the model grid from Glodap.v2.2016b global gridded fields (1° x 1° resolution, available in Copernicus database). DYFAMED, Point-B and HCB stations are indicated with cyan dots, as well as Gulf of Lions and Levantine basin areas, over which model outputs are averaged in Figures 6–8.



The atmospheric forcing was obtained from the POSEIDON operational weather forecast (Papadopoulos and Katsafados, 2009), using the bulk formulae set from Korres and Lascaratos (2003) for the calculation of momentum, heat and freshwater fluxes at the air-sea interface.

Along with the 13-year reference simulation, three additional sensitivity simulations were performed over the 2010-2014 period, de-activating the effect of biology, freshwater and air-sea CO2 fluxes on DIC and TA (Equations 3, 4), in order to gain a better understanding on the processes regulating the model simulated carbonate system variability. To evaluate the overall effect of different processes (see section 3.3), the difference between the mean (2010-2014) DIC, TA, pCO2 and air-sea CO2 flux, obtained from the reference and sensitivity simulations was calculated in two representative areas (Gulf of Lions: increased mixing and primary production, Levantine basin: stratification, low primary production), along with the basin-scale average. A monthly mean (2010-2014) climatology from the reference and sensitivity simulations was also calculated to investigate the seasonal variability in the contribution of different processes in the two areas (Gulf of Lions, Levantine basin) (see section 3.3).

We should note that seasons in the present study are shifted by one month, as compared to meteorological seasons, to account for the thermal inertia of the ocean. Thus, winter, throughout the text, refers to January-March period, spring to April-June etc.




2.3 Validation datasets

The model simulated DIC and TA spatial variability was evaluated against CARIMED dataset, which includes carbonate in situ data (TA, DIC) from several cruises in the Mediterranean from 1976 until 2018 (Alvarez et al., 2019). From CARIMED data (DIC, TA, Temperature, Salinity), pCO2 data were calculated using CO2SYS software (Lewis and Wallace, 1998), with carbonic acid dissociation constants from Mehrbach et al. (1973), as refitted by Dickson and Millero (1987) and dissociation constant for HSO4 from Dickson (1990), as recommended by Alvarez et al. (2014).

The model simulated carbonate system temporal variability was also validated against available in situ near surface data from DYFAMED (7.9° E, 43.3° N, Ligurian Sea), Villefranche-PointB (7.3°E, 43.5°N, Ligurian Sea, 85m bottom depth) and Heraklion Coastal Buoy (HCB, 35.43°N, 25.07°E, Crete Isl., 180 m bottom depth) sites. DYFAMED in situ near surface data (DIC, TA, pH) over 2010-2019 period were obtained from DYFAMED database (Marty, 2002; Coppola et al., 2021). Villefranche-PointB in situ surface (1m) data (DIC, TA, pCO2) over 2010-2019 period were obtained from PANGAEA database (doi:10.1594/PANGAEA.727120, Kapsenberg et al., 2017). HCB data included high-frequency pH (3-hour, December 2020 - July 2022) and pCO2 (6-hour, December 2020 - November 2022) data, obtained from two sensors, deployed at near-surface (~1.5m) water, as well as monthly surface (~2m) in situ DIC and TA data, from Niskin bottle water samples. Additional pCO2 data were also derived from pH and TA (bottle) data, using CO2SYS (version 3.0, Pierrot et al., 2021) software (see Frangoulis et al., 2024, this issue, for more details on HCB data).

Model simulated sea surface height and temperature were compared against satellite altimetry (~12 km resolution) and sea surface temperature (~4 km resolution) data, obtained from the European Copernicus data base (http://marine.copernicus.eu/), while simulated Chl-a was compared against GLOBCOLOUR (www.globcolour.info) monthly merged chlorophyll-a data(~4 km resolution). Model simulated sea surface salinity was compared against the CMEMS Mediterranean re-analysis salinity product (http://marine.copernicus.eu/).

pCO2 at DYFAMED and pH at Villefranche-PointB were calculated from TA, DIC and temperature/salinity in situ data, using CO2SYS software (Lewis and Wallace, 1998), with the carbonic acid dissociation constants mentioned above for CARIMED data. pH calculated at Villefranche-PointB, as well as pH in situ data at HCB and DYFAMED, are all expressed in total scale. HALTAFALL speciation code uses a different pH scale (SWS) and dissociation constants (see section 2.1.2). The introduced mean model bias (model-data) from using different dissociation constants and pH scales, as calculated with CO2SYS software, was found approximately -0.016 for pH at PointB, +16.9 µatm for pCO2 at DYFAMED and +16.5 µatm for pCO2 from CARIMED data. pCO2 at constant temperature (pCO2@20°C) was calculated, using the Takahashi et al. (2002) empirical formula on pCO2 solubility temperature dependence, which largely drives the pCO2 seasonal variation. The variability of this temperature normalized pCO2 (or non-thermal pCO2) may, thus, be more directly related with other physical (e.g., mixing, advection, air-sea CO2flux) and biological processes (see discussion in section 3.3). Moreover, it can be used to distinguish the effect of increasing air pCO2 from that of increasing water temperature on pCO2 long-term trends (see discussion in section 3.2).





3 Results



3.1 Model validation

In Figure 2 (see also Supplementary Figure S.1), the simulated mean (2010-2022) surface DIC, TA and pCO2 fields are compared (same locations and seasons) with CARIMED data (pCO2 calculated from TA and DIC). The observed spatial variability is reasonably captured (pearson correlation: r~0.6 for DIC, r~0.8 for TA, r~0.5 for pCO2, see Supplementary Figure S.2). This is to a point expected, since the model initial DIC and TA fields from the GLODAP climatology are based on a dataset (1972-2013) that largely overlaps with CARIMED (1976-2018). However, the GLODAP gridded fields still present some deviations from the CARIMED actual data, due to smoothing/extrapolation in areas with scarce data availability and also due to the additional data in CARIMED over the 2013-2018 period. In any case, such a comparison ensures that the model does not have a significant bias/drift, preserving the dynamics in different areas of the Mediterranean (see also Supplementary Figures S.3, S.4). A model deviation (also seen in the GLODAP initial fields) is the overestimation of DIC and TA along the pathway of Atlantic water in the Algerian basin and Sicily channel. Another model deviation, which is also seen in the initial fields and is partly removed in the model simulation, is the underestimation of DIC and TA in the North Western Mediterranean (Gulf of Lions and Ligurian Sea). One may also notice the simulated increased TA in the Northern Adriatic, in agreement with the data, which is due to higher alkalinity riverine inputs. Finally, the simulated TA appears slightly overestimated (~15 µmol/kg on average) in the Eastern Levantine (see also Supplementary Figure S.4) and Ionian basins. This might be partly attributed to a model overestimation of evaporation fluxes, as the adopted basin-average mean (2010-2022) evaporation-precipitation flux (~0.88 m/yr) is slightly higher, as compared to existing estimates (0.7 m/yr, Béranger et al., 2005) and also to a small bias of the initial fields, as compared to the data (see Figures 2A, C; Supplementary Figures S.1B, E). The simulated pCO2 appears slightly underestimated in the Gulf of Lions, similar with DIC, mentioned above and in the Levantine basin (see also Supplementary Figure S.4), which is due to the overestimation of TA, mentioned above. In the Alboran Sea, an overestimation of pCO2 may be also seen, which might be due to the relatively lower TA, as compared to DIC (see also Supplementary Figure S.4), although the few DIC/pCO2 data points in this area may be not sufficient for such a comparison. In any case, as the Alboran Sea is directly influenced by the Atlantic water inflow, model deviations in this area suggest that the adopted boundary conditions for TA and DIC may be slightly biased. This bias may be related to the small amount of in situ data, used to derive the GLODAP annual climatology, not properly resolving the seasonal variability of the Atlantic water TA and DIC.




Figure 2 | Difference between mean (2010-2022) simulated surface (A) total alkalinity (µmol/kg, TA), (B) dissolved inorganic carbon (µmol/kg, DIC) and (E) pCO2 (µatm), against CARIMED data. Difference between GLODAP initial model TA and DIC and CARIMED data are also shown in (C, D). Model values are extracted on the same locations and seasons with the data.



In Figure 3, the simulated carbonate system variables (DIC, TA, pCO2, pH) are shown against available insitu data at HCB, DYFAMED and Villefranche-PointB stations. The simulated DIC seasonal variability is found in reasonable agreement with insitu data (see also Supplementary Figures S.5, S.6), particularly at DYFAMED and Villefranche-PointB stations. A time-lag (1-2 months) of the simulated DIC winter peak, as compared with the data, may be noticed during some years (e.g. 2012, 2013, 2016, 2019) at Villefranche-PointB station (see discussion in section 4). At HCB station, the simulated DIC is found within the range of observations, which does not exhibit a clear seasonal pattern. The simulated pCO2 and pH show an overall reasonable agreement with insitu data (see also Supplementary Figures S.5, S.6). At all sites, a generally stronger seasonal variability of pCO2 and pH may be seen, as compared with DIC, which is largely driven by the temperature dependence of pCO2 solubility. The simulated pH appears slightly underestimated during autumn and overestimated during late winter-spring, which is mostly noticable at HCB (mean model-data, autumn: -0.016, winter-spring: +0.029) and during some years at Villefranche Point-B station (mean model-data, autumn: -0.012, winter-spring: +0.019). This model deviation of pH at Villefranche PointB is associated with the time lag mentioned above for DIC (see discussion section 4). The opposite pattern may be seen for pCO2 at Villefranche Point-B (i.e., overestimation during autumn and underestimation during late winter-spring). At HCB station, the simulated pCO2 appears slightly underestimated, particularly during spring period. The simulated TA presents a similar variability with DIC (pearson correlation DYFAMED and Villefranche PointB: r=0.95, HCB: r=0.79), showing a peak during winter due to increased vertical mixing, while a secondary peak, related with evaporation, is simulated during late summer/autumn. This TA secondary peak is more clearly visible at HCB, where simulated TA appears reasonably close to the observations.




Figure 3 | Model simulated (red line) surface (A-C) total alkalinity (µmol/kg, TA), (D-F) dissolved inorganic carbon (µmol/kg, DIC), (G-I) pH and (J-L) water pCO2 (µatm), at DYFAMED (7.9° E, 43.3° N), Villefranche PointB (7.3° E, 43.5° N) and HCB (25.07° E, 35.43° N) respectively, compared with available insitu data (blue dots). For HCB station blue dots refer to data from the pH and pCO2 sensors, while green open circles refer to bottle data (see section 2.3).



As insitu data for TA do not show a clear seasonal pattern in all sites, a monthly climatology was derived from all available data (Figure 4), in order to gain a better understanding on the seasonality of different variables. At Villefranche-PointB station, the climatology of TA in situ data is characterized by a double peak during winter and later summer-autumn, which appears similar to the seasonality of salinity, being mostly controlled by mixing and evaporation. A less clear variability may be seen for TA at DYFAMED. The simulated salinity shows a similar pattern with the observed seasonality, peaking at winter and late summer. However, the simulated TA shows a stronger decrease during spring and fails to reproduce the observed late summer-autumn peak (see discussion in section 4). At both Villefranche-Point-B and DYFAMED, a much higher variability is simulated, as compared with the data. The resulting poor model skill in reproducing the observed TA seasonal variability is indicated by the low correlation coefficients at both sites (DYFAMED: r~0.04, PointB: r~0.13, see Supplementary Figure S.6). At HCB station, the derived climatology from just two years is characterized by significant uncertainty, particularly for TA and DIC, showing data gaps for a couple a months. Therefore, the observed seasonality may not be properly resolved, providing only some limited indication. The in situ TA data variability suggest some correlation with salinity, which is particularly noticed during March-June period and a relatively higher TA during August-October period. Such a correlation between TA and salinity has been also suggested from other studies in the Aegean Sea (e.g., Hassoun et al., 2015; González-Dávila et al., 2016). The model TA at HCB shows a double peak (February-March and September-October).




Figure 4 | Monthly mean (2010-2020) climatology of model simulated (red line) (A-C) surface salinity, (D-F) total alkalinity (µmol/kg, TA), (G, H, I) dissolved inorganic carbon (µmol/kg, DIC), (J-L) water pCO2 (µatm) and (M-O) water pCO2@20°C (µatm), at (A, D, G, J, M) DYFAMED (7.9° E, 43.3° N),(B, E, H, K, N) Villefranche Point-B (7.3° E, 43.5° N) and (C, F, I, L, O) HCB (25.07° E, 35.43° N), compared with available in situ data (blue line) monthly climatology.



The simulated DIC reasonably captures the observed seasonality at DYFAMED and Villefranche Point-B, showing a peak during winter. The DIC variability appears slightly overestimated at Villefranche PointB. At HCB station, observations do not exhibit a clear seasonal pattern, but the simulated DIC is found within the observed range. One may notice that, in contrast with the other sites, DIC at HCB station follows a similar seasonality with TA, also showing a secondary peak during late summer/autumn. This peak is related with evaporation, being relatively more significant in the Eastern Mediterranean (see later discussion in section 3.3). The simulated DIC winter peak in all cases is related to increased mixing, which results in the entrainment of deeper water with relatively higher DIC concentration. After this peak, DIC starts to decrease, following its consumption by primary production that shows a peak in the same period (see Supplementary Figure S.7). The DIC decrease during spring period appears overestimated in the model, which is reflected also in the simulated pCO2 and particularly pCO2@20°C (see later discussion in section 4). During summer period, there is a small effect from remineralization processes, as net CO2 production (gross production-community respiration, see Supplementary Figure S.7) becomes sligtly negative (i.e. CO2 net production), at least at surface. This CO2 input from biological processes is however partly compensated by CO2 outgassing at the air-sea interface during summer (see discussion in the next section). The relatively lower seasonal variability of DIC at HCB (~35 µmol/kg), as compared to DYFAMED (~58 µmol/kg) and Villefranche PointB (~68 µmol/kg) is mostly related to the relatively lower primary production at HCB (see Supplementary Figure S.7).




3.2 CO2 air-Sea flux and annual trends

In Figure 5, the mean (2010-2022) air-sea CO2 flux (CO2flux), obtained from the 13-year simulation is shown. This is calculated from Equations 1, 2, based on the difference between water pCO2 from CO2 air concentration (pCO2air). As no spatial variability is adopted in the latter, the CO2flux largely depends on pCO2 seasonal variability (Figure 6) and whether this is above or below pCO2air. Net CO2 sink (positive values) can be seen in most of the Mediterranean, except some areas in the Eastern Levantine and the Libyan Sea that show a weak (>-1 mmol/m2/day) release of CO2. The simulated CO2 air-sea flux appears relatively higher in the Western Mediterranean, particularly the Gulf of Lions and Alboran Sea, as well as in river influenced areas, such as the N. Adriatic and N. Aegean and along the pathway of the Black Sea water intrusion in the Aegean. Similarly, relatively lower pCO2 (Figure 5) is simulated in the same areas.




Figure 5 | Simulated mean (2010-2022) (A) air-sea CO2 flux (mmol/m2/day), (B) surface water pCO2 (µatm) and (C) sea surface temperature (°C). Positive air-sea flux values indicate net CO2 ocean uptake. The contour line indicating zero air-sea CO2 flux is also shown in (A).






Figure 6 | Simulated annual mean (A) air-sea CO2 flux (mmol/m2/day) (positive values indicate net CO2 uptake), (C) water pCO2 (µatm), (E) pH and (G) SST (°C), and their monthly climatology in (B, D, F, H) respectively, averaged over the Gulf of Lions (3-6°E, 40.8-43°N, red line), Levantine basin (22-36°E, 30-35°N, black line) and entire Mediterranean (blue line) (see Figure 1). The adopted air pCO2 increase is also indicated in (C) (green line).



The spatial variability of pCO2 and CO2 air-sea flux (Figure 5, see also Supplementary Figure S.8) is mainly controlled by temperature and primary production. The latter shows an eastward decreasing gradient (see also Supplementary Figure S.9), opposite with temperature (i.e., increases eastward). A significant part of the pCO2 and CO2 air-sea flux spatial variability is related to the dependence of pCO2 solubility on the water temperature (i.e., decrease of solubility with increasing temperature). Thus, pCO2 follows an eastward increasing gradient, being higher in the Eastern Mediterranan. Moreover, in open sea areas, lower temperature is indicative of deeper winter mixing (e.g., Gulf of Lions, Southern Adriatic, North Aegean), resulting in an overall higher primary production and CO2 net biological uptake. River influenced areas, such as the Northern Adriatic and North Aegean, are also characterized by generally lower temperatures, along with high productivity, sustained by riverine nutrient inputs. The same applies for areas receiving lateral inputs from the Atlantic (Alboran Sea) and the Black Sea (N. Aegean). In these areas, however, pCO2 is also strongly influenced by the DIC and TA of the inflowing water. Thus, the relatively low pCO2 in the Alboran Sea is mainly related to the DIC/TA concentrations of the Atlantic inflowing water. Overall, at basin-scale, the concurrent variability of temperature and productivity results in a significant correlation between CO2 air-sea flux and temperature (r=-0.72). A slightly lower correlation (r=0.57) is found between pCO2 and SST.

In Figure 6, the mean (2010-2022) monthly climatology and inter-annual variability of air-sea CO2 flux, pCO2 and SST are shown in two representative areas: Gulf of Lions (increased mixing/low temperature, high primary production) and Levantine basin (stratification/high temperature, low primary production), along with the basin-scale average. As mentioned above, the water pCO2 is largely controlled by its temperature depending solubility, showing a similar seasonal cycle to SST, while the CO2flux depends on the difference between water and atmospheric pCO2 (mean 2010-2022 pCO2air ~404.5 μatm, see Figure 6C), following Equation 1. In the Gulf of Lions, the simulated CO2flux is positive throughout most of the year, with a peak during February-March (~11 mmol/m2/day) and a minimum during August (~-4 mmol/m2/day), being slightly negative (net source of CO2) during summer period (July-September). A similar pattern may be seen in the Levantine basin (maximum ~5 mmol/m2/day, minimum~-5 mmol/m2/day), but the negative air-sea flux extends over a longer period (June-November). The mean (2010-2022) basin-scale averaged air-sea annual mean CO2 flux is +2.1 mmol/m2/day, indicating a net sink of CO2. A much higher mean flux (+4.1 mmol/m2/day) is simulated in the Gulf of Lions and a close to zero flux (+0.35 mmol/m2/day) in the Levantine basin.

In Table 1, the inter-annual (linear) trends are shown for different variables. These were calculated based on their monthly mean time series in the three different areas (Mediterranean, Gulf of Lions, Levantine basin), after removing their monthly climatology (not shown) as in Kapsenberg et al. (2017). The resulting trends are quite similar to those calculated based on the yearly mean variability, shown in Figure 6, although the latter trends are in many cases not statistically significant, given the small amount of data in the yearly time-series. In some cases, particularly in the Levantine basin, the calculated trends are not statistically significant (p-value>0.05 in Table 1), which might be due to the relatively short time period (13 years) considered. In the Gulf of Lions, all variables show a statistically significant trend, except the air-sea CO2 flux, which is probably related to the important trend of pCO2 (+1.52 µatm/year), almost parallel with the pCO2air trend (+2.1 µatm/year). A slightly lower trend is found for pCO2@20°C (+0.55 µatm/year), with the remaining part explained by the increasing trend of SST (+0.06 °C/year). TA shows a slightly lower trend (+0.53 µmol/kg/year), as compared to DIC (+0.77 µmol/kg/year). On Mediterranean basin-scale, trends have the same sign, but are much weaker (~1/3), as compared with the Gulf of Lions, except the air-sea flux (+0.113 mmol/m2/day/year), due to the much lower trend of pCO2 (+0.6 µatm/year) in relation to pCO2air. One may notice that the stronger increasing trend of pCO2 in the Gulf of Lions, which is due to relatively higher CO2 air-sea flux in this area (Figure 6, see also Figure 5), results in a faster acidification trend (i.e., pH decrease, Figure 6E), as compared to the Mediterranean basin-average. In the Levantine basin, most variables does not show a statistically significant trend, except the air-sea flux (+0.155 mmol/m2/day/year), DIC (+0.21 µmol/kg/year) and pCO2@20°C (+0.35 µatm/year), again driven by the increasing pCO2air.


Table 1 | Calculated annual (linear) trends over 2010-2022 period for SST (°C/year), DIC (µmol/kg/year), TA (µmol/kg/year), pCO2 (µatm/year), pCO2@20°C (µatm/year), air-sea CO2 flux (mmol/m2/day/year) and pH (/year) in Gulf of Lions, Levantine Basin and Mediterranean (see Figure 6).






3.3 Effect of plankton productivity and freshwater fluxes

In Figure 7, the mean (2010-2014) difference between the reference and sensitivity simulations, without the effect of biology (NoBio), E-P fluxes (NoEvap) and air-sea CO2 flux (NoAir), are shown for TA, DIC, pCO2 and CO2 air-sea flux, averaged in the Gulf of Lions, the Levantine basin and the entire Mediterranean (see Figure 1). The mean effect of biochemical processes on TA, resulting from the uptake/release of dissolved inorganic nutrients (see section 2.1.2) is relatively small (-2 µmol/kg on basin-average), being slightly higher in the more productive Gulf of Lions (-3µmol/kg) (see also Supplementary Figure S.10). On the other hand, de-activating biochemical processes (i.e., uptake of CO2 by photosynthesis and release by respiration) results in a significant increase of DIC (basin-average +18.5 µmol/kg, Gulf of Lions +25.7 µmol/kg, Levantine +9.1 µmol/kg) and pCO2 (basin-average +36 µatm, Gulf of Lions +53 µatm, Levantine +18 µatm) (see also Supplementary Figures S.10, S.11). We should note that in this case the CO2 air-sea flux becomes negative (CO2 net source) in the entire basin, including the Gulf of Lions. De-activating the effect of E-P fluxes results in a quite similar decrease on DIC and TA (Basin-average TA -15.1 µmol/kg and DIC -15.0 µmol/kg), which is much stronger in the Levantine basin (TA -19.8 μmol/kg, DIC -20.7 μmol/kg), as compared to the Western Mediterranean (Gulf of Lions TA -10.5 μmol/kg, DIC -10.6 μmol/kg)). This similar decrease of DIC and TA results in a small but relevant decrease of pCO2, particularly in the Levantine basin (basin-average -4.8 µatm, Gulf of Lions -3.5 µatm, Levantine -8.3 µatm), which is characterized by significant E-P losses. Finally, de-activating the CO2 air-sea flux has a relatively smaller overall effect on DIC (basin-average -2.6 µmol/kg, Gulf of Lions -5.4 µmol/kg, Levantine +2.1 µmol/kg). We should note that de-activating CO2 air-sea flux results in an increase of DIC in the Levantine area, where there is a net CO2 release in the reference simulation over the 2010-2014 period. Overall, the relative changes mentioned above provide an indication of the importance of different processes, in relation to the simulated pCO2 and the air-sea flux, as well as the potential model bias, when for example those processes are overestimated/underestimated in the model.




Figure 7 | Difference (sensitivity-reference) between mean (2010-2014) surface (A) total alkalinity (µmol/kg, TA), (B) dissolved inorganic carbon (µmol/kg, DIC), (C) water pCO2 (µatm) and (D) CO2 air-sea flux (mmol/m2/day), in the reference simulation and the simulations without the effect of evaporation-precipitation fluxes (NoEvap, green bar), without the effect of biology (NoBio, blue bar) and without the air-sea CO2 flux (NoAir, yellow bar), averaged in the Gulf of Lions (3-6°E, 40.8-43°N), the Levantine basin (22-36°E, 30-35°N) and the entire Mediterranean (see Figure 1). The air-sea CO2 flux in the case of NoAir sensitivity simulation is calculated, but not included in the model.



As shown in Figure 8, the effect of CO2 net uptake from photosynthesis/respiration on DIC and pCO2 seasonal variability peaks during early spring period (see Figures 8E–H), which is slightly delayed as compared with the primary production peak (winter). This is because during winter period, DIC is primarily controlled by vertical mixing and thus all simulations are converging (see Figures 8A, B). In the Gulf of Lions, stronger vertical mixing and increased biological activity (see SupplementaryFigure S.12) results in a much higher seasonal variation of DIC (~42.5 µmol/kg), as compared to the Levantine basin (~26.8 µmol/kg). When biological processes are switched-off (simulation NoBio), the DIC seasonal variation is significantly decreased (Gulf of Lions -37%, Levantine -36%) in both areas (Gulf of Lions ~ 26.8 µmol/kg, Levantine ~17.4 µmol/kg). The effect of E-P fluxes on DIC has the strongest impact during late summer period, synchronously with the peak of net evaporation (see Figures 8E, F). In the Levantine basin, one may notice the stronger effect of evaporation, as compared to biological processes, given the low productivity and high evaporation fluxes in this area. The effect of CO2 air-sea fluxes in the Gulf of Lions shows a peak in late spring, slightly delayed with regard to the pCO2 minimum (late winter), as with the effect of biological processes. On the other hand, in the Levantine, de-activating the CO2 air-sea fluxes has an opposite effect (DIC and pCO2 increase, see Figures 8B, D), which peaks during summer period (see Figures 8F, H), when pCO2 is higher (i.e., higher air-sea CO2 export in the reference simulation). The effects of biology and air-sea fluxes on pCO2@20°C appear quite similar with those on DIC (see Figures 8C, D, G-H). On the other hand, as E-P fluxes affect both DIC and TA, they have a much lower impact on pCO2, as compared to DIC. This is why pCO2 shows a slightly different seasonal variability from DIC in the reference simulation (see Figures 8A–D), being relatively lower during the late summer-autumn period, when E-P fluxes peak.




Figure 8 | Monthly climatology (2010-2014) of simulated concentration of (A, B) DIC (µmol/kg) and (C, D) pCO2@20 C° (µatm) in the reference simulation (Ref, black line) and the simulations without the effect of evaporation-precipitation fluxes (NoEvap, green line), without the effect of biology (NoBio, blue line) and without the air-sea CO2 flux (NoAir, red line) and difference of (E, F) DIC (µmol/kg) and (G, H) pCO2@20 C° (µatm) (Ref-NoEvap: green line, NoBio-Ref: black line, Ref-NoAir: magenta line), averaged in the Gulf of Lions (3-6°E, 40.8-43°N) (left) and Lenantine basin (22-36°E, 30-35°N) (right).







4 Discussion and concluding remarks

A basin-scale Mediterranean carbonate system model has been setup, building on the POSEIDON operational biogeochemical model (Kalaroni et al., 2020a, b). The spatial variability of simulated carbonate system variables (DIC, TA, pCO2) from a 13-year simulation (2010-2022) was validated against CARIMED in situ data, showing reasonable agreement, with the exception of a DIC and TA overestimation along the Atlantic water pathway (Algerian basin and Sicily channel) and also a slight overestimation of TA in the Eastern Levantine basin. This might be related to an overestimation of evaporation fluxes in the model and/or a small bias of the initial TA fields, as suggested by Cossarini et al. (2021), who found a similar bias in their model results. The time-variability of the model simulated outputs (DIC, TA, pCO2, pH) were also validated, against available time-series from Western (DYFAMED, Villefranche-PointB) and Eastern Mediterranean (HCB) sites. Data from HCB station provided the first time-series with measurements of pCO2 in the Eastern Mediterranean (Adriatic Sea excluded), which was accompanied by pH, DIC and TA measurements (see Frangoulis et al., 2024, this issue). The simulated variability was found in good agreement with the data, particularly for pCO2, pH and DIC. However, the model failed to reproduce the observed late summer/autumn peak of TA at PointB site, which is related with evaporation. This model deviation is related to the advection of lower alkalinity waters of Atlantic origin towards the Ligurian Sea during spring/summer period (see SupplementaryFigure S.13). A comparison of the near surface circulation, as depicted by the simulated sea surface height, against satellite altimetry data (see Supplementary Figure S.14) suggests a model deviation in the anti-cyclonic pattern west of Sardinia, in the Algerian basin This deviation results in a overestimated northward propagation of the Atlantic water. Such a northward pathway of Atlantic water through anti-cyclonic eddies and instabilities formed in the Algerian basin has been documented in the Western Mediterranean (see e.g., Béthoux, 1980; Millot and Taupier-Letage, 2005; Schroeder et al., 2008). However, the dominant pathway of Atlantic water carried by the Algerian current is eastward (e.g. Schroeder et al., 2008), bifurcating toward the Tyrrhenian basin and Eastern Mediterranean (through the straits of Sicily) and this northward pathway is probably exaggerated in the model simulation. This has also been confirmed with a comparison with surface salinity, obtained from CMEMS re-analysis (see Supplementary Figures S.15-S.16), which shows a relatively lower model simulated salinity toward the Ligurian Sea and relatively higher salinity in the Tyrrhenian basin. The overestimated advection of Atlantic water towards Ligurian Sea results in an underestimation of TA at DYFAMED and Villefranche-PointB, mostly noticed during spring/summer stratified period, as during winter this effect is largely compensated by vertical mixing. The same effect also explains the DIC and pCO2 underestimation at DYFAMED and Villefranche-PointB during spring, given that the spring bloom net primary production is probably underestimated in the model, as indicated by a comparison of simulated with satellite Chl-a (see SupplementaryFigures S.17, S.18). The same comparison at HCB indicates an overestimation of primary production, due to overestimated winter vertical mixing in the Eastern Mediterranean (Kalaroni et al., 2020a, b), which explains the underestimation of pCO2 at HCB during spring.

The relatively higher time-resolution of in situ data at Villefranche-PointB allowed a more detailed assessment of the simulated DIC, pCO2 and pH seasonal variability. In particular, a time-lag (1-2 months) of the simulated winter DIC peak could be seen in some years (e.g., 2013, 2015, 2016, 2019), which was reflected also in the variability of pH and pCO2 (Figure 3, see also Supplementary Figure S.19). This could be related to a different timing of phytoplankton bloom in the area, revealed in some cases from a comparison with satellite Chl-a (Supplementary Figure S.18). However, a similar time lag could be also seen in the sensitivity simulation with the effect of biology switched-off (see section 3.3). Moreover, the simulated SST variability was found very well correlated (r~0.99) with in situ SST, showing a similar winter minimum during February-March period (see Supplementary Figure S.19). Therefore, the simulated DIC winter time-lag in some years can be attributed to the inter-annual variability of near surface circulation in the area and the advection of relatively higher DIC water from the Tyrrhenian basin (not shown).

Along with the reference simulation, three sensitivity simulations were performed, de-activating the effect of biology, evaporation and CO2 air-sea fluxes on DIC and TA, in order to gain insight into the processes regulating the model simulated carbonate system variability. The impact of biochemical processes on TA was relatively small, being slightly stronger in the more productive North Western Mediterranean, in agreement with Cossarini et al. (2015a) findings. On the other hand, biochemical processes had an important impact on DIC, particularly in the more productive North Western Mediterranean (annual mean difference ~26 µmol/kg), while evaporation had a stronger impact in the Levantine basin (annual mean difference ~21 µmol/kg). As evaporation fluxes affect equally DIC and TA, pCO2 was still mostly affected by biological processes throughout the basin (mean difference Gulf of Lions +53 µatm, Levantine +18 µatm). Thus, when biological processes are switched-off the CO2 air-sea flux becomes negative (CO2 net source) in the entire basin, which is consistent with findings of Canu et al. (2015). An interesting finding in the present study is that when net evaporation that affects equally DIC and TA is switched-off, a small but relevant decrease of pCO2 is simulated, particularly in the Levantine basin, which is characterized by significant E-P losses. Part of this effect is related to the slightly higher dependence of pCO2 on DIC, as compared to TA (see Equation 3, 4 in Takahashi et al., 1993). Assuming a 1% decrease in both DIC (-22.8 µmol/kg) and TA (-27.2 µmol/kg), which is representative of the effect of E-P fluxes in the Levantine basin (see Supplementary Figure S.20), a decrease of 0.63% (-2.76 µatm) can be calculated for pCO2, using CO2SYS and HALTAFALL codes (constant temperature=22°C and salinity =39). However, the simulated mean decrease of pCO2 in the Levantine basin, over the 5-year (2010-2014) period, is relatively higher (~2%, -8.3 µatm, see Figure 7), as compared to this theoritical calculation. This is because the increase due to evaporation counterbalances the DIC removal from biological activity and, thus, DIC shows a slightly stronger decrease (-0.9%), as compared to TA (-0.76%), when E-P is de-activated (see Supplementary Figure S.20). This small difference between DIC and TA response results in the relatively stronger decrease of pCO2. This process might be important in areas with strong evaporation, such as the Eastern Mediterranean.

The simulated annual mean CO2 air-sea flux was found higher in the Western Mediterranean, particularly in the Gulf of Lions and the Alboran Sea, as well as in river influenced areas, such as the N. Adriatic and along the pathway of the Black Sea Water in the Aegean. A weak release of CO2 was found in the Eastern Levantine and Libyan Sea. The simulated air-sea flux spatial variability is consistent with existing estimates from other observational and modelling studies (DYFAMED: +3.8 mmol/m2/day, Copin-Montégut and Bégovic, 2002; N. Aegean +6.2/11.8 mmol/m2/day, Krasakopoulou et al., 2009; N. Adriatic: +2.9 mmol/m2/day, Cossarini et al., 2015a; South-Eastern Levantine: -2.3 mmol/m2/day, Sisma-Ventura et al., 2017; S. Aegean +0.5 mmol/m2/day, Frangoulis et al., 2024, this issue). It is also similar with results of Cossarini et al. (2021), except in the Alboran Sea, where air-sea CO2 flux is relatively higher in the present simulation, due to relatively lower pCO2, based on the adopted Atlantic water DIC and TA. The strong impact of the Atlantic water properties on the air-sea CO2 flux in this area has been also noted by Canu et al. (2015). The simulated mean (2010-2022) CO2 air-sea flux (+2.1 mmol/m2/day), averaged over the entire Mediterranean indicates a net CO2 uptake. This is relatively higher (mean 2010-2019: +1.5 mmol/m2/day), as compared to the, also positive (net uptake), basin-average air-sea CO2 flux (+0.35 mmol/m2/day), simulated by CMEMS re-analysis over 2010-2019 period (Cossarini et al., 2021), which may be partly attributed to the relatively higher Alboran Sea air-sea CO2 flux, simulated in the present study.

The simulated basin average air-sea CO2 flux presents a positive trend (+0.11 mmol/m2/day/year), indicating a gradual increase of net CO2 uptake. This may be attributed to the lower increasing trend of water pCO2 (+0.60 mmol/m2/day/year), as compared to the air CO2 (+2.1 mmol/m2/day/year). Part of the water pCO2 increasing trend is also related to the increasing water temperature (SST trend=+0.0125 °C/year, pCO2@20°C trend=+0.34 µatm/year). A slightly higher increasing trend (+0.15 mmol/m2/day/year) was simulated by CMEMS re-analysis model output over 2010-2019 period (Cossarini et al., 2021). The in situ pCO2 data at Villefrance-PointB show a much higher trend (+3.53 μatm/year, Kapsenberg et al., 2017), as compared with the model (+1.51 μatm/year). However, the CO2 dynamics in such coastal areas are probably not fully represented, being complicated by additional processes (fresh water inputs, benthic processes etc.) (Cossarini et al., 2021). The simulated positive trends of DIC and TA in the North Western Mediterranean (DIC: +0.77 µmol/kg/year, TA: +0.53 µmol/kg/year) are consistent with the simulated trends in Cossarini et al. (2021) (Western Mediterranean DIC: +0.7 µmol/kg/year, TA: +0.6 µmol/kg/year). In the Levantine basin, a relatively smaller trend (+0.21 µmol/kg/year) was simulated for DIC. However, no significant trend was simulated for TA, in contrast to Cossarini et al. (2021), who reported stronger trends for both DIC and TA (Eastern basin DIC: +2 µmol/kg/year, TA: +1.5 µmol/kg/year), as compared to the Western basin (DIC: +0.7 µmol/kg/year, TA: +0.6 µmol/kg/year). These stronger increasing trends in the Eastern Mediterranean were found aligned with simulated increasing salinity (Escudier et al., 2021) and other observational evidence (e.g. Wimart-Rousseau et al., 2021). Such an increasing trend for Eastern Mediterranean salinity and TA was not simulated in the present study, which is consistent with E-P fluxes, also not showing any increasing trends to explain this increase. Despite that, there has been evidence for long-term trends of increasing salinity and freshwater fluxes in the Mediterranean (1950-2010, see e.g Skliris et al., 2018), but the simulated inter-annual variability was probably not long-enough to properly identify such long-term trends, as this was not the primary focus of this study.

Besides the relatively short simulation period, there are also other important model limitations and uncertainties of the simulated carbonate system. The most significant uncertainties are related with the initial DIC and TA fields from GLODAP climatology, which might be biased in areas with scarce data availability (e.g. Eastern Mediterranean), as well as the open boundary conditions (Atlantic and Black Sea water inflow) and riverine inputs of DIC and TA that are still based on fragmented information. Simulated CO2 air-sea fluxes are also characterized by an important uncertainty, as water pCO2 data are still scarse, while derived carbonate data often present significant discrepencies, as compared with the observed (Artioli et al., 2012). Indicative of this uncertainty is the difference between the estimate of CO2 air-sea fluxes in the present study and other basin-scale model results (e.g. Cossarini et al., 2021). To reduce this model uncertainty, multi-model ensembles are currently becoming common practice, particularly for future climate projections (see e.g., Gooya et al., 2023). Another important limitation of the present study is that the effect of calcium carbonate formation/dissolution on TA and DIC is not considered in the model, as calcifying organisms are not explicitly described, due to the limited information on their abundance and distribution in the Mediterranean (e.g., Siokou-Frangou et al., 2010). The formation of 1 mole calcium carbonate results in the decrease of TA by 2 moles and DIC by 1 mole (Wolf-Gladrow et al., 2007). Given this differential effect on TA and DIC, calcium carbonate formation in the euphotic zone results in an increase of pCO2 (i.e., a decrease of air-sea CO2 flux). Missing this effect in the model, results in a potential underestimation of pCO2 and an overestimation of DIC and particularly TA, as carbonate formation/sedimentation is considered a major sink for alkalinity in the Mediterranean (Schneider et al., 2007). Recent satellite data may provide information on the distribution of different phytoplankton functional types, including calcifying organisms (e.g., Di Cicco et al., 2017; El Hourany et al., 2019), which can be used to explicitly describe this process in future modelling efforts.

The present study is a first step in setting up a new carbonate system model in the Mediterranean, with significant skill in reproducing the observed spatio-temporal variability. Next steps that are expected to further improve the model skill include the parameterization of calcium carbonate formation/dissolution, the update of riverine and Black Sea water DIC/TA inputs and particularly the use of more realistic boundary conditions for the Atlantic water inflow (i.e. seasonally/inter-annually varying DIC/TA), which is an important driver for acidification trends in the Mediterranean (e.g., Palmiéri et al., 2015; Wimart-Rousseau et al., 2023).
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We carried out measurements of the CO2 system parameters to evaluate the impact of carbonate and nutrients’ chemistry on phytoplankton populations in the Gulf of Guinea (GoG). The seasonal variations of the CO2 system parameters (fCO2, DIC, pH and TA) along with nitrates and phosphates were quantified weekly at surface (between 0 and 5 m depth) (5.57°N - 4.57°W) in the GoG from May to December 2020. Seawater pH varied widely during the study period, ranging between 8.10-8.35 pH units; DIC and TA varied between 1810 and 2094 μmol kg-1, and between 2051 and 2216 μmol-1 respectively. DIC peaks coincided with the high upwelling period (August and September). For phytoplankton, a total of 60 species were found belonging to four taxonomic phyla: Bacillariophyta, Dinophyta, Chlorophyta and Dictyochophyta. The highest number of phytoplanktonic species were recorded for Bacillariophyta phylum with 36 species (60%). The phylum Dinophyta comprised 22 taxa (36%) and Chlorophyta and Dictyochophyta recorded only one species (2%). The highest specific diversities were observed in August and September with 29 and 26 taxa respectively and the lowest was found in October-November (5 taxa) and December (one taxa). Bacillariophyta and Dinophyta appeared throughout the entire study period. The only species for Chlorophyta phylum appeared in June and July and the Dictyochophyta’s one in May, July and August. In general, the physical (SST, SSS) and chemical (TA, DIC, pH) parameters influenced less than 50% of the phytoplankton population in the coastal area of the GoG. Our study shows that Bacillariophyta population grows up when the physicochemical parameters’ variability increase.
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1 Introduction

The ocean absorbs approximately 25% of the global CO2 emissions with an uptake of ~ 2.9 ± 0.4 GtC yr−1 during the decade 2012–2021 (Friedlingstein et al., 2022).This ocean carbon sink slows down the rate of global warming caused by human activities, but reduces ocean pH and the carbonate ions’ concentration in a phenomenon known as ocean acidification (OA) (Doney et al., 2009). The global mean pH trend follows thus the rate of increase in surface ocean carbon dioxide fugacity (fCO2) (1.75 ± 0.4 μatm yr-1). This latter is almost the same as the increase of atmospheric CO2 rate of 1.5 μatm yr-1 (Takahashi et al., 2009). The net effect of the increased atmospheric CO2 concentration in the seawater is the increase in the concentration of H+ or the decrease of pH (Gattuso and Hansson, 2011; Santana-Casiano and González-Dávila, 2011; Doney et al., 2020).

In coastal areas, the carbon cycle and marine ecosystems are influenced by terrestrial inputs, such as river outflow and upwelling dynamics. Therefore, it is essential to understand and monitor changes in coastal zones where marine ecosystems are witnessing multiple pressures related to direct anthropogenic activities, as well as climate change consequences such as warming and acidification among others (Abboud-Abi Saab and Hassoun, 2017; Cramer et al., 2020). For example, in Western Africa, the domestic, industrial and agricultural activities were identified as the main driving forces of water pollution (Scheren et al., 2004). Households produce 90% of solid waste, and industry is responsible for substantial amounts of hazardous waste. The prevalence of either nonexistent or insufficient wastewater treatment infrastructures exacerbates this issue (Scheren et al., 2002). Such deficiencies culminate in eutrophication and a reduction in oxygen levels, thereby instigating a surge in chlorophyll concentrations. These concentrations are observed to be thrice as high as those recorded in rural settings, leading to a doubling in chlorophyll production (Binet et al., 1995).

The Gulf of Guinea (GoG) is considered as one of the World’s most productive marine economic zones with fishery resources, oil and gas reserves, and precious minerals (Amuwo, 2013; Francis Abiodun and Mohammed Yakubu Dahiru, 2020). It is also a significant global reservoir of marine biological diversity (Jones, 1994; Ukwe et al., 2003; Francis Abiodun and Mohammed Yakubu Dahiru, 2020). It is estimated that the region is home to over 300 species of finfish, 17 species of cephalopods, 25 species of crustaceans, and 3 species of turtles (Belhabib et al., 2016). These resources are exploited by both artisanal and industrial fishing fleets, of which the latter is made up of both local and foreign vessels (Perry and Sumaila, 2007; Belhabib et al., 2016; Okafor-Yarwood, 2019), reflecting the economic importance of the GoG to 472 million people of coastal communities living in its vicinity (Francis Abiodun and Mohammed Yakubu Dahiru, 2020).

To constrain fCO2 variability in the GoG, many cruises have been conducted such as FOCAL cruises from 1982 to 1984, Cither 1 cruise in 1993 and EGEE cruises from 2005 to 2007 (Andrié et al., 1986; OUDOT et al., 1995; Koffi et al., 2010). The station PIRATA in the Eastern tropical Atlantic at 6°S, 10°W which comes under the influence of the equatorial upwelling (Lefèvre, 2009), was associated with the upwelling of CO2-rich waters from June to September. A fCO2 peak of ~440 µatm was observed in September and remained stable until December, before dropping to a minima of ~360 µatm in May (Parard et al., 2010). The PIRATA buoy observations clearly showed this seasonality but also provided the interannual variability in in-situ fCO2. Further north at 2°N, 10°W, Koffi et al. (2010) suggested that this region followed a similar seasonal cycle as the station at 6°S, 10°W but that pCO2 is ~30 µatm lower (Koffi et al., 2016). Despite these observations in the GoG, there is still a need to acquire accurate temporal changes that would permit to draw solid conclusions related to the long-term trends of the carbonate system parameters in this economically important area. Consequently, it is crucial to study the carbonate system and its potential relationship with marine organisms in the GoG to advance our understanding of the role and response of biological communities to changes in the carbonate chemistry and the effect of this latter on marine resources.

In this study, our primary focus is on marine phytoplankton, recognizing their critical role in the marine ecosystem, particularly on the carbonate system. The structure and composition of marine phytoplankton depend on each species’ presence and relative abundance, which can vary temporally due to differences in the relative rates of increase and decrease of each population (Shayestehfar et al., 2010; Dutkiewicz et al., 2020; Henson et al., 2021; Naselli-Flores and Padisák, 2023). Understanding the spatial and temporal variability in phytoplankton community structure is essential for assessing their ecological significance and their impact on the broader marine food web. Due to the ecological importance of phytoplankton populations in the marine environment, and given the harmful nature of certain species, several studies have been carried out to investigate these organisms and understand how their growth is influenced by their respective environment (Glibert et al., 2014; Edworthy et al., 2022; Dahunsi et al., 2023). Some studies, using model simulations, have predicted the increase of harmful algal blooms (HABs) in response to global warming (Glibert et al., 2014; Moore et al., 2015). Despite the increasing research focusing on OA and its impacts on marine organisms, there is still a lack of local data for several oceanic regions, and this gap is particularly apparent in coastal environments (Tilbrook et al., 2019), such as in the GoG. Along the Côte d’Ivoire coast, only a few relatively old studies tackled phytoplankton populations and their relationship with environmental factors (Dandonneau, 1971, Dandonneau, 1972, Dandonneau, 1973; Sevrin-Reyssac, 1993). Many of the recent investigations devoted to phytoplankton were carried out using in-situ or satellite data for a specific season and area (Hardman-Mountford and McGlade, 2002; Djagoua et al., 2011; Djakouré et al., 2014). Also, the variability of chlorophyll-a concentration and its relation to physical oceanographic variables have been studied (Nubi et al., 2014, Nubi et al., 2016; Nieto and Mélin, 2017). In general, these studies investigated the impact of the equatorial undercurrent on the distribution of nutrients, chlorophyll-a and the fertility process. However, none of these studies dealt with ocean acidification impact on the coastal biological processes in the GoG. This underscores the pressing need for a comprehensive study that concurrently examines carbonate and nutrients’ chemistry alongside phytoplankton populations in this underexplored region. Our work aims to address this gap by providing an updated assessment of phytoplankton populations in Côte d’Ivoire’s marine waters. Specifically, we focus on elucidating their structure and their intricate relationship with the carbonate system, contributing to a deeper understanding of the GoG’s vital marine ecosystem.




2 Materials and methods



2.1 The study area and its hydrography

Carbonate system parameters have been measured in the Eastern coastal part of the Atlantic Ocean, in the GoG, offshore Côte d’Ivoire at the site of Jacqueville (5.19°N, 4.45°W) (Figure 1) for more than one year (from end of November 2018 to the beginning of 2020 with a break between April 2019 to April 2020). The following carbonate system parameters were studied: total dissolved inorganic carbon (DIC), total alkalinity (TA) and pH. Jacqueville is located at around 50 km far from the capital, Abidjan (5.19°N; 4°W). This town is less polluted than Abidjan, a city with a big harbor and many industrial companies. 60 samples were collected from the sea surface of the study area for DIC and TA analyses. In addition, pH was derived using in-situ Sea Surface Salinity (SSS), Sea Surface Temperature (SST) combined with TA and DIC data at 25°C (pHT25) in the total scale with the “CO2SYS” program configured for Excel by Pierrot et al. (2006).




Figure 1 | Schematic distribution of the horizontal circulation: the Guinea Current (blue); the South Equatorial Current (black) and the Benguela Current (black).



The principal current in the study area is the Guinea Current (GC). The GC might be the main driver of the coastal upwelling (Verstraete, 1992). Thus in model simulations, it has been suggested that both minor and major coastal upwelling processes are strongly related to the GC detachment and non-linear dynamics (Djakouré et al., 2017a). Flowing Eastward all the year with surface current speeds about 50 cm s-1 and a thickness of 30 to 40 m deep, the GC is located in the Northern GoG (Longhurst and Gallardo, 1966; Ingham, 1970; Djakouré et al., 2017b). The GC is flowing along the western African coast between 28° and 58°N (approximately 200 km in width). Indeed, there was a rare documentation relating physical features of the GoG with the carbonate system and HABs dynamics. Nevertheless, some studies (Nubi et al., 2014, Nubi et al., 2016) have been conducted along the Eastern equatorial Atlantic showing the impact of equatorial upwelling on the biological productivity. Few high surface fluorescence values are measured near the equator at 10°W, in upwelled waters. The highest value (0.87 μg L−1) is observed in June 2005 at 1°N, 10°W. Averaging all the surface fluorescence data of the six cruises gives a value of 0.12 ± 0.15 μg L− 1 with a mean maximum value of 0.21 ± 0.22 μg L−1 observed in June 2005 and a minimum of 0.05 ± 0.04 μg L−1 observed in November 2006 when the upwelling disappeared (Koffi et al., 2010). There was an Eastward weakening of the equatorial undercurrent (EUC) from 10°W until its complete disappearance at 6°E. The highest concentration of nitrates ~0.37 μmol.kg-1 (< 1 μmol.kg-1) recorded at the surface at 10°W was attributed to the shoaling pycnocline observed at this region (Nubi et al., 2019). Thus, nutrients were mostly consumed at the depth of the subsurface chlorophyll maximum and very low surface values were measured (Koffi et al., 2010; Nubi et al., 2019). Moreover, westward advection from the nutrient-rich African coast is responsible for equatorial enrichment in the GoG (Nubi et al., 2016). It is demonstrated that nutrients’ influx to the upper layer occurred more strongly at 10°W along the equator and increased the consumption of nutrients by phytoplankton (Nubi et al., 2016).




2.2 Sampling and analysis



2.2.1 Physical and chemical parameters

Sampling of physico-chemical parameters were conducted during two separate periods. From 2018-10-23 to 2019-04-25 and from 2020-05-01 to 2020-12-01, surface seawater (between 0 and 5 m depth) were sampled once per week for analyzing TA and DIC. The instruments used did not allow to sample layers beyond this depth. Samples were bottled in 500 mL high-density polyethylene (HDPE) flasks with screw caps, poisoned with a saturated HgCl2 solution, and analyzed potentiometrically. All TA and DIC measurements were performed simultaneously using a potentiometric acid titration in a closed cell following the DOE Handbook of CO2 Analysis Methods (DOE, 1994). The principles and procedures of these measurements, as well as a complete description of the system used to carry out the analyses are detailed in Hassoun et al. (2015); Hassoun et al. (2019). The TA and DIC concentrations were averaged from the replicates (two measurements per bottle). The precision of measurements was determined to be ± 3.5 μmol kg−1 for both TA and DIC, by titrating 85 seawater samples, with temperature and salinity, collected from an open-sea station, 5 km offshore the National Center for Marine Sciences-Batroun, Lebanon to monitor the reproducibility of the system. The accuracy of the measurements was determined to be ± 2.5 μmol kg−1 for TA and ± 3 μmol kg−1 for DIC based on a total of 30 Certified Reference Material bottles (CRM, batches 158, A.G. Dickson, Scripps Institution of Oceanography, La Jolla, CA, USA).

Direct potentiometric measurements of seawater pH (total scale) have been conducted in-situ using a multiparameter sensor ‘‘AquaRead 5000-P’ (along with temperature and salinity) for all the samples after calibration with Tris buffer standards (pH =4, 7 and 10). The pH measurements range from 0 to 14 and the sensor accuracy is of 0.1 pH unit. Also, fCO2 and pH were calculated using the CO2SYS software (Pierrot et al., 2006)

In addition, ancillary parameters such as nutrients were measured at ‘‘Centre de Recherches Océanologiques (CRO)’’, Abidjan, Côte d’Ivoire as follow:



2.2.1.1 Nitrates analysis

To 10 mL aliquots of sample, a quantity of 0.5 mL of sodium azide solution (NaN3) and 0.2 mL of acetic acid (CH3COOH) was added. The whole mixture was homogenized and after 5 min, it was evaporated to dryness in a water bath. Afterwards, 1 mL of sodium salycilate solution (C7H5NaO3) was added and the whole was homogenized, and then evaporated again to dryness. After cooling, 1 mL of sulfuric acid (H2SO4) was added to recover the sample residue. Then, 15 mL of water and 10 mL of the alkali solution were added for the development of the yellow coloration after 10 minutes of waiting. The absorbance was read with a molecular absorption spectrometer (Rodier et al., 2009) and the wavelength was 543 nm.




2.2.1.2 Phosphates analysis

A quantity of 100 mL of water sample was introduced into a test tube, containing 10 mL of a reagent mixture (100 mL of ammonium molybdate [(NH4)2MoO4], 250 mL of sulfuric acid 2.5 mol L-1 [H2SO4], 100 mL ascorbic acid [(C6H8O6], and 50 mL potassium antimony oxytartrate [K2Sb2(C8H4O12), 3H2O]. The resulting solution was immediately homogenized. After homogenization, the solution was kept for 5 min. A blue coloration was obtained according to the quantity of phosphate ions contained in the solution. The absorbance was then measured in a 10 cm cell at a wavelength of 885 nm, using distilled water as a reference.

The nutrients (nitrates and phosphates) were measured by a molecular absorption spectrometer, according to the methods described by Association Française de NORmalisation (AFNOR; NF EN 26777). The concentrations of nutrients are expressed in µmol L-1.





2.2.2 Phytoplankton sampling and identification

Phytoplankton sampling was performed using a 20-µm mesh size net, also between 0 and 5 m depth, from May to December 2020. In this study, we were able to identify only microphytoplankton populations while nano- and pico-phytoplankton were difficult to identify due to the available mesh size. Samples were fixed in formalin solution (5% final concentration). Afterwards, phytoplankton taxa were examined in the laboratory using a standard optic microscope (Olympus) equipped with a digital camera. The observations were made using the 40X magnification. The quantitative estimation of the phytoplankton species was performed by counting with an inverted Diavert microscope, using the Utermöhl method (Uthermöhl, 1958). We used 10 mL and 25 mL chambers in which sedimentation times reached 10 and 18 hours respectively. For these samples, 30 and 40 fields were counted, and the total number exceeded 400 units. Dilutions (1/2) were made for samples where a high concentration of cells was observed in sedimentation chambers. The counts of unicellular, colonial, or filamentous algae are expressed as Cells L-1. Specimen identification was based on cellular morphology and undertaken to species level, using the species’ identification detailed in the literature (Theriot et al., 1992; Hargraves, 1998; Da Graça Sophia et al., 2005; Komoé, 2010; Omura et al., 2012; Konan, 2014). Percentages of occurrence were also calculated and three categories of species were defined according to the classification of Kruk et al. (2002).




2.2.3 Satellite data and statistical analysis

In an attempt to bridge the gap in our in-situ SST data for the computation of fCO2 during the study period, we conducted a comparative analysis of in-situ SSTs and satellite data (Reynolds et al., 2007) between November 2018 and December 2021. To facilitate data interpretation, we incorporated smoothed curves in plots displaying the in-situ data for both SSS and SST.

We employ data derived from the Soil Moisture and Ocean Salinity (SMOS) satellite mission (Boutin et al., 2018, Boutin et al., 2022) and compare it with in-situ SSS data. The SMOS satellite data offer a spatial resolution of approximately 25 km.

We used cross correlation and PCA. Indeed, PCA focuses on finding linear combinations that account for the most variance in one data set. To do all the statistical analysis, we used Python software (version 3.11) and its libraries for statistics.

Multiple linear regressions are also used to evaluate the impacts of the physical and chemical parameters on the density of phytoplankton (ΔY) in the coastal ocean, particularly in the GoG. The equation resulting from this relationship is described as follow:

 

where mi represents the sensitivity of the phytoplankton to each parameter in the equation and C the potential nonlinear effects of these parameters.






3 Results and discussion



3.1 Physical features

Measured SSS and SST ranged from 30 to 37.07, and from 21.9°C to 30.8°C respectively. The average observed SSS and SST were 33.20 ± 1.49 and 27.63 ± 2.53°C, respectively. These hydrological parameters (SSS and SST) exhibited contrasting variations (Figure 2). The lowest SSTs were typically observed from July to September, coinciding with the upwelling period. In contrast, the lowest SSSs were recorded from October to January, following the conclusion of the upwelling season. Notably, there was a remarkable time lag between the increase in SST and the decrease in SSS, and vice versa. This temporal relationship in the GoG is influenced by various factors, including river discharges, vertical mixing, and vertical salinity advection, all of which contribute to the seasonal variations in SSS. Precipitation patterns play a pivotal role in shaping the seasonal cycle of SSS, with variations linked closely to the seasonal precipitation cycle (Dessier and Donguy, 1994; Foltz and McPhaden, 2008; Da-Allada et al., 2013, Da-Allada et al., 2017). The variability in SSS is primarily attributed to precipitation patterns and zonal advection. This pattern of variability was consistently observed during EGEE cruises in the GoG (Koffi et al., 2010) and in marginal seas, such as the Mediterranean Sea (Marcellin Yao et al., 2016).




Figure 2 | Mean monthly distribution of SSS (red) and SST (blue) from January 2019 to December 2020 in the GoG. Standard deviations are indicated in bars (±σ).






3.2 Total alkalinity and dissolved inorganic carbon distributions



3.2.1 Features of TA and DIC

TA concentrations ranged from 2047 to 2336 μmol kg−1, while DIC oscillated from 1810 and 2139 μmol kg−1. The high DIC concentration was found in February and August, while the lowest TA concentration was observed in October at the end of the upwelling. These high DIC was observed during minor upwelling (February) and major upwelling periods (August). During EGEE cruises in the Eastern tropical Atlantic, the averaged TA and DIC were 2282±26 μmol kg−1 and 1967±48 μmol kg−1 respectively (Koffi et al., 2010). In the Western tropical Atlantic close to the Amazon River, the averaged TA and DIC were 2280±138 μmol kg−1 and 1938±138 μmol kg−1 respectively (Bonou et al., 2016). In comparison of observed TA and DIC in the Eastern and Western tropical Atlantic, our measured TA and DIC were in the same range of values.

On average, the distribution of TA and DIC showed high seasonal variability (Figure 3). From January to December, TA and DIC had the same pattern with the highest concentrations in February and the lowest in November. Although the trend of TA changed slightly, it decreased until November and then increased in December. Low TA concentration was due to dilution (Koffi et al., 2010), while the abrupt increase of DIC was the result of the upwelling process from July to the end of September (Lefèvre et al., 2008).




Figure 3 | Mean monthly distribution of TA (A) and DIC (B) from January 2019 to December 2020 in the GoG. Standard deviation is indicated in bars (±σ).



During the EGEE cruise (2005-2007), Koffi et al. (2010) determined an empirical relationship between TA and SSS with 190 collected samples. This relationship serves as a valuable correlation for estimating TA when only SSS data is available, making it particularly useful in situations where carbonate system measurements are lacking. However, when this correlation was applied to our coastal TA dataset, it yielded a relatively high Root Mean Square Error (RMSE) of 102 μmol kg−1, showing clear discrepancy between measured and calculated total alkalinity. Consequently, it is evident that while this relationship is suitable for open ocean conditions, it may not be applicable in coastal regions where the normalized TA (NTA= TA * SSSref/SSS with SSSref=35) does not remain constant (Millero et al., 1998).

In the context of this study, an examination of coastal data revealed a linear correlation between TA and SSS with an r2 value of 0.24 (p=0.0004). This signifies that only 24% of the variation in TA can be attributed significantly to changes in SSS. While a discernible TA-SSS relationship is evident during this period, it is important to note that the correlation is relatively weak. Conversely, the variability in SSS is primarily influenced by precipitations, terrestrial and river inputs, as illustrated by the seasonal fluctuations in TA and DIC (Figure 3), in comparison to the distribution of SSS (and SST) (Figure 2). Furthermore, the correlations (r2) observed between SSS (ranging from 0.42) and TA, as well as DIC (ranging from 0.10), along with SSS (0.74) and SST (0.55) throughout the year, were not statistically significant (Figure 4).




Figure 4 | Relationship between TA vs SSS (A), TA vs SST (B); DIC vs SSS (C) DIC vs SST (D) from November 2018 to December 2020 in the GoG. The fit is indicated by a solid line.



This analysis suggests that only a quarter of the variation in TA can be attributed to changes in SSS. The weak correlation indicates that factors (not well captured in our study period) other than SSS significantly influence TA.




3.2.2 Comparison of in-situ and derived parameters from satellite

Notably, we observed that prior to and following the gap period (from July 2019 to May 2020), the satellite SST data and observed SSTs exhibited a harmonious relationship (Figure 5). In fact, when we compared the satellite SSTs corresponding to the same dates as our in-situ SST data, we obtained a RMSE of 1.04°C, indicating minimal disparity and confirming similar SST trends. However, it is important to acknowledge that while the computed SSTs generally aligned, they also exhibited smoothed variations, leading to discernible differences during the same timeframe.




Figure 5 | Comparison of in-situ SSTs (red dots) and SSTs Reynolds (blue dots) and smoothed SSTs (solid line in red) from November 2018 to December 2020.



The lowest observed SST was recorded at 22°C at the onset of July 2020, which can likely be attributed to coastal upwelling. Following this minimum value, SSTs gradually increased, surpassing 24°C. Satellite SSTs, on the other hand, ranged from 25°C to 29°C, while in-situ SSTs fluctuated between 22°C (in September 2020) and 34°C (in December 2019). Notably, the signature of upwelling became evident in August 2019 and 2020 in the Reynolds SST data, showcasing low values that closely coincided with our in-situ measurements (Figure 5). It is worth mentioning that both in-situ SSTs and observed SSS were collected on a weekly basis.

A contrast is observed between the observed SSS values (depicted in red) and those derived from the satellite dataset (Figure 6). The in-situ SSS values exhibited pronounced variability and weaker values compared to their satellite counterparts. The lowest in-situ SSS measurements were recorded in November 2019 and December 2020 (~30). Conversely, the satellite-derived SSS values (illustrated in blue) appeared smoother and generally higher than the observed SSS values, especially from 2020 to 2021. SMOS salinity data ranged consistently between 34 and 35 and exhibited relative stability. Although the observed salinity distribution appeared somewhat scattered, ranging from 30 to 37, the RMSE calculated akin to SST (for the same dates) yielded a modest difference of 1.8, indicating acceptable agreement. However, it is important to note that the satellite data failed to capture the high SSS variability observed during the two study periods. For instance, substantial in-situ SSS variability persisted until June 2019, primarily attributed to horizontal advection and coastal upwelling events off the coast of Côte d’Ivoire (Nyadjro et al., 2022). A similar pattern was evident in the pH measurements, particularly towards the end of December 2018 and through June 2019 (Figure 7). In contrast, pH measurements remained relatively stable throughout 2020, with values predominantly around 8.3.




Figure 6 | Comparison of in-situ SSS (red), SSS SMOS (blue) and smoothed SSS (solid line in red) from November 2018 to December 2020.






Figure 7 | Weekly variability of measured pH from sampling in coastal ocean area from November 2018 to December 2020.



This assessment points to the importance of considering both satellite and in-situ data for a comprehensive understanding of SST variations, especially in the context of coastal upwelling events which have a significant impact on local marine ecosystems​​. As demonstrated earlier, the data gap during both years of this study could not be effectively reconstructed due to the absence of robust relationships between carbonate system parameters and hydrological variables. This underscores the significance of sustained monitoring efforts to comprehensively capture the spatio-temporal variability of these parameters and discern potential long-term trends in the GoG.





3.3 Surface nutrient measurements

The period from the end of 2018 to April 2019 exhibited the highest recorded concentrations of nitrates and orthophosphates (Figure 8). Notably, nitrate levels peaked at 120 μmol L-1 in December 2018, while orthophosphate concentrations exceeded 25 μmol L-1 during the same month. These high nutrient concentrations strongly suggest that our study site may be classified as a eutrophic coastal area due to the substantial nutrient values observed during this period. During the subsequent period, spanning from April 2020 to December 2020, nitrate concentrations remained relatively high, ranging between 38 and 110 μmol L-1. In contrast, orthophosphate concentrations were exceptionally low, nearly approaching zero. The surges in nutrient concentrations during this period are likely attributed to domestic discharges in the vicinity (Abboud-Abi Saab and Hassoun, 2017).




Figure 8 | Weekly variability of nutrients (A) NO3-; (B) PO43- obtained from sampling in coastal ocean area from November 2018 to December 2020.



Comparing our in-situ nutrient measurements with both climatological data and data from Subramaniam et al. (2013) reveals striking disparities (Table 1). Particularly, our observed nitrate and orthophosphate levels are considerably higher. In contrast, both climatological and Subramaniam et al. (2013) data consistently indicate lower nutrient concentrations, typically below 1 μmol L-1. This divergence can be primarily attributed to the proximity of our study site to the coastline. In the surface waters of the upwelling region of the Eastern equatorial Atlantic, we observed orthophosphate rates averaging two to eight times higher and nitrate concentrations substantially elevated compared to measurements typically obtained farther away from coastal areas (Subramaniam et al., 2013).


Table 1 | Mean Sea Surface nitrates and orthophosphates from March to June in the GoG, Eastern of the Equatorial Atlantic.






3.4 Phytoplankton dynamics

A total of 60 phytoplankton species were found belonging to four taxonomic phyla: Bacillariophyta, Dinophyta, Chlorophyta and Dictyochophyta (Figure 9). High number of species were recorded for Bacillariophyta phylum with 36 species (60%). The phylum Dinophyta comprised 22 taxa (36%), including species that might cause harmful algal blooms (HABs) such as Dinophysis acuminata, Dinophysis caudata, Dinophysis rotundata and Pyrodinium bahamense. Only one species was recorded for each of the phylum Chlorophyta and Dictyochophyta (2%). The most commonly encountered taxa were Coscinodiscus sp. (present in 26 out of 32 samples), Thalassionema frauenfeldianum (25 out of 32) and Ceratium furca (28 out of 32). The genus with the high number of species is Ceratium with 7 taxa.




Figure 9 | Monthly density of different phytoplankton groups (Cell L-1) from April 2020 to December 2020.



The highest specific diversities were observed in August and September with 29 and 26 taxa respectively and the lowest was found in October-November (5 taxa) and December (one taxa). Bacillariophyta and Dinophyta appeared throughout the study period. The only species for Chlorophyta (Pediastrum duplex) phylum appeared in June and July and the Dictyochophyta’s one (Dictyocha fibula) in May, July and August.

The occurrence calculations showed 9 constantly present taxa, 7 for Bacillariophyta (Coscinodiscus asteromphalus 65.62%, Coscinodiscus sp. 81.25%, Bellerochea malleus 62.5%, Actynoptichus adriaticus 50%, Coelosphaerium dubium 59.37%; Thalassionema frauenfeldianum 78.12%; Odontella mobiliensis 59.37%), and 2 for Dinophyta (Ceratium furca 87.5%; Dinophysis caudata 53.12%). In addition, 15 taxa are accessory with nine taxa for Bacillariophyta and 6 for Dinophyta, while 36 taxa are accidental, 20 for Bacillariophyta, 14 for Dinophyta and 1 for Chlorophyta and Dictyochophyta each.

The results show that the structure (composition of phytoplankton) and dynamic (temporal variation of phytoplankton densities) of the phytoplankton population in Ivorian coastal waters is characterized by a predominance of Bacillariophyta, followed by Dinophyta. Generally, these two groups of algae were found in coastal marine waters, as already demonstrated in previous works conducted in Nigeria (Adekunle et al., 2010) and Senegal (Abdou Salam et al., 2020). The predominance of Bacillariophyta could be explained by their adaptation to marine turbulence. Indeed, they have specialized structures that allow them to colonize environments efficiently and quickly (Hoagland et al., 1986). As for the Dinophyta, they proliferate more in high salinity environments. The Dinophyta unlike the Bacillariophyta, are more oceanic than coastal. A very low representation of microalgae belonging to the Chlorophyta group may be associated with their ecological need because the only one species of this group is a freshwater species, reflecting low salinity condition (Sun et al., 2023). One species of group Dictyochophyta and the species of Chlorophyta were the first species encountered in Ivorian oceanic waters. In an old study (Sevrin-Reyssac, 1993), these two groups were absent, but Cyanobacteria was found amongst other groups. The specific diversity of phytoplankton showed seasonal variation, and the occurrence calculations identified several consistently present taxa. The predominance of Bacillariophyta could be attributed to their adaptation to marine turbulence (Carstensen et al., 2015; Sun et al., 2022). In contrast, Dinophyta proliferate more in higher salinity environments and are more oceanic than coastal. This indicates the significant role of environmental conditions, such as salinity and turbulence, in shaping phytoplankton community structure in coastal waters​​ and the importance of doing a long-term monitoring to better evaluate the role of biogeochemical parameters in this coastal phytoplanktonic community. In addition, low values of orthophosphates were observed during sampling period. These values could be due to rapid assimilation by bacteria and phytoplankton. It is the most important form of mineral phosphorus, the only soluble one to be directly used by aquatic organisms (Van den Broeck and Moutin, 2002).




3.5 Impact of physico-chemical parameters on the increase of phytoplankton populations

In order to better understand the relationships between the carbonate system parameters, the hydrological parameters and the phytoplankton, principal components analysis (PCA) was implemented. The measured carbonate system parameters (TA, DIC) have weak correlations with nutrients and phytoplankton compared to SSS (Figure 10). This indicates that while the carbonate system is an integral part of the marine environment, its direct influence on phytoplankton populations in the GoG might be less pronounced than initially thought. This finding suggests that hydrographic factors such as SSS might have a more significant role in shaping phytoplankton dynamics than the carbonate system in the GoG. This insight can lead to a re-evaluation of the traditional understanding of the carbonate system’s role in phytoplankton dynamics in coastal areas. Changes in DIC and TA were also significant, mainly in biogeochemical areas influenced by continental freshwater inflow or upwelling. Liutti et al. (2021) showed that upwelling can play an unpredictable role in CO2 dynamics due to the transport of nutrient-rich water and DIC near the surface.




Figure 10 | Correlation circle of the principal components analysis (PCA) of hydrological parameters, carbonate system parameters and nutrients data.



Further, our results are in harmony with the findings of a recent study conducted in the Cabo Frio upwelling area of the Brazilian coastal region (Silva et al., 2023). This latter study highlighted that physical variables like temperature and salinity were more determinant in the dynamics of the carbonate system’s parameters than biological processes such as respiration and photosynthesis. This parallels our findings in the GoG, where SSS appears to exert a more substantial influence than the carbonate system on phytoplankton populations. This congruence suggests the necessity for broader research perspectives that encompass physical and climatic influences when assessing the impact of the carbonate system on marine biota, particularly in coastal ecosystems. Besides, we acknowledge here the limitations of PCA in capturing complex ecological relationships, as it might not fully capture nonlinear interactions between the various environmental variables assessed in our study. Also, PCA reduces dimensionality based on variance, which does not always equate to ecological significance (Liu et al., 2018). That being said, the PCA analysis conducted in this study might help future studies to build on our findings. For instance, more targeted studies should be implemented to assess the role of specific variables (like SSS or nutrients) on phytoplankton ecology, or the use of more advanced multivariate techniques, in addition to a longer dataset, to further explore the complex interactions in the marine environment.

Moreover, DIC concentrations were calculated using the empirical relationships “DIC-SSS-SST” from Koffi et al. (2010) and “DIC-SSS-SST-YEAR” from Lefèvre et al. (2021). The obtained RMSE was 161 μmol kg−1 and 138 μmol kg−1 respectively, applying the previously mentioned equations respectively. The resulted RMSE values are considered very high compared to those found in the original studies, using their own data (~15 μmol kg−1). Further, RMSE (DIC-SSS-SST-YEAR) calculated from this study’s data was 59 μmol kg−1, also considered very high. Consequently, it is clear that the classic empirical relationships could not reproduce the concentrations of DIC in coastal areas, as it does not reflect the entire coastal ocean dynamics that impact DIC spatio-temporal variability as presented by Vance et al. (2022).

To highlight how phytoplankton population could be influenced by both biogeochemical and physical parameters variability, a statistical relationship was established between phytoplankton and nutrients, carbonate system and physical variables. For instance, some studies (Voituriez and Herbland, 1984; Herbland and Le Loeuff, 1993) have established statistical relationship between NO3 and SST in the coastal area of the GoG. In our case, we used multiple linear regressions. This relationship couples 3 types of variables (biological, physical and biogeochemical). The calculated pH is included in this equation because it is less scattered. This equation ignores wind speed, vertical and horizontal turbulence of the seawater, the sunshine rate and others meteorological conditions. It represents a useful first-order estimate of seasonal variability in phytoplankton population growth over the studied period. All calculated coefficient values of this Equation 1 are given in Table 2.


Table 2 | Multiple regression coefficients applied to the explanatory variables.



As presented in Table 2, r2 ranges between 0.158 (~15.8%) and 0.435 (~43.5%), reflecting weak correlations for all groups of phytoplankton mentioned. Generally, the physico-chemical parameters studied here influence less than 50% the phytoplankton population growth in this coastal area. Bacillariophyta is the phylum the most impacted positively by the assessed physico-chemical parameters (r2 = 43.5%) and it is significantly correlated with these parameters (Table 2). This phytoplankton group seems well adapted to ocean acidification conditions while Chlorophyta, Dinophyta and Dictyochophyta are poorly adapted to changes in physical and chemical conditions in the coastal ocean. Indeed, the Chlorophyta are primarily living in freshwater and only about 10% of this algae are marine, whereas 90% are freshwater species (Smith, 1955). In the marine environment, the green algae in the warmer tropical waters tend to be similar everywhere in the world. This is not true for Chlorophyta in the colder marine waters (Lee, 2008). In our samples, Pediastrum duplex was the only species that was found belonging to Chlorophyta group. This species lives in freshwater environments, so this can explain its poor adaptation. The warmer waters near the Equator, like in the GoG, act as a geographical barrier for the evolution of new species and genera (Lee, 2008).

Concerning Dinophyta (r2 = 17.8%) and Dictyochophyta (r2 = 15.8%), the correlations were weak and not significant. It seems that physical, biogeochemical and carbonate system variables did not influence these species along the coast. It may be pointed out that the samples were taken in the shallow coastal area and not from deep waters where these species better proliferate under high salinity conditions. Thus, the environmental conditions in the coastal waters were unfavorable to allow high occurrence of these species. These observations were in accordance with the study of Zendong et al. (2016) in the Nigerian coastal waters, close to Côte d’Ivoire.

Several studies (Donahue et al., 2019; Seifert et al., 2020, Seifert et al., 2023) presented that phytoplankton community composition can be significantly affected by changes in environmental conditions. Looking at the Equation 1 when the coefficient of the explanatory is negative (Table 2), the evolution of the parameter of this coefficient is opposite to the phytoplankton density, i.e., when the observed parameter increases, the phytoplankton growth drops and vice-versa. The coefficients of explanatory for SST (m2 = -8.3 106) and NO3 (m7 = 2.5 105) were significant because their p-values were less than 0.05. This means that Bacillariophyta increases concomitantly with NO3 when SST decreases. During upwelling periods, SST drops to less than 24°C. The negative coefficient of explanatory indicates that SST well impacts Bacillariophyta life conditions, as they are generally considered to be better adapted to lower temperatures than other algae (Zhang et al., 2018). In contrast, the negative coefficient of explanatory showed also that the ocean warming could significantly reduce species richness. This results is in agreement with the ones of Tatters et al. (2013) who noted that acidification and temperature had both individual and interactive impacts on community structure, but temperature has more influence.

Furthermore, TA and DIC had little influence on phytoplankton (see Table 2). These parameters are included in the SST and SSS variability as shown by the PCA analysis and in various works (Koffi et al., 2010). Whereas pH (m3 = -2.1 108) had a negative and non-significant effect on diatom in the coastal waters of the GoG, according to the Equation 1. However, Doney et al. (2009) noted that if ocean acidification is expected to exacerbate, pH will decrease and only Bacillariophyta could witness a population growth. Moreover, the potential presence of siliceous or chitinous spines as well as the wide variety of 3D shapes of the frustule would be the result of a process aimed in particular at reducing predation pressures. This physical protection could allow the maintenance and development of these micro-algae, hence their massive presence in aquatic environments (Bussard, 2015). The other phytoplankton populations are suggested to decrease as they present positive coefficient of explanatory (see Table 2). Dutkiewicz et al. (2015) also anticipated primary productivity to decrease in the tropics and mid-latitudes due to intensifying nutrients’ limitation, possibly amplified by exacerbated acidification. They suggested that longer timescales of competition and transport-mediated adjustments are essential for predicting changes to phytoplankton community structure.

Here, the positive coefficient of explanatory of NO3 indicates a similar evolution with Bacillariophyta. It means that Bacillariophyta can store nitrates for respiration in the absence of light because their populations migrate deep into sediments where they are exposed to dark and anoxic conditions for 75% of the day (Merz et al., 2021). So, they can accumulate nitrates intracellularly for surviving in the dark ocean (Kamp et al., 2011) and utilize it for nitrogen assimilation, dissipation of excess photosynthetic energy, and Dissimilatory Nitrate Reduction to Ammonium (Stief et al., 2022). Ecologically, Bacillariophyta are also known to modulate the biogeochemical cycling of nutrients such as carbon, nitrogen, and silica in the ocean (Litchman et al., 2009).

While our initial findings present intriguing insights, there is a clear necessity for refinement. Specifically, the phytoplankton community comprises a diverse assemblage of species spanning various sizes. Our current methodology, particularly the mesh size employed, results in an insufficient representation of picoplankton and nanoplankton. This oversight potentially renders the interpretation of our results as somewhat incomplete, given the competitive dynamics between these organisms for both macro- and micro-nutrients.





4 Conclusions

In our study, we conducted a comprehensive exploration of the CO2 system parameters to shed light on potential ocean acidification signs within the Gulf of Guinea—an often-overlooked region in the Atlantic Ocean. Our primary objective was to unravel potential linkages between physical factors, carbonate system variables, and the intricate marine ecosystem, with a specific emphasis on the phytoplankton community. Complementary seawater parameters, including salinity, temperature, nitrates, and reactive phosphorus, also demonstrated significant variability. Notably, we observed distinct episodes of upwelling, primarily manifesting from early June to early October.

However, the most intriguing revelation from our study was the relatively subdued influence of physicochemical parameters on the phytoplankton population in the coastal expanse of the Gulf of Guinea. Our findings suggest that these parameters collectively accounted for less than 50% of the observed variability. Remarkably, Bacillariophyta, a prominent phytoplankton group, exhibited a notable positive response to the fluctuations in these physicochemical variables.

While our study provides an invaluable foundational understanding of the Gulf of Guinea’s carbonate system, it is essential to acknowledge the temporal and spatial limitations inherent in our research. To embark on a more in-depth exploration of the ramifications of ocean acidification on marine organisms, including phytoplankton and zooplankton, we advocate for the establishment of an expansive observational network. This network should encompass strategic measurement sites along the Ivorian coast, stretching from the Eastern to Western regions. By doing so, we can unravel the intricacies of biogeochemical spatio-temporal dynamics within this vital coastal area and pave the way for a more comprehensive comprehension of its ecological complexities. In addition, using adequate instruments will allow us to improve data collection in the Gulf of Guinea.
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Ocean acidification, caused by the absorption of carbon dioxide (CO2) from the atmosphere into the ocean, ranks among the most critical consequences of climate change for marine ecosystems. Most studies have examined pH and CO2 trends in the open ocean through oceanic time-series research. The analysis in coastal waters, particularly in island environments, remains relatively underexplored. This gap in our understanding is particularly important given the profound implications of these changes for coastal ecosystems and the blue economy. The present study focuses on the ongoing monitoring effort that started in March 2020 along the east coast of Gran Canaria, within the Gando Bay, by the CanOA-1 buoy. This monitoring initiative focuses on the systematic collection of multiple variables within the CO2 system, such as CO2 fugacity (fCO2), pH (in total scale, pHT), total inorganic carbon (CT), and other hydrographic variables including sea surface salinity (SSS), sea surface temperature (SST) and wind intensity and direction. Accordingly, the study allows the computation of the CO2 flux (FCO2) between the surface waters and the atmosphere. During the study period, stational (warm and cold periods) behavior was found for all the variables. The lowest SST values were recorded in March, with a range of 18.8-19.3°C, while the highest SST were observed in September and October, ranging from 24.5-24.8°C. SST exhibited an annual increase with a rate of 0.007°C yr-1. Warmer months increased SSS, while colder periods, influenced by extreme events like tropical storms, led to lower salinity (SSS=34.02). The predominant Trade Winds facilitated the arrival of deeper water, replenishing seawater. The study provided insights into atmospheric CO2. Atmospheric fCO2 averaged 415 ± 4 µatm (2020-2023). Surface water fCO2sw presented variability, with the highest values recorded in September and October, peaking at 437 µatm in September 2021. The lowest values for fCO2sw were found in February 2021 (368 µatm). From 2020 to 2023, surface water fCO2sw values displayed an increasing rate of 1.9 µatm yr-1 in the study area. The assessment of fCO2sw decomposition into thermal and non-thermal processes revealed the importance of SST on the fCO2sw. Nevertheless, in the present study, it is crucial to remark the impact of non-thermal factors on near-shallow coastal regions. Our findings highlight the influence of physical factors such as tides, and wind effect to horizontal mixing in these areas. The CT showed a mean concentration of 2113 ± 8 μmol kg-1 and pH at in-situ temperature (pHT,IS) has a mean value of 8.05 ± 0.02. The mean FCO2 from 2020 to 2023 was 0.34 ± 0.04 mmol m-2 d-1 (126 ± 13 mmol m-2 yr-1) acting as a slight CO2 source. In general, between May and December were the months when the area was a source of CO2. Extrapolating to the entire 6 km2 of Gando Bay, the region sourced 33 ± 4 Tons of CO2 yr-1.




Keywords: CO2 observations, coastal waters, times-series, Canary Islands, acidification




1 Introduction

Over the past two centuries, there has been an exponential increase in atmospheric CO2 concentrations as a result of anthropogenic activities (Denman et al., 2007; Takahashi et al., 2009; Lynas et al., 2021; Friedlingstein et al., 2022), also indicated in the 6th IPCC Report (IPCC, 2022; IPCC is the Intergovernmental Panel on Climate Change). A substantial portion of this anthropogenic CO2 is directly transferred to the ocean, accounting for about 26% of the total anthropogenic CO2 emissions (Friedlingstein et al., 2022). The ocean’s capacity to absorb CO2, has exhibited an increase from 1.0 ± 0.3 gigatons of carbon per year (Gt C yr-1) in 1960 to 2.5 ± 0.6 Gt C yr-1 in the 2010 to 2019 period (Friedlingstein et al., 2020). This transfer of CO2 from the atmosphere to the ocean has profound repercussions on the marine chemistry and ecosystems (Wollast and Mackenzie, 1989; Walsh, 1991; Falkowski and Wilson, 1992), for example influencing the potential acidification of coastal marine waters (Borges and Gypensb, 2010; Wallace et al., 2014; Carstensen and Duarte, 2019). The oceanic pH has decreased by 0.1 units since the onset of the Industrial Revolution, representing a 26% increase in ocean acidification over the past two centuries (Doney et al., 2009). Projections suggest that the global CO2 concentration will increase by more than 500 parts per million (ppm) by the end of this century, leading to a pH decrease of 0.4 units from the preindustrial values (Orr et al., 2005; Jiang et al., 2023).

To comprehend the evolution of any variable, such as temperature, atmospheric and oceanic CO2, pH, sea level, etc., and their relationship to climate change, the establishment of long-term time series is essential. It is widely acknowledged that observing stations, particularly fixed stations, constitute the most reliable data source for investigating and estimating CO2 fluxes between the atmosphere and the ocean (Takahashi et al., 2014; Bates and Johnson, 2020; Skjelvan et al., 2022). An important development in this regard is the Global Ocean Acidification Network (GOA-ON; http://www.goa-on.org/), which aims to coordinate, promote, and sustain long-term observations of the carbonate system at both local and national scales. Measurements of the CO2 system have predominantly focused on open waters, while coastal regions are underrepresented in the Global Carbon Budget (Friedlingstein et al., 2022) due to limited observational data, insufficient high-frequency monitoring, and the complexity of modelling these diverse environments (Takahashi et al., 2002; González Dávila et al., 2005; González-Dávila et al., 2007; Santana-Casiano et al., 2007; Bates, 2012; Bates et al., 2014; González-Dávila and Santana-Casiano, 2023).

The European Time Series in the Ocean at the Canary Islands (ESTOC), situated in the Northeast Atlantic at 29°10’N - 15°30’ W, where the ocean reaches 3600 meter depth, has been instrumental in collecting hydrographic and CO2 system measurements for more than 25 years (Santana-Casiano et al., 2007; González-Dávila et al., 2010; Bates et al., 2014; Takahashi et al., 2014; González-Dávila and Santana-Casiano, 2023). Since 1995, ESTOC has observed a consistent increase in seawater salinity-normalized inorganic carbon (NCT), fugacity of CO2 (fCO2), and anthropogenic CO2 at rates of 1.17 ± 0.07 μmol kg-1, 2.1 ± 0.1 μatm yr-1, and 1.06 ± 0.11 mmol kg-1 yr-1, respectively (González-Dávila and Santana-Casiano, 2023). For the same period, pHT normalized to 21°C has declined at a rate of 0.002 ± 0.0001 pH units yr-1 within the top 100 meters of the water column. ESTOC has provided valuable insights into the impact of Trade Winds on the atmosphere-ocean CO2 transfer, resulting in seasonal variability in the CO2 system (González-Dávila et al., 2003).

While these CO2 trends have been studied in the open ocean, there is a lack of extensive information on coastal zones, which, despite covering only 7-10% of the total ocean surface area and less than 0.5% of the ocean volume (Laruelle et al., 2013), serve as a critical interface between land, atmosphere, and ocean (Bauer et al., 2013). Coastal zones concentrate up to 30% of the primary production and organic matter remineralization in coastal shelf areas (Walsh et al., 1988; de Haas et al., 2002; Bauer et al., 2013). Consequently, they exhibit high uptake and release of dissolved inorganic carbon and partial pressure of CO2 (pCO2 or fCO2) (Thomas et al., 2005).

The behavior of coastal zones with respect to CO2 exchange is complex and depends on several factors (Walsh and Dieterle, 1994; Chen, 2004; Borges, 2005; Borges et al., 2005, 2006; Cai et al., 2006; McNeil, 2010; Shaw and McNeil, 2014; Terlouw et al., 2019; Gac et al., 2020). Existing studies highlight the need for long-term coastal time series data, as many estimates have extrapolated values from specific coastal regions to a global scale (Borges, 2005; Borges et al., 2005; Cai et al., 2006; Chen et al., 2013). There are latitudinal variations in coastal regions, with mid- and high-latitude shelf systems generally functioning as net CO2 sinks (-0.33 Pg C yr-1), while low-latitude shelf systems tend to act as net CO2 sources (0.11 Pg C yr-1) (Borges et al., 2005; Cai et al., 2006; Chen et al., 2013). In broad terms, the global continental shelves exhibit a net CO2 uptake, with estimates ranging from approximately -0.25 (Cai, 2011) to -0.4 Pg C yr-1 (Chen et al., 2013). Shallow near-shore coastal areas including estuaries, salt marshes, coral reefs, coastal upwelling systems, and mangroves, act as sources of CO2 to the atmosphere (Bouillon et al., 2008; Chen and Borges, 2009), with estuaries being the major contributors to this ocean-atmosphere CO2 flux. Coastal ecosystems are particularly characterized by substantial and variable inputs of nutrients discharged by rivers. These inputs trigger strong seasonal and interannual variability in the carbonate system (Gypens et al., 2009, 2011).

Further research is needed to acquire additional CO2 data for scaling air-water CO2 fluxes in outer estuaries, which may exert a substantial influence on the overall flux of estuarine systems (Borges and Frankignoulle, 2002; Borges, 2005). The same is true for near-shallow coastal areas on islands, where data is lacking and where the CO2 system is intricately linked to biological activities, physical processes, wind regimes, precipitation patterns and the significant input of nutrients and carbon from the land via rivers and runoff. Moreover, the coastal ocean, which extends from the open ocean to the continental margins, is one of the most biogeochemically active domains within the biosphere (Gattuso et al., 1998).

Despite all the previously reported studies, information on CO2 monitoring in islands are scarce. This study represents the first scientific effort dedicated to monitoring the CO2 system within coastal areas of the Canary Islands, employing a time series approach. While global studies on coastal areas exist, islands such as the Canary Islands offer natural laboratories conducive to monitoring the transfer of CO2 between the atmosphere and the ocean. Moreover, according to the 6th IPCC report, islands are one of the most vulnerable regions to the impact of climate change. The main objective of this study was to quantify variations in CO2 fugacity (fCO2), pH (at total scale), Total Inorganic Carbon (CT), and atmosphere-ocean CO2 flux (FCO2) in Gando Bay, a coastal region located to the east of the island of Gran Canaria. This study covers the first three years of observations, with a particular focus on elucidating the diverse processes governing the atmosphere-ocean CO2 transfer and studying the first seasonal variability of the CO2 system in the coastal waters of the Gando Bay to have a preliminary trend of each variable.




2 Materials and methods



2.1 Study area

The CanOA-1 buoy is located within the Canary Islands, on the eastern side of the island of Gran Canaria (Figure 1), off the northwest coast of Africa and in shallow coastal waters (27.930°N; 15.365°W; at 12 m depth), within a military area that prevents vandalism with controlled access. This geographical location places the islands between two important oceanic features: the African upwelling to the east and the oligotrophic waters of the North Atlantic Subtropical Gyre. The Canary Islands are also influenced by the Canary Current, which delineates the eastern boundary of the subtropical gyre (Knoll et al., 2002). The prevailing winds are the Trade Winds.




Figure 1 | Study area map. The Gando Bay belongs to Gran Canaria Island. Red flag represents the location of buoy and green point, the ESTOC station.






2.2 Data collection

The CanOA-1 buoy structure is equipped with an array of seven sensors, including sea surface temperature and salinity (SST and SSS respectively; SBE 37-SI/SIP Thermosalinometer MicroCAT sensor manufactured by Sea-Bird Scientific –accuracy for SST is ±0.002°C and for SSS is ±0.01 units), fluorescence (Cyclops-7F from Turner Designs with a detection limit of 0.03 µg L-1), dissolved oxygen concentration (Optode 4835 Oxymeter, manufactured by Aanderaa with an accuracy<0.1 µmol L-1), photometric pH (SAMI-pH meter from Sunburst, precision<0.003 ppm and accuracy ±0.01 units), pCO2 (partial pressure of CO2, here expressed as fugacity of CO2 – fCO2; measured with a CO2-pro CV sensor from PrOceanus - precision ±0.01 ppm and accuracy ±0.5%, using a Non-Dispersive Infrared Detector - NDIR) operating on a three-hour schedule, measuring the molar fraction of CO2 (xCO2) and converted internally to pCO2 in seawater using a CO2-permeable membrane. An external Sea-Bird Scientific pump (SBE-5) supplies seawater from outside the buoy body (60 cm), including copper-intake tubing to reduce biofouling effects. An internal zero determination is made every 24 hours to eliminate any signal drift. The pCO2 was also measured using a Battelle system (model 635108H1010), which assesses the xCO2 in both seawater and the atmosphere every three hours using equilibration-CO2 Infrared detection. Atmospheric xCO2 data from the Battelle system at 2.5 m above sea level, were calculated to 10 m (Hsu et al., 1994) and compared with those obtained at the ICOS Izaña Atmospheric Research Station (Tenerife, Canary Islands) and provided by the Agencia Estatal de Meteorología (AEMET). The agreement was better than ± 3 ppm. After the first year of work, the Batelle system had to be repaired so the Izaña data was used. Various meteorological variables (wind speed, wind direction, air temperature, humidity, atmospheric pressure, precipitation, solar radiation, and GPS coordinates – Gill MaxiMet GMX 501 GPS) were measured. All the sensors were installed at a depth of 1.5 m depth except for the meteorological station that was located 2.5 m above sea level. All data are free and the last 2000 data are available in real-time on the free Telegram app under Boya Morgan (@QUIMAbot).

Despite all the sensors installed on the buoy, the pH, chlorophyll and oxygen data have not been used due to their low stability and biofouling problems. In this sense, the pH sensor showed high variability and the pH data used in the manuscript were computed from total alkalinity to salinity relationship.

The buoy was visited every 2-3 months for inspection and maintenance. In addition, to determine the sensitivity and accuracy of the sensors, 23 surface water samples (with duplicates) were collected throughout the observation period. These samples were analyzed in the laboratory for total alkalinity (AT), total dissolved inorganic carbon (CT), and oxygen concentration. AT and CT were determined using the VINDTA 3C system (Mintrop et al., 2000) with Certified Reference Material (CRM) from batches 108, 122, 163, 177 and 196, provided by A. Dickson (Scripps Institute of Oceanography, University of South California, San Diego, United States) with allowed accuracy of ±1.5 μmol kg-1 for both CT and AT. Oxygen was measured using the Winkler method (Granéli and Granéli, 1991). These laboratory measurements were subsequently used to verify the response of the various sensors (see below) and to establish relationships with continuous salinity data. Additionally, each measurement of CO2 obtained by the Battelle sensor was calibrated every 3-hours prior to analysis using a zero and an external CO2 gas cylinder with a known concentration of 553.35 ± 0.02 ppm traceable to the World Meteorological Organization.




2.3 Data treatment

The Battelle sensor provides xCO2 values while the PrOceanus sensors provide pCO2. The xCO2 data were converted to pCO2 (pCO2,equ; Dickson et al., 2007) (Equation 1). The pCO2,equ is the partial pressure of CO2 in the equilibrator, Patm (atm) is the atmospheric pressure and the expression for water vapor (pH2O) is given in Equation 2. SST (K) is the sea surface temperature and SSS is the measured salinity. Once pCO2 was obtained, the fCO2 was calculated (Equation 3). The coefficients   (cm3 mol-1) and   are given by Equations 4 and 5, respectively.











To determine the CO2 flux (FCO2) between the atmosphere and the sea surface water, Equations 6 and 7 were used:





where 0.24 is a conversion factor to have the flux in mmol m-2 d-1, S is the CO2 solubility in mol dm-3 atm-1 (Weiss, 1970), and ΔfCO2 is the difference between fCO2 in seawater and atmosphere (fCO2 SW-fCO2 atm). k is the gas transfer velocity given by Wanninkhof (2014), where w is the wind velocity in m s-1 (at 10 m height), Sc is the Schmidt number which considers the kinematic viscosity of seawater divided by the gas diffusion coefficient (Wanninkhof, 2014). The FCO2 flux depends on the difference between fCO2 in the seawater and the atmosphere, the temperature, and the wind speed. If the flux is negative, the ocean acts as a sink, and if it is positive, it acts as a source. Wind speeds were averaged from two hours before and two hours after each study point.

The fCO2Tmean was calculated at the approximate annual mean temperature (21°C) (Takahashi, 1993) to obtain the temperature-independent fCO2 (Equation 8). Hence, the annual non-thermal effect is obtained by the difference of the minimum and the maximum values obtained in Equation 9. The same process was followed to know the thermal effect (Equation 10) on the average observed fCO2. The annual thermal effect was determined by the difference of the minimum and maximum values (Equation 11).









The thermal to non-thermal ratio (T/NT) shows the importance of both (physical and biological) effects. It was calculated by dividing the terms in Equations 9 and 11 (  indicating that when the ratio is greater than 1, the temperature effect dominates over the other effects.

Total dissolved inorganic carbon (CT), pH at in situ temperature (pHT,IS) and normalized to a mean temperature of 21°C (pHT, T=21°C) were calculated with the Excel program CO2sys (Pierrot et al., 2021) using total alkalinity (computed from salinity) and the measured pCO2 in seawater. The carbonic acid dissociation constants of Lueker et al. (2000), the HSO4- dissociation constant of Dickson (1990) and the value of [B]I determined by Lee et al. (2010) were used.

Alkalinity concentrations used in the calculations (data not shown) were obtained from in situ samples (n=23, collected every 2-3 months) and normalized to a salinity (SSS) of 35 (NAT = AT/SSS·35). A constant value for NAT = 2292.3 ± 2.8  μmol kg-1 was obtained (similar to that obtained at the ESTOC site, located 60 miles north of the buoy site, González-Dávila et al., 2010), confirming that alkalinity is controlled by salinity variability and is not affected by atmospheric CO2 increase or spring-summer primary productivity. In addition, since the SAMI sensor failed due to bubbles in the tubing, the pH was calculated in the total scale (pHT) with alkalinity determined from salinity and pCO2 variables.

The AT-CT pair of discrete data were used to test pCO2 sensor values (23 pairs) and other carbonate system variables. The computed pCO2 values and those provided by the sensor for the same day and time of the day were within ± 6 μatm. Calculated pHT values from the AT-CT discrete values pair and those from AT from salinity and sensor pCO2 data were within ± 0.01 pH units. Moreover, discrete CT concentrations (n = 23) and those determined from AT from salinity and sensor pCO2 data were within ± 3 μmol kg-1.

The surface water displacement was calculated using the Ekman Equations 12 and 13, which include variables such as DE (Ekman depth), z (depth of interest, in this case, 8 meters), f (Coriolis parameter), and Az (turbulent viscosity coefficient). The solution to this equation yields a displacement angle of 45° when z is 0, meaning that the surface current flows at an angle of 45° to the right of the wind direction (Pond and Pickard, 1983). This calculated value was then added to the measured wind direction for further analysis.

 






2.4 Seasonal detrending of data

The trend analysis performed on the observed data includes inherent seasonal variability, which is influenced by sampling irregularities throughout the study period. To mitigate this seasonality, a seasonal detrending approach was implemented, in line with methodologies used in other time series analyses (e.g., Bates, 2012; González-Dávila and Santana-Casiano, 2023). The data were organized into corresponding monthly bins, spanning the time series from 2020 to 2023. Within each month, the mean and standard deviation were computed. Anomalies were then determined by subtracting the monthly mean from each data point within the dataset. This procedure effectively mitigated the temporal non-uniformity present in the data. Furthermore, a harmonic fitting technique was applied, similar to methods previously used in studies such as those conducted at the ESTOC site (González-Dávila et al., 2010). This fitting allows the determination, in a single step, of both seasonal effects (terms c, d, e, f) and interannual trends (b, Equation 14) as a function of time for the variable considered (y), expressed as an annual fraction (x). The results of this harmonic fitting analysis gave trends that closely aligned with those obtained within the estimated error margins for each considered parameter.







3 Results



3.1 Hydrographic variability

The study area is characterized by a seasonal amplitude of SST as depicted in Figure 2A, with a range of approximately 5-6°C, fluctuating between 19°C and 24.8°C. The lowest SST were recorded in March, ranging from 18.8 - 19.3°C, while the highest SST were observed in September-October, ranging from 24.5 - 24.8°C. It is noteworthy that the minimum SST was registered in the year 2022, with SST reaching 18.8°C. During the period from 2020 to 2023, the average SST was 21.2 ± 1.6°C. Even if three years of data are not enough to obtain a significant trend analysis, it is observed that the surface waters in the study area exhibit a warming trend at a rate of 0.007°C yr-1 (Table 1; SupplementaryFigure SI-1), a value that is consistent with solid trends shown by 25 years of ESTOC data (i.e. González-Dávila and Santana-Casiano, 2023). It is worth noting that there is a seasonal shift in SST, with the warmest temperatures typically occurring in July and August, comparable to the usually warmer months of September and October (Curbelo-Hernández et al., 2021; González-Dávila and Santana-Casiano, 2023), indicating that factors other than warming are acting on these coastal waters.




Figure 2 | Sea Surface Temperature (SST, °C) (A), Sea Surface Salinity, rain (mm) and wind speed (m s-1) for the stronger winds > 7 m s-1 (B), and all the wind data [(C), m s-1] recorded at the CanOA-1 site. The lines in (A) and (B) correspond to the harmonic fit of the observed data.




Table 1 | Variables for the equations of interannual trend of the different variables monitored in the Gando Bay, according with Equation 14 where x is the year fraction of each observation y.



The SSS exhibited distinct characteristics during the 2020-2023 period (Figure 2B). The SSS reached its maximum salinities, ranging from 36.92 to 37.04, during the months of September and October. At certain time points, the SSS dropped to as low as 34 (e.g., SSS = 34.02 in September 2022), coinciding with periods of heavy rainfall (Figure 2B). The mean SSS observed throughout the study period was 36.71 ± 0.14. It was also observed that coinciding with the dominance of the Trade Winds from May to September (Figure 2B, green data, and Figure 2C), when the wind speed was above 7 m s-1, low anomalous salinities were registered with respect to those described by the harmonic fit. The salinity has increased by 0.02 ± 0.001 during the observed period (Table 1; Figure 2B; Supplementary Figure SI-1).




3.2 Seasonality of the carbon system

Figure 3A shows that both CO2 sensors provided highly consistent data (linear relationship with r2 = 0.962, where the root mean square deviation (RMSD) was 2.9 µatm, n = 4600). The temporal overview of the fCO2 in both the atmosphere and surface water within the study area is shown in Figure 3A. The average atmospheric fCO2,atm was 415 ± 4 µatm. Surface water fCO2sw showed variability, with the highest values occurring in September and October, reaching a maximum of 444 µatm (in September 2021). Conversely, the lowest fCO2sw values were observed during the coldest months, particularly in February and March, when they hovered around 368 µatm. Consequently, a more pronounced seasonal fCO2sw amplitude of about 55 - 60 µatm, was observed in the surface water compared to the atmosphere (about 12 µatm). Remarkably, in March 2023, the fCO2sw values did not reach the lowest values observed in previous years, only decreasing to 384 µatm. This trend suggests that the surface water is undersaturated with CO2 relative to the atmosphere in cold months, whereas it becomes oversaturated in warm months. As mentioned above, three years of data provide only a first estimate of any trend, including the fact that more local events are acting on coastal areas than in open ocean waters making more complex the calculation of a definitive trend. Nevertheless, the fCO2sw values for the period 2020-2023 increase with an annual rate of 1.9 ± 0.1 µatm yr-1 (Table 1) in the study area, considering both the harmonic fitting (Equation 14; Figure 3A; Table 1) and the detrended calculation (Supplementary Figure SI-1). This value is similar to that observed at the ESTOC site (González-Dávila and Santana-Casiano, 2023), which supports the values observed during these three years in Gando Bay.




Figure 3 | Evolution of fCO2 in the atmosphere and ocean (A), the components of the fCO2sw, considering the thermal (fCO2,therm) and non-thermal processes (fCO2,non−therm) (B), the total inorganic carbon (CT) (estimated in red and measured in black) and seawater salinity-normalized inorganic carbon (NCT) at SSS= 36.8 (C), and the pH at total scale, both at in situ temperature (pHT,IS) and at constant temperature of 21°C (pHT,21) (D), in the CanOA-1 site. The lines correspond to the harmonic fit of the data.



Figure 3B shows the decomposition of fCO2sw together with the observed values (black dots) to assess the influence of thermal and non-thermal processes. In this study area, SST appears to control fCO2sw, although the contributions of other physical mixing processes and biological factors should not be overlooked.

Figure 3C shows CT measured with discrete samples and the CT estimated from fCO2 and AT derived from SSS, in the study area. Concentrations decreased from colder to warmer months, with an average concentration of 2113 ± 8 μmol kg-1 (Figure 3C). Maximum CT typically occurred from mid-March to April, averaging 2123 ± 7 μmol kg-1. Minimum concentrations were observed at the end of October, with an average of 2101 ± 3 μmol kg-1. These observations suggest a seasonal amplitude of about 20 μmol kg-1. During the observation period, CT showed an increase of 2.2 ± 0.2 μmol kg-1 yr-1 (Table 1). However, when the CT data were normalized to a constant salinity of 36.8 (NCT = CT/SSS·36.8) (Figure 3C), which removes precipitation and evaporation effects, the rate of increase was reduced to 1.0 ± 0.1 μmol kg-1 yr-1, a value similar to the oceanic ESTOC site (González-Dávila and Santana-Casiano, 2023).

The computed pH measurements, both in situ (pHT,IS) and calculated at a constant temperature of 21°C (pHT,21), are shown in Figure 3D. The pHT,IS displayed a decreasing trend from winter to summer, with a mean value of 8.05 ± 0.02, for the studied period. The maximum pHT,IS was typically recorded between February and March, with a mean of 8.07 ± 0.01, while minimum pHT,IS occurred between September and October, averaging 8.03 ± 0.01. This variation represents a decrease of about 0.04 units from winter to summer. Characterizing a rate of change in a variable such as pH will need an extended time series of data. However, when detrended pH data at ESTOC site (period 1995-2023, Gonzalez-Dávila and Santana-Casiano, 2023) and those at the CanOA-1 site are plotted together (Figure 4), it is shown the coastal pH values are following the same pH trend than that at oceanic waters, this last one decreasing at 0.002 ± 0.0002 units yr-1 (Figure 4; Supplementary Figure SI-1). It is also consistent with other oceanic carbon time series (Bates et al., 2014).




Figure 4 | Detrended pH data in total scale measured at ESTOC (in black, González-Dávila and Santana-Casiano, 2023) and CanOA sites (in red).



Examination of the variability of fCO2sw and the corresponding CO2 flux (Figure 5) revealed periods of oversaturation (higher levels of fCO2sw than those in fCO2atm) from May and June to November and December, approximately. During these months, the coastal zone acted as a source of CO2, releasing it from the ocean into the atmosphere. Conversely, during the rest of the year, the coastal zone acted as a carbon sink. It is noteworthy that on average ΔfCO2 is lower during the period June to November than during the period December to June (Figure 3A). However, the highest FCO2 coincided with the June to November period, indicating the effect of the increased wind intensity. In this region, the prevailing Trade Winds exhibit their maximum strength in July and August, with wind speeds reaching 16 m s-1 (Figure 2C). During this period, it is common for wind speeds to consistently exceed 7 m s-1 each year (Santana-Casiano et al., 2007).




Figure 5 | CO2 flux (FCO2) in the CanOA-1 site measured with two sensors as described in the experimental section. PrOc referred to the ProOceanus sensor and Batt is to the Battle sensor.



The mean annual flux of FCO2 showed different patterns in the studied years when considered from March to March, with values of 0.70 ± 0.03 mmol m-2 d-1 (2020), -0.22 ± 0.04 mmol m-2 d-1 (in 2021), and 0.55 ± 0.04 mmol m-2 d-1 (in 2022). The average flux from 2020 to 2023 was 0.34 ± 0.04 mmol m-2 d-1 (126 ± 13 mmol m-2 yr-1), acting as a slight CO2 source. The years 2020 and 2022 were registered as CO2 sources with 255 mmol m-2 yr-1 and 202 mmol m-2 yr-1, respectively. Year 2021 acted as a slight sink of 79 mmol m-2 yr-1, related to lower SST in the area during winter months (Figure 2A). When extrapolated to the entire 6 km2 area of Gando Bay (Figure 1), the region acted as a slight CO2 source for the entire 2020-2022 period, quantified at 33 ± 3 tons of CO2 yr-1.





4 Discussion

Long-term time series data of CO2 variables in coastal ecosystems are a rare but essential resource for assessing their response to climate change. In particular, time-series data that include at least two carbonate system variables are essential for understanding the underlying processes governing observed trends. In regions close to the coastline, such as the studied area, which has a depth of approximately 10 meters, variables such as wind intensity and direction, SST, and primary production exert certain influence.

In the context of this specific study, it is evident that forcing factors such as strong winds and precipitation events, such as tropical storms Theta (November 2020), Filomena (January 2021), and Hermine (September 2022), have a discernible impact on sea surface salinity (SSS, Figure 2B). Wu et al. (2021) previously demonstrated the influence of extreme events, such as typhoons, on the net atmosphere-ocean CO2 exchange in the East China Sea, due to the water mixing and biological drawdown. In addition, the increase in SST, and also the atmospheric temperature due to extreme events such as heat waves occurring in the Canary Islands (Suárez-Molina and Sanz, 2022) also affects the CO2 system through the dependence of fCO2 on SST. In this sense, the Canary Islands have experienced several heat waves (AEMET, 2023): three in 2021 (11 days, 5 in August and 3 + 3 in September), two in 2022 (3 + 3 in July) and 26 days in 2023 (5 + 5 days in August and 16 days in October).

The study area, a coastal region with a natural barrier in the form of Mountain Gando (Figure 1), approximately 100 meters in height (IDE Canarias - https://visor.grafcan.es/), experiences fluctuations in wind intensity and direction, particularly within a few meters (approximately 50 meters) above the surface. These wind-related variations influence the water circulation patterns within the Gando Bay, resulting in lower SSS (Figure 2B) during periods of strong winds or winds blowing from certain directions. In this regard, a comprehensive analysis of the prevailing winds in the region and the surface water direction (Supplementary Figure SI-2) shows maximum wind speeds of 15 m s-1 and an average of 8.2 ± 2.1 m s-1 throughout the study period. The Trade Winds, which blow from the northeast direction (Van Camp et al., 1991), shift to the north-northwest in the study area due to the sheltering effect of the prominent Gando Mountain, forming a small peninsula that changes the wind direction (Supplementary Figure SI-2). These prevailing winds lead to a surface water column displacement of up to 8 meters in the W-SW direction at times. The calculation of this surface water displacement was achieved using the Ekman Equations (see experimental section).

Consistent findings, as established by Pond and Pickard (1983), confirm that surface currents in the Northern Hemisphere flow at an angle of 45° to the right of the prevailing wind direction. This displacement of surface water instigates the upward movement of deep water to compensate for the lost volume, a phenomenon elucidated by Kämpf and Chapman (2016). The replenishing seawater from deeper areas outside of the bay (about 150 m water depth), exhibits specific characteristics, with an average temperature of 22°C, a mean salinity of 36.4, a substantial CT concentration of 2117 μmol kg-1, and a mean pHT,IS of 8.03 (Curbelo-Hernández et al., 2023). Notably, these values differ from the typical surface conditions in the bay during June-August, which include SST of 23.5°C, SSS reaching up to 36.7, CT concentrations of 2105 μmol kg-1, and a pHT,IS of 8.04. In this sense, it was observed every year that there was no increase in SST from June to September, but the SST was relatively constant or even decreased by July-August consisting with the strongest predominant Trade winds blowing in the area that favored the entrance of deeper water from outside of the bay. Depending on the wind strength and the moment when that force is exerted, it is observed that the increase in SST does not consistently rise but rather slows down due to the arrival of colder water and increased surface mixing. During these periods of decreasing SST, an increase in SSS variability was observed, also related to the arrival of deeper water with lower salinity and pH and higher CT (Figure 2B).

Efforts were made to discern any potential correlation with tidal intensity throughout the lunar period (SupplementaryFigure SI-3). Although some instances of alignment between full and new moon phases and variations in SSS were identified, these occurrences lacked temporal consistency. Consequently, while tidal effects may exert some influence, they do not appear to constitute a primary or determinative factor within this particular environment. Nonetheless, it is worth noting that tidal height plays a crucial role in carbon exchange within estuaries and river mouth regions, as highlighted in previous studies (Ortega et al., 2005; Bauer et al., 2013).

The hydrographic features of Gando Bay are manifested in the seasonal and interannual variability of the CO2 variables. The interannual increase of fCO2sw, quantified at 1.9 µatm yr-1 (Table 1; Figures 3A, B), considering only three years of data is close to the observed value at the oceanic station ESTOC of 2.1 ± 0.1 µatm yr-1 (González-Dávila and Santana-Casiano, 2023), indicating the important control of the increased atmospheric CO2 concentrations in the seawater concentration. Further years of observation are required to confirm this trend in Gando Bay. During the year, thermodynamic effects control the observed variability (Figure 3B) with a T/NT ratio of 2.0 ± 0.1, but other physical and biological effects should not be ignored. From February to November (Figure 3B, black dots), the increase in SST led to an increase in measured fCO2sw (a slope of 10 ± 0.2 μatm °C-1 was calculated). According to Takahashi (1993), the theoretical change should be 17 μatm °C-1 (indicated by the red dots in Figure 3B). The observed lower slope in Gando Bay includes both the effects of the arrival of deeper, less saline water with highly variable fCO2sw content and changes in the productivity of the area (blue dots in Figure 3B). Oxygen data from the sensor (data not shown) were strongly affected by biofouling during the early years of study until a flow system with a copper intake located far from the buoy body was included. However, there is not enough oxygen data to decompose the nonthermal component between biological and water mixing processes. Moreover, there is a seagrass bed (locally known as sebadales) in the vicinity of the buoy which is known for its robust biological activity characteristics (Duarte and Krause-Jensen, 2017; Serrano et al., 2021). As mentioned above, the study area is impacted by the influence of the Trade Winds (wind direction and intensity), and the presence of the nearby mountain, all of which contribute to its unique characteristics, especially during the summer months period. The physical factors should also consider the influence of tides, wind, and horizontal mixing (Xue et al., 2016) on the impact of mixing processes between coastal and open ocean waters, mainly driven by horizontal advection, leading to changes in SSS and productivity, a phenomenon that should also affect the present study.

This outcome differs from the prevailing pattern in coastal regions, where changes in CT due to non-thermal forcings are expected to dominate, especially in mid-latitudes (Cao et al., 2020; Torres et al., 2021). This unexpected result can be attributed to the shallow nature and low productivity of the coastal area studied (Arístegui et al., 2001), which differs from the conditions reported by these authors. Moreover, in the northern region of Gran Canaria (station 16.5°W), research by Curbelo-Hernández et al. (2021) revealed a T/NT ratio of 2.1, comparable to the results obtained in Gando Bay. Therefore, it can be inferred that in Gando Bay, despite the impact of non-thermal processes including encompassing biological activity and advective mixing, the thermal component controls the observed seasonality in the fCO2sw. These climatological results parallel findings from other coastal studies, such as those conducted in Hawaii and Australian regions, where temperature dominantly controls fCO2sw (Shaw and McNeil, 2014; Terlouw et al., 2019). In the northern coastal regions of the Atlantic Ocean, non-thermal processes control the fCO2sw (Gac et al., 2020).

According to the observations, the decrease in pHT,IS at the CanOA-1 site followed the same behavior as that at the oceanic ESTOC site, (Figure 4), and was comparable to other coastal areas such as SOMLIT-Brest, where pH decreased by -0.0026 ± 0.0004 yr-1. The observed diurnal variation is linked with the diel biological cycle, such as in the Bay of Brest and the tidal cycles in Roscoff (Gac et al., 2020, 2021), and was of a similar magnitude to the seasonal variability. These results are consistent with previous studies of coastal seas in NW Europe that estimated ocean acidification based on seasonal cruises or voluntary observing ship surveys (Clargo et al., 2015; Ostle et al., 2016; Omar et al., 2019). Ocean acidification rates in North Sea surface waters ranged from -0.0022 yr-1 (period 2001–2011; Clargo et al., 2015) to -0.0035 yr-1 (period 1984–2014; Ostle et al., 2016), with a recent estimate of -0.0024 yr-1 in the northern North Sea (Omar et al., 2019). When the temperature effect is eliminated, pHT,21 shows an average of 8.05 ± 0.02 and follows an inverse pattern compared to pHT,IS. pHT,21 increases from February to September (mean of 8.07 ± 0.01) related to the increase of biological activity and decreases from September to February (mean of 8.03 ± 0.01) due to vertical mixing with deeper seawater from out of the bay and possible with higher nutrient concentrations. Unfortunately, we did not measure the biological activity, the nutrient concentration in the buoy location and oxygen data are not enough accurate to estimate this component. Despite its status as a coastal zone, the biodiversity in the area appears to be insufficient to absorb excess atmospheric CO2 due to the results of T/NT ratio. Consequently, this leads to acidification levels in the region that are similar to those observed at the ESTOC oceanic station in the Northeast Atlantic, characterized by an interannual variability of -0.002 pH units yr-1 (Santana-Casiano et al., 2007; González-Dávila et al., 2010; González-Dávila and Santana-Casiano, 2023).

The recorded CT with an average of 2113 ± 8 μmol kg-1 (for the study period) were close to the observed concentrations at the ESTOC station for the years 1995-2020 with an average of 2109.5 ± 9.6 μmol kg-1. These concentrations converge if the observed annual CT increase at ESTOC of 1.09 ± 0.10 μmol kg-1 yr-1 is applied (Bates et al., 2014). However, the observed trend of increase in CT over the three-year period studied (2.2 ± 0.4 μmol kg-1 yr-1) is twice that observed in open oceanic waters at ESTOC. When the NCT data are considered (Figure 3C, blue open circles), the trend is reduced to 1 ± 0.1, as that observed in ESTOC. Therefore, we assume that most of the anomalies with respect to the harmonic function are related to the arrival of deeper waters into the area, which could bring more remineralized (positive anomalies) or more productive (negative anomalies) waters. As a result, the NCT does not decrease after the end of March, but keeps relatively constant concentrations until July, when the productivity of the area compensates the physical processes. The detectable seasonal amplitude of 15 μmol kg-1 in NCT after July (Figure 3C) is associated with CO2 consumption by organisms for the production of organic matter and the exchange of CO2 between the atmosphere and the surface layer. In this coastal area, the influence of the Trade Winds seems to be more important due to horizontal advection and seawater renewal in the bay.

The variability of fCO2 in both the atmosphere and seawater describes the studied system as an overall CO2 source. The surface water was undersaturated from late October to mid-June. For the rest of the year, the surface water was supersaturated and the system acted as a source. The calculated mean FCO2 over the study period is 0.35 ± 0.04 mmol m-2 d-1 (126 ± 13 mmol m-2 yr-1), with peak outgassing occurring between August and November, and maximum ingassing observed between February and March. This shift from a sink to a source role coincides temporally with the onset of Trade Winds, which typically blow at high and constant velocity in the Canary Islands from mid-June. This climatology is consistent with previous coastal studies, such as those conducted in the Hawaiian region, where the influence of Trade Winds is prominent and affects the CO2 system in coastal waters (Terlouw et al., 2019). The occurrence and strength of the dominant northeast and east Trade Winds between 1973 and 2009 have been previously studied (Garza et al., 2012) and reported velocities ranging from 0.8 to 8.2 m s-1, with summer being the period of higher intensity. Furthermore, the significance of winds and mixing processes becomes clear when comparing these results with coastal studies along the East Australian coast, where mixing processes are relatively low (McNeil, 2010; Shaw and McNeil, 2014), or along the Northwest coast of the North Atlantic Ocean, where coastal systems act as CO2 sinks primarily due to SST effects at higher latitudes (Boehme et al., 1998).

The FCO2 results here are comparable to other coastal stations such as in Brest (France, Gac et al., 2020) and Hawaii (Terlouw et al., 2019). In Brest, at higher latitudes than the Canary Islands, the authors estimated fluxes of 0.18 ± 0.10, 0.11 ± 0.12, and 0.39 ± 0.08 mol m–2 yr–1 in three coastal stations. In Hawaii, it is also important to highlight how the coastal areas could be a strong source of CO2 from the ocean with 1.24 ± 0.33 mol m−2 yr−1, and close to the equilibrium with 0.05 ± 0.02 and 0.00 ± 0.03 mol m−2 yr−1 at the other two coastal stations. In the coastal waters of the Mediterranean Sea, the coastal waters of the Gulf of Trieste act as a CO2 sink in winter, especially in the presence of strong wind events (FCO2 up to −11.9 mmol m−2 d−1; Cantoni et al., 2012; Ingrosso et al., 2016). In the Gando Bay region, with a net annual outgassing flux of 0.26 mol m-2 yr-1 (period 2020-2022), with values of 0.20 mol m-2 yr-1 for the years 2020 and 2022, but ingassing CO2 at -0.08 mol m-2 yr-1 for the year 2021 due to lower winter SST values, the influence of Trade Winds is responsible for a temporary increase in fluxes, causing the mean values to remain positive (0.13 ± 0.01 mol m-2 yr-1), a phenomenon also observed at the ESTOC station (González-Dávila et al., 2003; Santana-Casiano et al., 2007; González-Dávila and Santana-Casiano, 2023). Additionally, Curbelo-Hernández et al. (2021) reported an average FCO2 of -0.25 ± 0.04 mol m-2 yr-1 for the oceanic waters near Gran Canaria, which is consistent with the behavior observed in the Northeast Atlantic Ocean (-0.6 mol m-2 yr-1) (Takahashi et al., 2009).

Considering the mean flux determined at the coastal buoy site within Gando Bay (6 km2), a net annual outgassing flux of 33 ± 4 Tons of CO2 per year through the bay is calculated, which is close to equilibrium. If we consider the values determined in the open ocean waters of the Canary Islands (Curbelo-Hernández et al., 2021), where a CO2 sink of -0.24 ± 0.04 mol m-2 yr-1 was calculated, that is, -170 Tons of CO2 yr-1 for the entire coastal area of the Canary Islands. Coastal areas located in the easternmost part of the archipelago are affected by the arrival of Northwest African coastal waters (Curbelo-Hernández et al., 2021). The Gando Bay, with an area of only 6 km2, causes the amount of CO2 absorbed by the Canary region to decrease by 9%.

Coastal regions at lower latitudes typically act as sources of CO2 to the atmosphere, while high latitudes tend to act as sinks (Chen, 2004; Cao et al., 2020). Notably, the boundary for this behavior typically occurs around 30°N (Cai et al., 2006), placing the study area in the transition zone between low and high latitudes. Consequently, it is consistent with the result that this coastal area of the Canary Islands acts as a source while it is almost in equilibrium. The flux depends on several factors such as SST, ΔfCO2, and wind speed. This makes different mixing processes and biological activity in both the coastal and open ocean environments crucial influencers of the carbonate system parameters and controllers of the CO2 air-sea exchange. In the case of this study area, it remains relatively unaffected by rivers, agriculture, or other anthropogenic activities that could disrupt the biological activity and the physical processes that control the carbonate system in the region.

The findings of this research clearly emphasize the need to explore additional coastal areas, since the hydrodynamic and CO2 system-altering phenomena exhibit pronounced locality. Their effects vary from one area to another. In addition, studies should also extend the observations for at least 10 years to allow more accurate estimates of rates of change.




5 Conclusion

The coastal zones of islands require vigilant monitoring to accurately quantify the carbon balance and its consequences as an essential tool for effective governance. The economic well-being of these islands is significantly intertwined with the health of their coastal zones.

Within the Canary Islands, the CanOA-1 station, an integral part of the international GOA-ON network, is located in the eastern region of Gran Canaria, specifically in the Bay of Gando. Data from this station show a discernible seasonal pattern in the variables defining the CO2 system. This study highlights the importance of physical processes, especially horizontal mixing, biological influences (hypothesis because no biological data are collected), and sea surface temperature, in facilitating the transfer of CO2 from the atmosphere to the ocean.

The three-year data allow us to know that the sea surface temperature (SST) shows seasonal fluctuations, with the highest temperatures occurring in September-October and the lowest in March. The contributions of both thermal and non-thermal processes to the seasonal fCO2 were investigated with vertical mixing, wind stress, and biological forcing as principal components. The T/NT ratio of 2.0 ± 0.1 implies that SST plays a controlling role in modulating fCO2sw, although the influence of other factors should not be neglected. fCO2sw increases at a rate of 1.91 µatm yr-1, which is consistent with the observed increase in NCT in these coastal waters. The CO2 transfer from the atmosphere to the surface waters causes a decrease of pHT,IS in the region. Furthermore, the concentration of total inorganic carbon (NCT) showed an annual increase of 1.0 μmol kg-1 yr-1 in the surface waters of the bay. The occurrence of extreme events, such as tropical storms, and the most persistent Trade Winds direction, which are modified by the geological structure of the bay, affect the physico-chemical properties of the region, renewing the bay waters with deeper seawater, affecting SSS, pH, fCO2, and CT.

According to the data collected at the CanOA-1 site, the Gando Bay is almost in equilibrium, with a total CO2 release from the ocean to the atmosphere between 2020 and 2023, of 33 ± 4 Tons of CO2 yr-1, with the year 2021 acting as a slight sink. Small changes in SST between years, together with variability related to the prevailing strength of the Trade Winds, which affect both water exchange and CO2 fluxes, control the Gando Bay site. This underscores the critical importance of continuous monitoring and quantification of CO2 concentrations in seawater, especially in coastal regions and on islands worldwide, in order to estimate the CO2 contribution of coastal regions to the global ocean.
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The Western Tropical Atlantic Ocean (WTAO) is crucial for understanding CO2 dynamics due to inputs from major rivers (Amazon and Orinoco), substantial rainfall from the Intertropical Convergence Zone (ITCZ), and CO2-rich waters from equatorial upwelling. This study, spanning 1998 to 2018, utilized sea surface temperature (SST) and sea surface salinity (SSS) data from the PIRATA buoy at 8°N 38°W to reconstruct the surface marine carbonate system. Empirical models derived total alkalinity (TA) and dissolved inorganic carbon (DIC) from SSS, with subsequent estimation of pH and fCO2 from TA, DIC, SSS, and SST data. Linear trend analysis showed statistically significant temporal trends: DIC and fCO2 increased at a rate of 0.7 µmol kg-1 year-1 and 1.539 µatm year-1, respectively, and pH decreased at a rate of -0.001 pH units year-1, although DIC did not show any trend after data was de-seasoned. Rainfall analysis revealed distinct dry (July to December) and wet (January to June) seasons, aligning with lower and higher freshwater influence on the ocean surface, respectively. TA, DIC, and pH correlated positively with SSS, exhibiting higher values during the dry season and lower values during the wet season. Conversely, fCO2 correlated positively with SST, showcasing higher values during the wet season and lower values during the dry season. This emphasizes the influential roles of SSS and SST variability in CO2 solubility within the region. Finally, we have analysed the difference between TA and DIC (TA-DIC) as an indicator for ocean acidification and found a decreasing trend of -0.93 ± 0.02 μmol kg-1 year-1, reinforcing the reduction in the surface ocean buffering capacity in this area. All trends found for the region agree with data from other stations in the tropical and subtropical Atlantic Ocean. In conclusion, the use of empirical models proposed in this study has proven to help filling the gaps in marine carbonate system data in the Western Tropical Atlantic.
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1 Introduction

With the advance of human civilization in the past decades came the increase of carbon dioxide (CO2) emissions in the atmosphere due to the burning of fossil fuels, the main present source of energy (Mardani et al., 2019). This is one of the greenhouse gases responsible for keeping the global temperature steady. Nonetheless, the rise of CO2 emissions has been leading to global changes such as global atmosphere and ocean warming, a decrease in seawater pH, as well as an increase of extreme climatic events’ frequency (Allen et al., 2009; Doney et al., 2009; Baker et al., 2018).

The global ocean serves as a significant CO2 sink, absorbing approximately 25% of annual human emissions (Sabine et al., 2004; Friedlingstein et al., 2022). Carbon dioxide’s solubility at the sea surface depends primarily on sea surface temperature (SST) and sea surface salinity (SSS), rendering the global ocean a complex, dynamic system intricately linked to the atmosphere (Goodwin and Lenton, 2009; Takahashi et al., 2009; Merlivat et al., 2015). When CO2 reacts with water, it forms carbonic acid (H2CO3), releasing protons (H+) and bicarbonate ions (HCO3-). The increase in the CO2 absorption results in a reduction of carbonate saturation, effect known as ocean acidification, affecting organisms with calcified structures, as illustrated in Equation 1 (Guinotte and Fabry, 2008; Pörtner, 2008; Kroeker et al., 2010; Mangi et al., 2018; Bednaršek et al., 2019). This phenomenon has various impacts on marine life, including hindering the formation of calcareous structures, reducing recruitment rates of organisms on coral reefs, and intensifying competition between non-calcifying and calcifying organisms (Bignami et al., 2013; Allen et al., 2017).

Biological processes significantly influence CO2 dynamics in the ocean. Intense primary production consumes dissolved CO2, elevating seawater pH. Conversely, when respiration surpasses primary production, CO2 is added to the water, causing a pH decline (Sunda and Cai, 2012; Buapet et al., 2013). Notably, this impact is more pronounced in coastal regions and oceanic areas experiencing intense upwelling (Dugdale et al., 2002; McGillis et al., 2004; Wallace et al., 2014).



The reactions involve essential components of the marine carbonate system: total alkalinity (TA), dissolved inorganic carbon (DIC), pH, and CO2 fugacity (fCO2). TA represents the surplus of proton acceptor species in seawater, primarily carbonate and bicarbonate ions at a pH of 8.1. Contributions from the boric system and water dissociation components are considered (Dickson, 1981; Wolf-Gladrow et al., 2007; Emerson and Hedges, 2008; Doney et al., 2009).

DIC comprises dissolved CO2, carbonic acid (H2CO3), bicarbonate, and carbonate ions, representing the summation of all inorganic carbon species in seawater (Emerson and Hedges, 2008). The pH scale measures seawater acidity and can be represented in various scales, defined as the negative logarithm (base 10) of the H+ ion concentration, indicating water acidity levels (Marion et al., 2011). fCO2 corrects the partial pressure of CO2 (pCO2) from an ideal to a real gas, representing the gas pressure exerted within the water (Dickson et al., 2007).

Any two of the marine carbonate system parameters, together with SSS and sea surface temperature (SST) values, can be used to calculate the remaining parameters (Schneider et al., 2007; Fassbender et al., 2017). Empirical models correlating TA and DIC with sea surface salinity (SSS) have a great importance in comprehending the marine carbonate system as they can be used in historic series for reconstructing past data (Lee et al., 2006; Lefévre et al., 2010; Bonou et al., 2016). Most of the carbonate system parameters of this system were not usually measured in the past, meaning that calculating them from SSS data is a good alternative when these empirical models are well established for the study area.

The tropical Atlantic (30°S-30°N; 80°W-20°E) acts on average as a source of CO2 to the atmosphere, mainly because of higher temperatures decreasing the gas solubility, as well as the equatorial upwelling bringing CO2-rich subsurface water and increasing the CO2 fugacity at the ocean surface (Takahashi et al., 2009; Schuster et al., 2013). However, the Western Tropical Atlantic Ocean (WTA) goes the other way around, becoming a large sink of atmospheric CO2 at the Tropical Atlantic from July to December, in response to large inputs of freshwater, both from the Intertropical Convergence Zone’s (ITCZ) rainfall and from the Amazon River plume. During that period, Amazon waters widely spread to the western parts of the WTA after the North Brazilian Current (NBC) retroflection and eastward transport by North Equatorial Countercurrent (NECC) (Mitchell and Wallace, 1992; Körtzinger, 2003; Bruto et al., 2017; Lefèvre et al., 2017).

Time series are of great importance in the study of trends and variability in the marine carbonate system. Bates et al. (2014) observed a trend in DIC, pH, pCO2 and other parameters in this system from time series with 15 to 30 years in five stations in the Atlantic Ocean and two stations in the Pacific, elucidating how different parts of the global ocean responded to the increase in atmospheric concentrations of CO2, as well as to ocean acidification.

The PIRATA project, initiated in 1997, aims to understand Tropical Atlantic Ocean variability. Using 18 moored buoys, it forms a real-time observation network to monitor meteorological and oceanographic variables (Bourlès et al., 2019; Foltz et al., 2019). This multinational effort enhances our ability to predict ocean-atmosphere variability. Moored buoys are crucial for capturing temporal variations in oceanographic parameters in the open ocean (Lefèvre et al., 2008; Bruto et al., 2017). Bruto et al. (2017) used the time series of hourly surface ocean fCO2 data from the PIRATA buoy at 8° N 38° W, the same used in this study, from 2008 to 2011, where it was observed that, in addition to two distinct seasonal periods, fCO2 also showed a high-frequency variation (less than 24h) associated with the daily cycle of solar radiation and heavy rainfall.

The WTA has been the focus of studies about the carbon cycle because of its great complexity and global importance concerning CO2 dynamics (Araujo et al., 2017; Bonou et al., 2022, 2016; Lefèvre et al., 2017; de Carvalho-Borges et al., 2018; Monteiro et al., 2022). Although many studies show the spatial variation of the carbonate system on the WTA and its relationship with the Amazon River plume, few studies focus on analyzing its variation over longer periods of time from in situ observations. This study used a time series from 1998 to 2018 of SSS and SST data from the PIRATA buoy at 8° N 38° W and calculated the carbonate system parameters (TA, DIC, pH and fCO2) to detect these parameters’ variation with time in a region with complex CO2 dynamics.




2 Materials and methods



2.1 Data

The “Prediction and Research moored Array in the Tropical Atlantic” (PIRATA) project consists of an in-situ observation network composed of 18 moored buoys judiciously spread in the Tropical Atlantic. These include five buoys located along the 38°W meridian (4°N, 8°N, 12°N, 15°N, and 20°N). Each of these buoys are equipped with meteorological sensors to measure the direction and speed of the wind at 4 meters height, air temperature, rain rate, relative humidity and short-wave solar radiation. Temperature sensors are positioned beneath the ocean surface at depths of 1, 20, 40, 80, 120, 180, 300, and 500 meters, collecting measurements every 10 minutes. Salinity sensors are also deployed at depths of 1, 20, 40, and 120 meters, recording hourly measurements. The 8°N 38°W buoy data was considered in our study because: (i) it represents the PIRATA site under the strong seasonal influence of the Amazon River plume waters transported eastward by NECC and rainfall from the ITCZ; and (ii) a CARbon Interface Ocean Atmosphere (CARIOCA) sensor was installed on that mooring line from 2008–2013, registering in situ seawater fCO2 hourly values (Bruto et al., 2017). For this study, SSS and SST, both at 1m depth, and rain rate data from the buoy located at 8°N 38°W were used (Figure 1) with a total of 3789 SSS and 5669 SST data. The daily averaged sea surface temperature (SST) and sea surface salinity (SSS) values are transmitted in real time by the Global Telecommunication System (GTS) and are freely available at PIRATA sites (e.g., http://www.pmel.noaa.gov/pirata) (Supplementary Material 1).




Figure 1 | Study area. The green triangle represents the PIRATA mooring site at 8°N 38°W used in this study. The blue dots illustrate points where TA, DIC and pH data from GLODAPv2.2022 were used. The main surface currents are also shown on the map, together with the mean position of the Intertropical Convergence Zone (ITCZ) at its southernmost (March) and northernmost (August) months. NEC, North Equatorial Current; NECC, North Equatorial Countercurrent; NBC, North Brazilian Current.



The SST and SSS data used in this study, from 1998 to 2018, were measured by the following sensors: a thermistor model 46006 from Yellow Springs Instruments (YSI) for measuring SST, with resolution of 0.001°C, range from 14 to 32°C and accuracy of ± 0.03°C (A’Hearn et al., 2002; Freitag et al., 2005), and, for the measurement of SSS, internal field conductivity cell of model SBE16 (Seacat) from Sea Bird Electronics with 0.0001 S m-1 resolution, range from 3 to 6 S m-1 and accuracy of ± 0.02 psu (Freitag et al., 1999). The lack of SSS data in relation to SST in the PIRATA buoy at 8°N 38°W is especially striking in the period from 2003 to 2008. As of 2010, both the available SSS and SST data decreased considerably due to vandalism and problems with the buoy’s operation and maintenance. The rain rate data used to differentiate the two seasons in the time series were measured by a capacitance sensor from R. M. Young, model 50203–34, with resolution of 0.2 mm h-1, range from 0 to 50 mm and accuracy of ± 0.4 mm h-1 on 10 min filtered data (Serra et al., 2001). The PIRATA project conducts annual cruises dedicated to the retrieval of buoys and the maintenance of equipment. These cruises are essential for ensuring the continued functionality and reliability of the project’s monitoring infrastructure. The data used in this study followed the World Ocean Circulation Experiment (WOCE) quality flag system (Gouretski and Koltermann, 2004), using Quality Flag (QF) 2 for valid data and 5 for missing data.




2.2 Calculation of parameters

In this study, the calculation of TA relied on the equation proposed by Lefévre et al. (2010) (Equation 2), which correlates TA with SSS in the Western Tropical Atlantic. It’s important to note the associated error of 11.6 µmol kg-1 in predicted alkalinity using this equation. Similarly, for DIC, the equation proposed by Bonou et al. (2016) was employed (Equation 3), presenting an error of 24 µmol kg-1 in predicted DIC. Additionally, an annual increase of 0.9 µmol kg-1 in DIC since 1989 was factored in to account for the escalating annual CO2 emissions into the atmosphere. As detailed by Bonou et al. (2016), the inclusion of SST data in these regression equations did not significantly enhance correlation, indicating that SSS variations exerted a more substantial influence on TA and DIC variability in the Western Tropical Atlantic compared to SST. The uncertainties of these estimations were thoroughly discussed by the authors before mentioned, highlighting the importance of regionally using these equations, as they are strongly related to the local SSS variation observed in the WTA.





To reconstruct pH and fCO2 data from SST, SSS, TA, and DIC, the PyCO2SYS package (Version 1.8.2) for Python (Humphreys et al., 2022) was employed. The dissociation constants of carbonic acid in seawater as a function of salinity and temperature defined by Millero et al. (2006) and the KSO4 dissociation constant by Dickson (1990) (Bonou et al., 2016; Monteiro et al., 2022), were utilized. The pH scale used in this study is the total scale (Marion et al., 2011). The total probable errors were estimated by propagation, leading to estimated errors of 0.041and 45.00 µatm, for pH and fCO2, respectively (Millero et al., 2006). While this study exclusively presented results for TA, DIC, fCO2, and pH, the calculated surface ocean CO2 molar fraction (xCO2) and partial pressure (pCO2) values were also.

Since the empirical models used in this paper use only SSS and time to calculate TA and DIC trends along time, these parameters, in addition to pH and fCO2, which were calculated from the before mentioned parameters, follow the same distribution over the years of SSS data. Furthermore, the Anderson-Darling test results showed that all variables involved in this study (SSS, SST, TA, DIC, pH and fCO2) had non-normal distribution (Table 1) (Miot, 2017), although the mean and median values were close to each other.


Table 1 | p-value of the Anderson-Darling test and measures of central tendency of the data (mean ± standard deviation) and median (minimum and maximum values) for sea surface salinity, temperature, total alkalinity, dissolved inorganic carbon, pH and fCO2.



TA and DIC data were normalized to mean SSS (35,4) according to the following the method described by Friis et al. (2003) (Equation 4).



Where:

nXi = normalized variable at given “i” moment

Xi = variable at given “i” moment (TA or DIC)

XS=0 = variable at 0 salinity

Si = salinity at given “i” moment

Sref = salinity at reference level. At this study we used the mean salinity of our data (35.42)




2.3 Databases for comparison

For this study, data up to 20 m depth of TA, DIC and pH measurements between latitudes 3° and 10° N and longitudes of 28° and 42° W from the GLODAPv2.2022 data product (Global Data Analysis Project) (Lauvset et al., 2022) were used, with a total of 69 TA data, 58 DIC data and 69 pH data (Figure 1). Data corresponds to the period from 1998 to 2018 and a mean depth of 9 m. GLODAP data is publicly available at https://www.glodap.info/. The 20 m depth was estimated based on the estimation of the regional mixed layer depth from De Boyer Montégut et al. (2004). Changes in pressure in the chosen depth do not affect TA data due to its conservative properties (Middelburg et al., 2020).

To compare with the fCO2 data calculated in this study, fCO2 data from the SOCAT platform were used (Bakker et al., 2016). The same area as used for GLODAP was selected and only data from 1998 to 2018 were accepted (totalizing 41212 data). The study also utilized daily averages of hourly fCO2 data from the CARIOCA sensor, installed in the same buoy as a reference (Lefèvre et al., 2008; Merlivat et al., 2015) from 2008 to 2011 to compare with the study’s results and visualize the model’s variation around actual values. Daily averages for fCO2 were preferred due to the use of daily averages of hourly SSS and SST data from the PIRATA buoy in the study. This approach aimed to prevent high-frequency variations in fugacity, observed in the region (Bruto et al., 2017), from affecting the comparison. In situ CO2-related measurements obtained at 8°N 38°W are already included in these global data products. GLODAP and SOCAT data description for these comparisons can be seen in Table 2.


Table 2 | Metadata for GLODAP and SOCAT data used in this study.



In order to compare the surface trend with the atmospheric trend of CO2, data from the Ragged Point station, Barbados, 13°N-59°W (http://www.esrl.noaa.gov/gmd/ccgg/iadv/) from NOAA/Earth System Research Laboratory (ESRL) Global Monitoring Division were used, as it is the closest location to the PIRATA 8°N 38°W buoy with measurement of atmospheric CO2 (Figure 2).




Figure 2 | Sea surface CO2 molar fraction data (xCO2) calculated in this study (red circles) and atmospheric xCO2 at Ragged Point station, Barbados (blue square). The dashed line indicates the linear trend on the sea surface calculated in this study, and the full line represents the atmospheric trend based on data from the Ragged Point station.






2.4 Statistical analyses

The Anderson-Darling test was used to check for the normality of our data, as it is more efficient in large databases (Razali and Wah, 2011; Miot, 2017). All variables showed non-normal distribution. To estimate the time trend for the parameters calculated in this study, a linear regression was used, in which the slope indicates the annual variation of the parameter. On the other hand, the method described by Sutton et al. (2022) was used to remove seasonality from data. The method consists of de-seasoning the time series based on monthly climatology anomalies and then calculating the linear regression of the de-seasoned data. This method reduces variability and autocorrelation in environmental datasets (Bates et al., 2014). Although the linear regression is a parametric test, it was used in order to keep an agreement with other time series studies in the field.

To compare the calculated values ​​of TA, DIC and pH with the in-situ data available in GLODAP, as well as the calculated values ​​of fCO2 with the data from SOCAT, the Wilcoxon-Mann-Whitney test was used. This same test was also used to evaluate if the two seasons observed in this study were statistically different. p-values<0.05 reject the null hypothesis, suggesting statistical differences in medians and population divergence.





3 Results



3.1 Seasonality

Based on the monthly variation of rain rate, two characteristic periods were observed (Figure 3): one from July to December with high rainfall (0.67 ± 0.82 mm h-1), here called the wet season, and a period from January to June with lower rates of rainfall (0.23 ± 0.44 mm h-1), here called the dry season. Both seasons showed statistically significant difference through the Mann-Whitney test (rainfall, SSS, SST, TA, DIC, pH and fCO2 presented p-values smaller than 0.05).




Figure 3 | Climatology of observed and estimated parameters at the PIRATA buoy 8°N-38°W based on monthly means. (A) Rain rate (mm h-1); (B) Sea surface salinity (blue dots) and temperature (°C, red dots); (C) Total alkalinity (µmol kg -1, blue dots) and dissolved inorganic carbon (µmol kg -1, red dots); (D) pH (red dots) and CO2 fugacity (fCO2, in µatm, blue dots). The bars at each month at (A–D) indicate the standard deviation. Red shaded areas in the plots represent dry season (January to June) and blue shaded areas, wet season (July to December).



Mean SST varied in a similar way as mean rainfall, with lower values during dry season (26.99 ± 0.50°C) and higher values during wet season (28.34 ± 0.43°C), while mean SSS varied opposite to mean rainfall, with higher values during dry season (35.94 ± 0.27) and lower values during wet season (35.01 ± 0.58). The monthly calculated mean TA and DIC followed the SSS variation, with higher values ​​during dry season, with a mean value of 2352.9± 16.0 µmol kg-1 for TA and 2013.8 ± 15.6 µmol kg-1 for DIC, and lower values ​​during wet season, with a mean value of 2299.2 ± 33.6 µmol kg-1 for TA and 1967.4 ± 29.2 µmol kg-1 for DIC. Calculated pH showed a monthly variation similar to that of salinity, with a standard deviation similar between the two seasons, but higher values during dry season, mean of 8.066 ± 0.011, and lower values ​​during wet season, with a mean value of 8.054 ± 0.010. The observed similarity in pH values, even when considering 2–3 decimal places, warrants discussion regarding potential differences in other variables during these periods. While our study focused on analyzing pH and temperature and salinity variations, it is essential to acknowledge the influence of additional factors such as dissolved oxygen levels, and nutrient concentrations, may have contributed to the observed patterns. Further investigation into these variables could provide insights into the underlying mechanisms driving the observed pH variations between seasons. Calculated surface ocean CO2 fugacity (fCO2), on the other hand, showed the opposite variation in comparison to SSS, with lower values during dry season, mean of 380.0 ± 11.7 µatm, and higher values during wet season, with a mean value of 385.4 ± 12.9 µatm.




3.2 Comparison with other databases

TA, pH and fCO2 had statistically significant differences (p-value< 0.05) (Table 3), with this study underestimating the values (Table 1) when compared to GLODAP (Figure 4) and SOCAT (lower medians) (Figure 5); yet DIC didn’t have statistically significant differences (p-value ≥ 0.05), although it had lower median than the one from GLODAP data. However, when separating the data according to the season (dry and wet), it was possible to observe that, in the dry season, all parameters showed statistically different medians (p-value< 0.05), with the exception of pH. On the other hand, during wet season, only TA showed statistically equal medians (p-value ≥ 0.05), while DIC, pH and fCO2 showed p-values smaller than 0.05.


Table 3 | Medians (Md – calculated in this study, md – data available in GLODAP or SOCAT) and p-value of the Wilcoxon-Mann-Whitney test for surface total alkalinity (TA, in µmol kg-1), dissolved inorganic carbon (DIC, in in µmol kg-1), pH and CO2 fugacity (fCO2, in µatm) using all data, dry season data (from January to June) and wet season data (from July to December).






Figure 4 | Time series of: (A) TA, (B) DIC, (C) pH. Green dots represent this study’s data and orange dots represents GLODAP’s data from 1998 to 2018, up to 20m depth and between latitudes 3° and 10° N and longitudes of 28° and 42°W. The solid line represents the trend in this study’s data, while the dashed line represents the trend in GLODAP’s data (Lauvset et al., 2022).






Figure 5 | Comparison between fCO2 data calculated in this study and observed fCO2 data from SOCAT (Bakker et al., 2016) from 1998 to 2018 and between latitudes 3° and 10° N and longitudes of 28° and 42° W. (A) Time series with this study’s data (green dots), SOCAT’s data (orange dots) and data from the CARIOCA sensor installed on the buoy from 2008 to 2011 (black dots); (B) Difference between this study’s data and SOCAT’s data (Positive values indicate overestimation and negative values indicate underestimation; red dots represent dry season and blue dots, wet season); (C) Dispersion plot between the two datasets (red and blue dots indicate dry and wet seasons, respectively, and the black line represents the 1: 1 line between the observed data and the calculated data).






3.3 Trends over time

DIC, pH, and fCO2 exhibited significant trends over time based on not de-seasoned data (Table 4). The trends included a yearly increase of 0.7 µmol kg-1 for DIC, a decrease of 0.001 pH units per year for pH, and an increase of 1.539 µatm per year for fCO2 (Figure 6). Notably, when data was de-seasoned, only pH and fCO2 retained significant trends (pH = -0.001 ± 0.000 year-1; fCO2 = +1.633 ± 0.108 µatm year-1) (Figure 7). Additionally, when dry and wet seasons were analyzed separately (Table 5), all variables except SST exhibited significant trends. Notably, the SSS and TA data showed opposing trends between seasons, with positive trends during the dry season and negative trends during the rainy season, emphasizing the seasonal variability. The oceanic xCO2 time series showed and increase around 17% lower than those reported for Barbados station (1.908 ± 0.010 ppm year-1). This delay in our trend related to the atmospheric data highlights the weaker absorption trend of atmospheric CO2 by the WTA.


Table 4 | Data trend over time for sea surface salinity, temperature, total alkalinity (TA), dissolved inorganic carbon (DIC), pH and CO2 fugacity (fCO2), as well as pH and fCO2 de-seasoned data trends.






Figure 6 | Time series of: (A) Sea Surface Salinity (SSS), (B) Sea Surface Temperature (SST), (C) Total Alkalinity (TA), (D) Dissolved Inorganic Carbon (DIC), (E) pH and (F) Carbon dioxide Fugacity (fCO2). Red dots represent dry season and blue dots represents the wet season. The red dot-dashed line represents the trend in the dry season, the solid black line represents the whole period trend, and the blue dashed line represents the trend in the wet season. Lines are shown only when the trend is statistically significant (p-value< 0.05).






Figure 7 | Time series of: (A) pH and (B) fCO2. Blue dots represent the original time series and red dots represents de-seasoned monthly means. Linear trend was calculated based on de-seasoned data.




Table 5 | Data trend separated in dry (January to June) and wet season (July to December) for sea surface salinity, temperature, total alkalinity (TA), dissolved inorganic carbon (DIC), pH and CO2 fugacity (fCO2).






3.4 Data normalization

The normalization of TA and DIC data (Figure 8) highlighted 3 different aspects of these carbonate parameters: (1) TA-SSS relationship did not vary significantly after normalization, (2) the increase in DIC with time became more apparent (trend of 0.897 ± 0.001 µmol kg-1year-1 and, (3) the normalized pH and fCO2 trends subsequently calculated did not show bigger changes after normalization (-0.001 ± 0.001 and 1.538 ± 0.026, respectively).




Figure 8 | Normalized (A) total alkalinity and (B) dissolved inorganic carbon at mean sea surface salinity of 35.4. Calculated (C) pH and (D) fCO2 based on normalized TA and DIC are also shown. Trend lines are shown for statistically significant trends (red: dry season, blue: wet season and black: all data).







4 Discussion

The study area is susceptible to large seasonal variability in surface salinity (Ffield, 2007; Grodsky et al., 2014) which is reflected in the parameters of the marine carbonate system (Bonou et al., 2016; Bruto et al., 2017). The wet season englobes both the months of the largest discharges of freshwater of the Amazon River and the months in which its waters reach the easternmost area in the Western Tropical Atlantic (Bonou et al., 2016). That and the addition of the rainfall associated to the ITCZ promote a decrease of local sea surface salinity, diluting TA and DIC, as well. These 3 parameters were described by Monteiro et al. (2022) as important drivers of seasonal pCO2 variations in the Western Tropical Atlantic, with DIC and TA being the most expressive one in the NECC region. Thus, it is difficult to capture this variability using available GLODAP in situ data for the region (Lauvset et al., 2022). This emphasizes the importance of using empirical models in the reconstruction of parameters of the marine carbonate system, since these techniques can be used to fill the gaps left by the lack of data in oceanic regions. The lack of in situ data reflecting the temporal and spatial variability in the western tropical Atlantic has also been highlighted by Monteiro et al. (2022). The months from September to November in the years 2008 to 2010 recorded the lowest values of SSS, TA, and DIC (Figure 9). Foltz et al. (2012) attributed this phenomenon to an anomalous sea surface cooling in the Northern Equatorial Atlantic at the beginning of 2009, that caused an abnormal southward shift of the ITCZ over the South American continent. The observed lower salinity is likely associated with the anomalous flood of the Amazon River (Chen et al., 2010).




Figure 9 | Heatmaps of (A) SSS, (B) SST, (C) TA, (D) DIC, (E) pH and (F) fCO2. Each cell represents a daily value.



Based on the analysis done in this study, the calculated fCO2 data exhibited a slight upward deviation when compared to the corresponding data from the SOCAT database (Figure 5A). However, this difference was relatively small, with a median ratio of 0.45%. Interestingly, upon excluding data from the buoy, this disparity noticeably increased to 2.88%. It is noteworthy that the buoy dataset, characterized by a higher frequency and greater variability, played a significant role in mitigating the observed deviation. During the period with buoy data, though, SOCAT data exhibited a higher amplitude that our calculations did not fully capture. Daily averages of the data measured by the sensor installed in the buoy showed that our calculations mostly overestimated the fCO2 values, particularly during the dry season (Figure 5B), where an overestimation of 3.11% was found when comparing the medians. This might be a result of the models used to calculate the TA and DIC that are based on the whole Western Tropical Atlantic area, which includes areas with higher salinity and lower influences of the Amazon River plume and ITCZ (Araujo et al., 2019; Bonou et al., 2022). The difference is more variable during the wet season, but still our calculations tend to underestimate the fCO2 in the area by roughly 5.51%. Considering the biological impacts in ocean carbonate parameters in the models used in this study might also affect the calculations, especially in the wet season, a time when the high nutrient plume reaches eastern parts of the Tropical Atlantic. The enhancement of primary production in the Western Tropical Atlantic by the nutrient rich Amazon River Plume is estimated to increase the oceanic’s capacity of absorbing atmospheric CO2 from 30% to even 100 times (Ternon et al., 2000; Cooley et al., 2007). It is possible to see that there is no 1:1 ratio (Figure 5C) between the data calculated in this study and the data from the sensor. However, when comparing with the graph made by Bonou et al. (2016) it is observed that, for data from the NECC region, the distribution of points of the data used in this study is similar to the point cloud showed by the aforementioned authors. This variation may be a result of primary productivity being enhanced at the region once the Amazon River plume brings waters richer in nutrients when compared to the surrounding ocean (Lefèvre et al., 2017).

The SSS, SST and fCO2 values in dry and wet seasons are in accordance to those ​​found by Lefèvre et al. (2014) in March 2009 and July 2010 during the PIRATA XI and XII commissions, respectively. In March 2009 (July 2010), they observed an average SSS of 35.89 ± 0.17 (35.75 ± 0.6), an average SST of 26.3 ± 0.8°C (28.67 ± 0.72°C) and average fCO2 of 374.3 ± 13 µatm (381.2 ± 11.8 µatm). The authors discuss the possible drivers of fCO2 variability in the region, bringing the influence of the ITCZ as an important factor in that regard. The highest values ​​of fCO2 happening during wet season coincides with the upwelling period observed by Bruto et al. (2017) in the same study region. The authors calculated Ekman pumping from monthly wind averages with a spatial scale of 0.25° and identified that upwelling is more intense in the second half of the year, injecting CO2-rich subsurface waters into the surface.

Bonou et al. (2016) found ​​similar values to those presented in this study for SSS, SST, TA and DIC, also separating into two seasons. The average values ​​of the dry season (SSS = 35.4 ± 0.7, SST = 27.6 ± 1.1°C, TA = 2331 ± 54 µmol kg-1, DIC = 1978 ± 45 µmol kg-1), and of the wet season ​​(SSS = 35.2 ± 0.8, SST = 28.1 ± 0.8°C, TA = 2328 ± 48 µmol kg- 1, DIC = 1970 ± 42 µmol kg-1) also show accuracy of these models in estimating the TA and DIC in the region. The models also showed values close to the GLODAP TA, DIC and pH data (Figure 4), with the database values in the range of the calculated parameters. When compared to the results of Bonou et al. (2022) in the Western Atlantic, we can see the mean values of TA and DIC values calculated here are higher than the ones found by them. These differences show once more the heterogeneity of the region, especially when the Amazon River Plume region (western to 43°W) is added to the equation.

The combination of the intense rainfall (Figure 3A) and the Amazon River plume (Richey et al., 1989; Silva et al., 2010; Marengo and Espinoza, 2016), leads to lower surface salinity during the wet season. This, along with heating and reduced vertical mixing due to surface water stratification from added fresh water, explains higher temperatures in stronger upwelling seasons. This can also lead to the formation of more severe storms and hurricanes of higher categories (Ffield, 2007; Grodsky et al., 2012). The upwelling of subsurface water generated by tropical storm winds plays an important role in high frequency variations (less than one day) in fCO2, thus affecting the CO2 flux in the region (Mahadevan et al., 2011; Bruto et al., 2017).

Studies investigating the trend in carbonate parameters in the Atlantic Ocean show the heterogeneity of the area and how the Western Tropical Atlantic might fit in the dynamics of the region. Lauvset et al. (2015) observed for the Equatorial Atlantic biome (between 5° S and 5° N) a pH trend of -0.0016 ± 0.0003 units year-1 and fCO2 trend of 1.81 ± 0.32 µatm year-1, which is in accordance to the trends observed in this study.

Further north, in the Cariaco basin, Venezuela, the CARIACO time series (CArbon Retention In A Colored Ocean, 10.5°N- 64.67°W) was conducted, with TA and pH measurements taken from 1995 to 2015 (Table 6). Bates et al. (2014) observed a significant trend in pH (-0.0025 ± 0.0004 year-1) which was greater than the trend observed in this study. Due to its location further west in the Caribbean Sea compared to the PIRATA buoy at 8°N, other factors such as regional circulation or its position over a trench may influence the local carbonate system differently than in oceanic areas (Astor et al., 2017, 2013, 2005; Muller-Karger et al., 2001).


Table 6 | Trends in the surface carbonate system in the western Tropical Atlantic Ocean used for comparison in this study.



At the BATS time series station (Bermuda Atlantic Time-series Study, 32°N, 64°W), in operation since 1983, Bates and Johnson (2020) calculated the time trends of marine carbonate system parameters up to 2020. The DIC time trend values (1.26 ± 0.04 μmol kg-1 year-1), pH (-0.0019 ± 0.0001 pH units year-1), and fCO2 (1.92 ± 0.08 μatm year-1) were higher in magnitude than those found in this study. Unlike the BATS station, the western Tropical Atlantic does not exhibit the trend of seawater salinization, but rather shows a desalinization trend during the wet season. This indicates a possible intensification of the hydrological cycle, which could impact the CO2 dynamics in the area in the future (Byrne et al., 2018).

At the Eastern Tropical Atlantic Ocean, the European Station for Time series in the Ocean at the Canary Islands (ESTOC, 29.04°N-15.5°W), maintains a monitoring base similar to BATS, where measurements started in 1995. Santana-Casiano et al. (2007) observed an increasing trend in the DIC (0.41 ± 0.12 µmol kg-1 year-1) smaller than the one found in this study, a trend towards a reduction in pH (-0.0017 ± 0.0004 pH units year-1) and tendency of increase in fCO2 (1.55 ± 0.43 µatm year-1) close to those observed in this study. Although this station is in the eastern Atlantic Ocean, a region with a very marked and almost permanent upwelling, its annual trends are closer to the trends found in this study than those found in BATS, which is also on the western edge.

According to Monteiro et al. (2022), SSS only acts as the main driver in pCO2 variations in the Amazon River Plume region (being responsible for the biggest variation in the regional values), with the SST being the main driver of pCO2 variations in NECC region. This is contradicted by our results, since after calculating the thermal to non-thermal effects ratio on fCO2 described by Takahashi et al. (2002) we arrived at a value of 0.82, indicating that biological effects override thermal effects in CO2 variations in our area. It is important to note that the high SSS variation closer to the river might impact the results of the calculations (Jiang et al., 2014). In addition, Monteiro et al. (2022) found a trend around 2.27 ± 0.21 µatm year-1, roughly 50% higher than the trend we found in this study. However, the temperature normalized pCO2 presented a trend in time closer to the one observed in this study (1.56 ± 0.26 µatm year-1), indicating that the pCO2 estimations in the NECC using the models utilized in this study tend to leave out the impact of changes in temperature (Takahashi et al., 2002).

The SST did not show a significant trend in this study, unlike neighboring regions such as the central tropical Atlantic and the Sargasso Sea, in the subtropical Atlantic, which showed an increase of 0.009 and 0.021°C year-1, respectively (Deser et al., 2010; Bates and Johnson, 2020). In agreement with the data showed in this study, Friedman et al. (2017) observed that the area in this study showed no statistically significant SSS trend from 1896 to 2013 (118 years), although some studies indicate that there is a tendency towards salinization in the tropical and subtropical Atlantic Ocean (Boyer, 2005; Bates and Johnson, 2020). SSS showed, nonetheless, a trend in time only after separating data in two seasons, which might indicate a change in the hydrological cycle in the area, possibly leading to changes in the CO2 solubility in the region (Ashton et al., 2016).

In oceanic areas, trends in pH and fCO2 mainly respond to DIC fluxes on the surface, reflecting the increase in the concentration of atmospheric CO2 (Lauvset et al., 2015). In the NECC region, in addition to DIC, temperature is an important driver in fCO2 (Monteiro et al., 2022), since the physical pump is the main driver of CO2 drawdown. Taking that in account, the lack of a temperature factor in the models for TA and DIC in the NECC area might underestimate the results for a region with less impact from the Amazon River Plume but still susceptible to high salinity seasonality.

The DIC/TA ratio is a key indicator of the acid-base equilibrium in seawater (Cai et al., 2020). A trend of 0.0004 ± 5.7 10-7 year-1 is observed in the study area (Figure 10A), indicating a decrease in its buffer capacity. In addition, the difference between total alkalinity and dissolved inorganic carbon (TA-DIC) is also a good tool to imply the ocean acidification (Figure 10B), with the advantage of being a conservative quantity, particularly useful in studies involving the mixing of different water masses. In this study, the TA-DIC showed a decrease of 0.93 ± 0.02 µmol kg-1 year-1, reinforcing again the decrease in buffer capacity of the region. Xue and Cai (2020) estimated a decrease in TA-DIC of around 0.82 µmol kg-1 year-1 at Hawaii Ocean Time-series (HOT) station. Their results suggest that the Western Tropical Atlantic is absorbing atmospheric CO2 at a more pronounced rate.




Figure 10 | Time series of: (A) DIC/TA and (B) [TA-DIC]. Red dots represent dry season and blue dots represents the wet season. The red dot-dashed line represents the trend in the dry season, the solid black line represents the whole period trend, and the blue dashed line represents the trend in the wet season. Lines are shown only when the trend is statistically significant (p-value< 0.05).






5 Conclusion

Showcasing a temporal overview of the marine carbonate system at 8°N 38°W between 1998 and 2018, our study focuses on a region distinguished by pronounced salinity variations compared to other tropical oceanic areas. This study highlights the seasonality of Total Alkalinity (TA), Dissolved Inorganic Carbon (DIC), pH, and fCO2 in the Western Tropical Atlantic (WTA), a phenomenon previously observed only on a limited time scale (Bruto et al., 2017) or across extensive spatial dimensions with intermittent temporal continuity (Körtzinger, 2003; Lefévre et al., 2010; Bonou et al., 2016). In this study, no significant SSS trend was observed from 1998 to 2018, agreeing with the trend calculated from data collected in situ in the Atlantic in the same region from 1896 to 2013 (Friedman et al., 2017), although a positive and negative trend can be observed in dry and wet seasons, respectively. This could possibly lead to the increase of high frequency variability in fCO2 due to upwelling by tropical storm winds (Ffield, 2007; Mahadevan et al., 2011; Grodsky et al., 2012). SST also showed no significant trend, diverging from studies showing an increase in SST both in the Central Tropical Atlantic and in the BATS time series (Deser et al., 2010; Bates and Johnson, 2020).

From the comparison with other studies analyzing the trend of parameters in the marine carbonate system in the tropical and subtropical Atlantic, it was observed that the increase in DIC and fCO2, in addition to the reduction in pH, were smaller when compared to the observed trends in CARIACO and BATS (Bates et al., 2014; Bates and Johnson, 2020). On the other hand, the ESTOC station, on the eastern edge of the Tropical Atlantic, showed a smaller increase in DIC, a stronger reduction in pH and an increase in fCO2 similar to the trends found in this study. Finally, when evaluating the pH variation and CO2 fugacity in the Equatorial Atlantic biome (5°S to 5°N) from 1911 to 2011, it was observed that the reduction in pH and increase in fCO2 were close to the trends observed in this study (Lauvset et al., 2015).

In conclusion, the use of empirical models as proposed in this study is an approach that can be successfully used for filling the gap regarding the marine carbonate system in the Western Tropical Atlantic, a region with marked data scarcity.
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Using ancillary datasets and interpolation schemes, 20+ years of the Munida Time Series (MTS) observations were used to evaluate the seasonal to decadal variability in the regional carbon cycle off the southeast coast of New Zealand. The contributions of gas exchange, surface freshwater flux, physical transport processes and biological productivity to mixed layer carbon were diagnostically assessed using a mass-balanced surface ocean model. The seasonal and interannual variability in this region is dominated by horizontal advection of water with higher dissolved inorganic carbon (DIC) concentration primarily transported by the Southland Current, a unique feature in this western boundary current system. The large advection term is primarily balanced by net community production and calcium carbonate production, maintaining a net sink for atmospheric CO2 with a mean flux of 0.84±0.62 mol C m-2 y-1. However, surface layer pCO2 shows significant decadal variability, with the growth rate of 0.53±0.26 μatm yr-1 during 1998–2010 increasing to 2.24±0.47 μatm yr-1 during 2010–2019, driven by changes in advection and heat content. Changes in circulation have resulted in the regional sink for anthropogenic CO2 being 50% higher and pH 0.011±.003 higher than if there had been no long-term changes in circulation. Detrended cross-correlation analysis was used to evaluate correlations between the Southern Annular Mode, the Southern Oscillation Index and various regional DIC properties and physical oceanographic processes over frequencies corresponding the duration of the MTS. The drivers of variability in the regional carbon cycle and acidification rate indicate sensitivity of the region to climate change and associated impacts on the Southern Ocean and South Pacific.
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1 Introduction

Anthropogenic carbon dioxide (CO2) emissions continue to rise despite increasing consensus about human impacts on climate and the need for mitigation efforts (Schellnhuber et al., 2016; Stoddard et al., 2021; Friedlingstein et al., 2022). The corresponding increase in atmospheric CO2 and its impacts on climate have been modulated by the global ocean, which has absorbed approximately 25% of fossil fuel emissions (Friedlingstein et al., 2022). This absorption results in ocean acidification (OA), which has been well characterized and documented in the open ocean (Doney et al., 2009; Bates et al., 2014). Significant efforts have been made to understand marine carbon cycling, its natural variability, and the impact of increasing CO2 emissions, yet it remains unclear how climatological changes in ocean heat content, wind stress, circulation, and biological productivity will affect air-sea CO2 exchange, OA, and the ocean carbon sink over regional scales (Keeling et al., 2004; Brix et al., 2013; Fassbender et al., 2016, 2017; Williams et al., 2018).

Pervasive ocean warming trends due to the absorption of excess atmospheric heat resulting from anthropogenic CO2 emissions may impact the marine carbon cycle in a number of ways (Johnson and Lyman, 2020). Temperature has a positive effect on pCO2 and a negative effect on the solubility of CO2 in seawater, while increased thermal stratification hinders upward fluxes of nutrients, inhibiting biological productivity and carbon fixation in the surface layer; collectively reducing the efficiency of anthropogenic CO2 uptake (Randerson et al., 2015). However, recent assessments of global trends in air-sea CO2 fluxes show that changes in atmospheric pCO2 and sea surface temperatures do not fully account for the observed decadal variability in the ocean carbon sink, and so variability in other factors, such as changes in ocean circulation, may be more significant drivers (DeVries et al., 2017; DeVries, 2022). Over regional scales, western boundary current (WBC) systems are areas of high CO2 absorption, particularly along WBC extensions and coastal margins (Bourgeois et al., 2016). These regions are important for the solubility pathway of moving atmospheric CO2 to the deep ocean by advecting heat and water with lower concentrations of dissolved inorganic carbon (DIC) from low to higher latitudes, where cooling favors air-sea fluxes (Imawaki et al., 2013). This advection along regional gradients has been shown to play an important role in controlling the variability in the concentration of DIC in the Northern Atlantic and Pacific (Kelly et al., 2010; Fassbender et al., 2017; Carroll et al., 2022). Warming trends are also particularly pronounced in WBCs over recent decades (Johnson and Lyman, 2020). The lack of a clear picture of the controls on regional carbon cycle variability, particularly over decadal time scales, underscores the need for and importance of long-term time series observations.

The Munida Time Series (MTS) is a repeat hydrography transect located off the southeast coast of the South Island of New Zealand (See Figure 1B), where the Subtropical Front (STF) comes very near shore (20–50 km). It extends over 60 km from the Otago Peninsula (45.77°S, 170.72°E) through the STF and into SAW of the Southern Ocean (45.85°S, 171.5°E), along which measurements of carbonate chemistry, nutrients, chlorophyll, temperature, and salinity are collected. The MTS is the longest running time series of ocean carbon observations in the southern hemisphere (approximately bimonthly sampling). It was established by Kim Currie and Keith Hunter in 1998 to study the oceanic uptake of atmospheric CO2. The MTS has been a valuable dataset for establishing ocean acidification in a global context as well as understanding the seasonal dynamics of DIC across the subtropical front off southeast New Zealand in a regional context (Currie et al., 2011b; Brix et al., 2013; Law et al., 2018).




Figure 1 | (A) Map of major fronts, surface currents and water masses, and topographical features around New Zealand (adapted from Chiswell et al., 2015) including subtropical water (STW), the Subtropical Front (STF), subantarctic water (SAW), Subantarctic Front (SAF), the East Auckland Current [EAUC, an extension of the East Australian Current, EAC and the Tasman Front (not labeled)], the Southland Current (SC), and the Antarctic Circumpolar Current (ACC). Transport along major fronts are color coded from lighter to darker corresponding to warmest to coolest. Red start indicates location of Baring Head where atmospheric CO2 samples used in this study were collected. Red box indicates the study domain shown in (B) Map showing the study domain off the Southeast coast of New Zealand. Black line shows the Munida Time Series transect with black boxes indicating sampling stations. Bathymetry is given by greyscale contours.



The South Island lies in the convergences zone within the Southern Ocean, where the high macronutrient low chlorophyll waters of the subantarctic (SAW) meet the oligotrophic subtropical (STW) waters fueling primary productivity (Safi et al., 2023). The coastal margins of New Zealand are dominated by the South Pacific WBC system (See Figure 1A), which has been shown to be warming, intensifying, and shifting poleward in recent years (Li et al., 2022). Li et al. (2022) showed a very strong correlation between the Southern Annular Mode (SAM) and the position of zero wind stress curl across the South Pacific. This increasing trend in positive SAM is driving the easterlies south, which is correlated with warming, intensification, and the poleward migration of the East Australian Current (EAC), the WBC of the South Pacific (Li et al., 2022). The Southland Current (SC) is a dominant regional feature (~10 Sv) that bisects the MTS. Unlike other WBC extensions, the SC flows northward along the STF off the southeast coast of the South Island (Sutton, 2003; Fernandez et al., 2018). Modelling studies indicate regional topography is critical to driving the SC, which uniquely flows counter to Sverdrup balance with two feeding pathways. The shallow pathway approaches from the southwest of the South Island following gradients in sea surface height (Tilburg et al., 2002; Hurlburt et al., 2008). The deep pathway in which the SAF forms a deep water boundary current along the Campbell Plateau that passes through a gap around 48°S, is constrained by a sill and topographically steered eastward toward the South Island where it turns northeast joining the shallow pathway (Tilburg et al., 2002; Hurlburt et al., 2008). Interactions between the Antarctic Circumpolar Current (ACC) and regional topographic features influence the distribution of water masses, including mode water, and also circulation patterns, which are important to the surface carbon cycle around New Zealand (Chiswell et al., 2015). Given the changes in the WBC system and the sensitivity of the Southern Ocean to climate change, it is important to understand the connection between climate change, ocean basin scale variability, and regional variability along the coastal margins of New Zealand (Morley et al., 2020).

Although seasonal variability in surface layer DIC in the subantarctic surface waters has been established in the MTS by Brix et al., 2013, that study did not characterize the interannual variability, nor address long-term trends in the processes controlling the DIC concentration. However, Brix et al. did report a divergence between trends in surface ocean pCO2 and that expected from anthropogenic emissions, but were unable to explain this disequilibrium at the time. Techniques subsequently established by Fassbender et al. (2016) enable deconvolution of net community production and carbonate production within the biological processes term of the DIC budget, which were not previously evaluated in the MTS. We hypothesize that advection plays a more important role than previously reported by Brix et al. (2013) via transport of water with higher DIC concentrations into the region. An additional decade of observations since the Brix et al. study (2013), now enables assessment of the drivers of variability in the regional carbon cycle over seasonal to decadal time scales, and improved characterization of the disequilibrium between ocean and atmosphere pCO2. MTS observations were combined with remote sensing and reanalysis data to evaluate the regional carbon budget. We apply a mass balance box model to deconvolve the seasonal carbon cycle in the surface mixed layer. Using ocean transport and meteorological data we constrain the physical terms in the carbon budget and estimate the biologically fixed carbon available for export from the surface ocean. Nutrient stoichiometry was also used to estimate biological production, based on changes in phosphate concentration, and compared to the carbon budget residual approach of Fassbender et al. (2016, 2017). Using these methods, we assessed variability in the biological pump, solubility, and the physical transport of carbon over climatically relevant timescales.




2 Materials and methods



2.1 Hydrographic, satellite and reanalysis datasets

Several ancillary data sets were used with MTS observational data to interpolate the observations through time and spatially extrapolate them for assessment of the regional carbon cycle. Remotely sensed and reanalysis data were gathered for the domain surrounding the MTS shown in Figure 1. Table 1 provides details for all datasets used in this analysis.


Table 1 | Variables with associated type, method, source, and spatiotemporal resolutions for the datasets used in this this carbon budget evaluation.





2.1.1 Munida Time Series

There are 8 sampling stations along the Munida transect (see Figure 1B). CTD casts and bottle sampling for TA, DIC, chlorophyll a, nitrate, phosphate, and silicate concentrations, are routinely collected (every two months) at the end of the line in the SAW, and intermittently sampled at the other stations along the transect, while pCO2, temperature, and salinity are measured continuously along the entire surface transect. Surface samples are collected at approximately 2m depths while profiles are captured with samples collected using niskin bottles at depths of 50m, 100m, 200m, and 500m (Currie et al., 2011b). Here we use the time series of observations collected in the SAW to evaluate the seasonal to long term variability in the surface layer carbon budget, while utilizing measurements made along the entire transect for estimating regional surface layer DIC to establish gradients and estimate physical transport terms.

MTS samples are processed at the NIWA/University of Otago Research Centre for Oceanography laboratory. DIC is measured coulometrically with an accuracy< 2.0 μmol kg-1 based on certified reference materials (CRD) (Dickson et al., 2007). TA is analyzed by automated potentiometric titration and derived using a least squares optimization technique with an accuracy of<1.0 μmol kg-1 based on CRMs (Dickson et al., 2007; Currie et al., 2011a), Nutrients are analyzed colourimetrically and the uncertainty of phosphate (PO4) measurements is 0.1 μmol kg-1 (Currie et al., 2011b; Jones et al., 2013).




2.1.2 Remotely sensed chlorophyll

Monthly composites of satellite-derived chlorophyll data (O’Reilly et al., 1998) from MODIS (2003 – 2018) and SeaWIFS (1998 – 2002) (O’Reilly et al., 1998) were paired with observations for training multiple linear regression (MLR) models using the mean surface chlorophyll calculated from the 20 km2 surrounding each sampling station. Mean bias for MODIS derived chlorophyll surrounding New Zealand is 1.16 mg m-3 (Bailey and Werdell, 2006).




2.1.3 Reanalysis data products

The Mercator Ocean Global Reanalysis (GLORYS) has been demonstrated to show effectively simulate physical properties of surface waters surrounding New Zealand (de Souza et al., 2020). GLORYS uses the NEMO ocean model with LIM3 sea ice model and assimilates sea level anomaly observations, sea surface temperatures and in situ temperature and salinity, as well as sea ice concentration (Lellouche et al., 2023a). Mean temperature bias is 0.08°C (warmer); mean salinity bias is 0.02 psu (fresher); mean surface current error for the study region is 0.01 – 0.06 m/s (Lellouche et al., 2023a).

GLORYS physical data (T, S, u, v, w) was averaged over a 20 km2 box surrounding the MTS while the regional gradients were established using domain-wide data. Comparisons between GLORYS and MTS temperature and salinity in the mixed layer are provided in the Supplementary Materials (Supplementary Figure S3) and the RMSE values are discussed in Section 2.4 below. For internal consistency in this analysis, GLORYS temperature and salinity are used instead of MTS observations. Given that GLORYS assimilates available temperature and salinity data, it may provide a better representation of variability over interannual to decadal time scales.

The Japanese 55-year Reanalysis (JRA-55) was used for meteorological values of wind, precipitation, evaporation, and barometric pressure (Onogi et al., 2007; Kobayashi et al., 2015) in conjunction with atmospheric CO2 measurements from Baring Head, New Zealand (Cox et al., 2021) in the calculation of air-sea CO2 flux, surface freshwater flux, and wind driven circulation in the surface layer. JRA-55 precipitation data was shown to generally outperform other reanalysis data products in a temperate climate study (Odon et al., 2019), and JRA-55 winds also compare well with oceanic observations with some biasing related to ENSO (Wen et al., 2018). Uncertainty in the measurement of atmospheric CO2 using discrete samples is < 0.2 ppm (Thoning et al., 1989; Lan et al., 2022).





2.2 Time series imputation and spatial extrapolation

The sampling frequency in the MTS is approximately bimonthly, with variable months sampled year-to-year. The time series must be imputed to monthly sampling to optimally assess interannual variability (IAV); however, it is important that gap-filling methods maintain the natural variability and long-term trends. Vance et al. (2022) recently identified that an empirical multiple linear regression (MLR) model that estimates DIC from remotely observed chlorophyll concentrations, sea surface temperature and salinity provided the most robust approach to imputing missing data compared to other common statistical and empirical methods. This MLR can be augmented to further improve the representation of interannual variability by adding terms for time variance. Here we changed the chlorophyll predictor to a logarithmic relation based on the relative concentrations and added harmonic functions in Equation 1 to describe seasonal variability and a yearly term to account for long-term trends.

 

where C is the concentration of the variable (e.g. DIC), T is temperature, S is salinity, mo is month, yr is year, the subscript a indicates the mean surface layer concentration and   and   are model coefficients. When fitting this MLR with SAW data alone, Equation 1 estimates DIC with an RMSE of 6.91 μmol kg-1. This imputation approach was used to generate a continuous monthly time series for the MTS.

Surface layer TA and PO4 from the MTS were imputed to obtain a monthly time series using Multiple Imputation by Chained Equations (MICE) using the mice package in R version 3.5.2 (R Core Team, 2020), with the function call mice(data = timeseries$data, m = 5, method = pmm, maxit = 50), where m is the number of multiple imputations, method is predictive mean matching, and maxit is the maximum number of iterations. Using MICE, missing values are first filled by random sampling from observations for the imputation variable (TA). Then the first variable is regressed against all other variables using only observed values. This methods is designed to impute multiple variables and then iteratively fit regression models for remaining variables (White et al., 2011). For each imputation point it estimates m times and provide estimates. The mean of these model solutions is taken as the imputation value and the standard deviation as the uncertainty. The mean uncertainty for all imputations was 4.61 μmol kg-1 for TA and 0.05 μmol kg-1for PO4 (See Supplementary Material and Vance et al., 2022 for additional details).

The MLR in Equation 1 was also fitted using data along the full surface MTS transect across the inner shelf to the shelf break to produce model coefficients applicable to all water regional masses for spatial extrapolation using remotely sensed chlorophyll and ocean reanalysis data. This domain-wide MLR predicts DIC over the salinity range 33–35 psu with an RMSE of 12.15 μmol kg-1 (See Supplementary Figure S3). This domain-wide MLR was similarly applied to TA (RMSE = 7.79 μmol kg-1). This MLR was applied from 48°S, 169°E to 45°S, 174°E for estimating horizontal concentration gradients in DIC and TA to inform the advection term in the surface layer carbon budget.

The vertical gradients of DIC and TA are required to evaluate the effects of entrainment and vertical mixing by eddy diffusivity on the surface layer concentrations. Available profiles of DIC, TA, and PO4 (2012 - 2017) were used to develop the MLR in Equation 2 to estimate the vertical concentration gradients at the base of the mixed layer.

 

where the subscript z indicates the value at depth of 20m below the mixed layer, h is the mixed layer depth (MLD), and   and   are model coefficients. This MLR predicts subpycnal DIC with an RMSE of 1.08 μmol kg-1; subpycnal TA with an RMSE of 1.44 μmol kg-1; and subpycnal PO4 with an RMSE of 0.02 μmol kg-1 (see Supplementary Figure S6 in Supplementary Material).




2.3 Surface layer carbon budget

Seasonal variability in the ocean carbonate system is driven by physical and biological processes that vary across disparate water masses, frontal regions, and ecosystem types. To assess the drivers of variability in DIC across the subtropical frontal zone, a mass balance budget of DIC in the mixed layer was evaluated that accounted for changes resulting from the linear combination of air-sea CO2 exchange (Air-Sea), physical transport (Phys), freshwater flux due to evaporation/precipitation differences (E-P), net community production (NCP) and inorganic carbonate production (CaCO3):

 

In situ MTS observations were used along with physical and meteorological reanalysis data to evaluate the budget terms over the years 1998 - 2022. The same approach was also applied to evaluate the surface alkalinity budget (Equation 2), but without the air-sea term as CO2 exchange does not affect alkalinity.

 

The physical term in Equations 3 and 4 contains horizontal advection, entrainment, and horizontal and vertical mixing due to eddy diffusivity as described in Equation 5 (Vijith et al., 2020):



where C is the concentration of the variable (e.g. DIC, TA) the subscript a denotes vertically averaged values in the mixed layer (h), while the subscript h denotes values at the base of the mixed layer and u is the vertically averaged horizontal velocity,   is the gradient operator,   and w are the zonal, meridional, and vertical velocities respectively,   and   are the horizontal and vertical eddy diffusivity coefficients respectively.

The vertical velocity at the base of the mixed layer was estimated from the Sverdrup balance (Equation 6) with the assumption that the turbulent stress diminishes at the base of the mixed layer as in Cronin et al. (2013):

 

where   is the acceleration due to gravity,   is the Coriolis parameter,   is the meridional gradient in  ,   is the sea surface height,   is the wind stress and   is the zonal component of the wind stress. The horizontal eddy diffusivity coefficient (Equation 7) was estimated from the length scale according to (Okubo, 1971):

 

where L was set to 150 km to account for mesoscale dynamics along the frontal region. The vertical eddy diffusivity coefficient (Equation 8) was estimated from the mixing efficiency [Γ = 0.2, constant per Gregg et al. (2018)], the turbulent kinetic energy dissipation rate (ε) and the Brunt-Vaisala frequency ( ):

 

where ε is estimated from the velocity shear and the viscosity as in Equation 9:

 

The influence of the surface freshwater flux on mixed layer DIC and TA was estimated from the salinity mass balance change arising from the effects of evaporation and precipitation. The freshwater balance from JRA-55 evaporation (E) and precipitation (P) data was applied to the mean ratios of DIC and TA to salinity at the air-sea surface (depth = 0m) according to Equation 10:

 

Air-sea CO2 exchange was estimated from air-sea CO2 gradient ( ), the solubility of CO2, and the gas transfer velocity as in Equations 11, 12:

 

where

 

and   is the temperature-, salinity- and pressure-dependent solubility of CO2 in seawater (Weiss, 1974), and   is the vertically averaged density within the mixed layer, h, and k is the gas transfer velocity calculated from JRA-55 wind speed at 10 m (Equation 13) according to Ho et al. (2006), which was derived near the MTS for use in the Southern Ocean region:

 

Where Sc is the Schmidt number and   is the wind speed at 10 m above the mean sea level. Atmospheric CO2 was converted from mole fraction in dry air (XCO2) to partial pressure of CO2 using Equations 14 and 15, accounting for the barometric pressure and the effects of water vapor in the atmosphere.

 

 

where T is the temperature (in Kelvin), S is the salinity at the air-sea surface, and   is the barometric pressure at mean sea level. Surface ocean pCO2 was calculated based on the mixed layer concentrations of DIC and TA using the R package seacarb (Gattuso et al., 2012; Orr et al., 2018) with K1 and K2 from Lueker et al. (2000), Kf from Dickson (1979), and Ks from Dickson et al. (1990).

With physical transport, freshwater flux, and gas exchange budget terms estimated from reanalysis data (where reanalyses include assimilated observations), the biological processes that influence DIC and TA can be estimated as a residual of the budget, as in Fassbender et al. (2016). Calcification decreases DIC and TA in a 1:2 ratio for each mol of CaCO3 precipitated, whereas primary production of organic matter consumes 117 mol CO2 and 18 mol H+, increasing TA by 17 mol for each mol of PO4 utilized (Sarmiento and Gruber, 2006). This stoichiometry can then be used to solve the following set of equations (Equations 16–18) to estimate the NCP and calcification terms:

 

 

 

where R denotes the residual of the respective DIC and TA budgets.




2.4 Uncertainty and limitations

Overall uncertainty was assessed by first accounting for measurement uncertainty, uncertainty in averaging monthly means, time series imputation and spatial extrapolation, and then propagating errors through calculations in the budget evaluation. These uncertainties are presented in Table 2. In cases where interpolated values have been used, uncertainty was taken as the cross-validated RMSE of regression models. The RMSEs between GLORYS temperature and salinity values and MTS observations were applied. Estimated uncertainties of reanalysis data products were used for parameters not measured with the MTS based on prior validation studies (Jean-Michel et al., 2021). For surface gradients (DIC and TA) the RMSE for the concentration estimation using the MLR in Equation 1 was added in quadrature with standard deviation across the domain to estimate the combined uncertainty.


Table 2 | Uncertainty values associated with each parameter in the DIC and TA budgets.



A Monte Carlo approach was used to account for covariance and nonlinear relationships in the budget calculations. For each term in the surface DIC and TA budgets (Equations 1, 2 above), input timeseries used for the calculations were randomly perturbed away from the mean (monthly observations and interpolated timeseries values) by the uncertainties listed in Table 2. 1000 simulations were run for each budget term using gaussian distributions and the expanded uncertainty for each data point in the timeseries for each budget term was estimated as the 95% confidence interval (CI).

There are several assumptions and limitations to consider for the methods developed for this analysis. Firstly, it is assumed that the imputation methods do not significantly bias the interannual variability and long-term trends in the DIC and TA timeseries. This is reasonable given the performance of a similar empirical MLR (Equation 1) and MICE for the MTS and other ocean carbon time series (Vance et al., 2022). It is assumed that the MLR coefficients (See Supplementary Table S1 for MLR coefficients) for DIC and TA applied to the STW and SAW along the Munida transect are consistent for these water masses within the domain. The GLORYS temperature and salinity profiles compare well with observations and help to constrain the estimates of vertical DIC and TA gradients at the base of the mixed; however, the relative uncertainty of this term is larger than others in the budget.

Care must be taken when considering the precipitation and evaporation reanalysis data, which can have large relative uncertainties; however, it was anticipated that this balance would have a small influence over the seasonal cycle and interannual variability. While JRA-55 wind reanalysis performs well compared to the Tropical Atmosphere Ocean observations (Wen et al., 2018), biasing due to ENSO variability will propagate into air-sea flux estimates. Advection terms from the GLORYS reanalysis data exhibit greater divergence in coastal environments where submesoscale processes and terrestrial river influences are not represented and data assimilation is sparse (Lellouche et al., 2023b). However, the SAW, which is the focus in this study, is located at and beyond the shelf break where these divergences are minimized. Processes controlling variability in the surface layer carbonate chemistry can only be inferred with an adequate signal to noise ratio.





3 Results

The results of this study are presented starting with the observed seasonal profiles and interpolated time series used to evaluate the terms in the surface DIC and TA budgets. Next, the seasonal climatologies of the processes controlling the DIC and TA cycles. Then, the annually integrated budget terms are presented with an evaluation of the interannual variability. Following that, the monthly budget source terms are vertically integrated through the mixed layer and long-term trends are evaluated for the MTS. Lastly, decadal variability and shifts in trends in carbonate parameters and controlling factors are presented.



3.1 Climatological carbon cycle

Monthly climatologies of DIC profiles in SAW from 0 – 500 m constructed from in situ MTS illustrate the seasonal cycle in the surface layer, with stronger vertical gradients associated with seasonal stratification and draw down of DIC during Austral summer, whereas DIC at 500 m shows little seasonal variability (Figure 2). Thermal stratification as the MLD shoals in the autumn precedes the biological draw down in summer. Error bars illustrate greater variability in the mixed layer than at lower depths; however, some of the differences across months is due to sampling bias.




Figure 2 | Monthly climatologies of MTS DIC profiles (black) with errors bars representing the standard deviation of the monthly means. Mixed layer depth is given by the red dashed line with the red ribbon indicating the standard deviation of the monthly mean and density profiles determined from Munida CTD are shown in grey.



The uncertainty of the imputed time series of SAW mixed layer DIC, TA, phosphate concentration, temperature, and salinity used to evaluate the inorganic carbon budget is consistent with the measurement uncertainty (Figure 3). While there is divergence between the GLORYS salinity and that measured by the MTS, the variability is consistent between them supporting the use of GLORYS for the budget evaluation. The timeseries of subpycnal DIC and TA generated using the MLR in Equation 2 is consistent with the observations, with the TA showing somewhat larger variability (Figure 4). The trend in subpycnal DIC appears larger than in the surface layer DIC (0.45 μmol kg-1 y-1 vs. μmol 0.25 kg-1 m-1 respectively); however, this is consistent with regional trends in water masses derived from float data (Mazloff et al., 2023).




Figure 3 | Imputed time series (black, 1998–2018) of mixed layer (A) DIC, (B) TA, (C) phosphate, (D) temperature, and (E) salinity at the MTS with observations overlaid (red markers). Note temperature and salinity (black) time series were produced from GLORYS.






Figure 4 | Time series (black, 1998–2018) of estimated of subpycnal layer concentrations of (A) DIC, and (B) TA, in the MTS with observations overlaid (red markers).



The 20-year seasonal climatology of the deconvolved carbon cycle is shown in Figure 5 as monthly rates of change (see Supplementary Figures S7, S8 for corresponding monthly timeseries). The tendency (observed rate of change) and the contribution of each budget term was evaluated by fitting a local polynomial regression (LOESS) of the seasonal cycles for all years of the time series (Hastie et al., 2018). The mean and seasonal maxima and minima for each process are provided in Table 3. The uncertainty of the climatology was fit using LOESS of uncertainties for each timeseries data point that were evaluated as the 95% CI of 1000 Monte Carlo simulations as described above. The climatology in Figure 5 shows a strong influence of horizontal advection, which makes the largest contribution to change in DIC, adding a mean 12.40 ± 0.77 μmol kg-1 m-1. Peak DIC advection occurs during late austral summer (Jan-Feb) with a seasonal maximum rate of 25.56 ± 0.77 μmol kg-1 m-1 driven by strong surface gradients, which weakens to 3.80 ± 0.77 μmol kg-1 m-1 during austral winter when concentrations are high across the region and surface gradients are weakest. Surface gradients in TA are strong zonally across the subtropical front (see Supplementary Figure S5), while the meridional gradients along the mean flow of the Southland Current are weak. The orientation of the gradients relative to the mean geostrophic flow that dominates the transport results in smaller advective transport terms for TA (5.07 ± 0.40 μmol kg-1 m-1) relative to DIC along the Otago shelf.




Figure 5 | Mean seasonal climatology of deconvolved carbon cycle at the MTS with the observed monthly rate of change (tendency, black) and biological processes (net community production (NCP), dark green; and calcification, light green) for DIC (A) and TA (B) also with the monthly rates of change due to physical processes (air-sea gas exchange, red (DIC only); evaporation-precipitation balance (E-P), orange; horizontal advection, dark blue; horizontal mixing, light blue; diffusion at the base of the mixed layer (vertical mixing), purple, and entrainment, navy). Solid lines indicate mean rates of change over seasonal cycle as determined by LOESS fits over the 20-year observations for each process. Ribbons indicate 95% CI about the means. See Equations 1-3 for definition of terms.




Table 3 | Statistics of the seasonal fitted monthly rates of change associated with each budget term (see Equations 1-3 for definitions) including the means (μ), standard deviations (σ), minima, and maxima with units in μmol kg-1 m-1.



Horizontal mixing reduces DIC at a mean rate of 0.73 ± 0.008 μmol kg-1 m-1 while adding a mean 0.43 ± 0.006 μmol kg-1 m-1 TA. Horizontal mixing reaches a maximum rate of 2.52 ± 0.008 DIC μmol kg-1 m-1 and 0.91 ± 0.006 TA μmol kg-1 m-1 in summer. Diffusive fluxes are influenced by stratification and peak in the summer when the vertical gradients across the base of the mixed layer are strongest, adding DIC and TA to the mixed layer from the subpycnal layer below at mean rates of 0.67 ± 0.11 μmol kg-1 m-1 and 0.73 ± 0.07 μmol kg-1 m-1 respectively. The vertical entrainment term accounts for seasonal changes in the MLD due to changes in density, as well as vertical advection at the base of the mixed layer due to surface wind stress (Ekman pumping) and lateral induction, which occurs due to advection across a sloping mixed layer base; consequently, in our model the entrainment term adds and removes DIC from the surface layer, as in the salinity budget evaluations of Vijith et al. (2020). Vertical entrainment reduces the DIC and TA by mean rates of 0.68 ± 0.34 μmol kg-1 m-1 and 0.73 ±0.09 μmol kg-1 m-1 respectively as the MLD shoals in this downwelling dominant system (Stevens et al., 2019). The E-P flux has the smallest impact on the seasonal carbon cycle. Net evaporation in the E-P balance during summer drives a mean increase of 0.2 ± 0.02 μmol kg-1 m-1 in DIC and TA. The air-sea gas exchange term indicates that this region is a net sink for atmospheric CO2 with a mean rate of 1.79 ± 1.28 μmol kg-1 m-1 of DIC per year and a seasonal maximum rate of 3.22 ± 1.67 μmol kg-1 m-1. Absolute maxima and minima values for each budget term in the time series are also provided in Table 3 and shown in Supplementary Figures S9, 10 in the Supplementary Material.

DIC added through air-sea exchange and advection is balanced by biological activity. Net community production and calcification both exhibit peak carbon drawdown in summer. NCP reduces DIC in the surface layer by a mean rate of 9.58 ± 3.42 μmol kg-1 m-1 with a seasonal maximum rate of 28.93 ± 3.42 μmol kg-1 m-1, while calcification reduces DIC at a mean rate of 3.56 ± 3.42 μmol kg-1 m-1 with a seasonal maximum rate of 8.03 ± 3.42 μmol kg-1 m-1. NCP has an opposing effect on TA with a mean rate of 13.19 ± 2.35 μmol kg-1 m-1 and a seasonal maximum of 4.79 ± 2.35 μmol kg-1 m-1, whereas calcification reduces TA at a mean rate of 7.00 ± 2.35 μmol kg-1 m-1with a seasonal maximum of 15.80 ± 2.35 μmol kg-1 m-1.

The seasonal net community production estimates based on observed PO4 concentrations and Redfield stoichiometry [106 mol of carbon consumed for every mol PO4 during organic matter production (Sarmiento and Gruber, 2006)] are consistent using these two approaches, although the PO4 derived values indicate a weaker biological pump (See Supplementary Figure S11 and Section 4.1 for additional details).




3.2 Seasonal integration and interannual variability

Monthly rates of change in mixed layer DIC and TA were integrated through time from the start of each year in the time series to provide cumulative ΔDIC and ΔTA values for each budget term. The changes in DIC and TA resulting from each budget term were used to calculate the corresponding change in pCO2. The effect of changes in water temperature on pCO2 were also calculated and included as a pCO2-specific budget term. The statistics of these cumulative ΔDIC, ΔTA, and ΔpCO2 are summarized in Table 4. Interannual variability (IAV) here is defined as the standard deviation (σ in Table 4) across the 20-year timeseries in the cumulative change in mixed layer DIC, TA, or pCO2 resulting from each budget term. See Supplementary Figure S13 for the mean (LOESS fit) for the cumulative ΔDIC, ΔTA and ΔpCO2 for each budget term with color coded years to illustrate the IAV. The uncertainty of the seasonally integrated changes was evaluated by adding the uncertainty for each monthly term value in quadrature for each year, and then averaging for the mean annual values, resulting in higher uncertainty values than those associated with the MCM and LOESS fitting in the climatology above. The uncertainty in ΔpCO2 was evaluated by adding the change in pCO2 associated with the uncertainties in ΔDIC and ΔTA, with the error estimated using the errors function within the R package seacarb (Jean-Pierre Gattuso et al., 2012; Orr et al., 2018) in quadrature.


Table 4 | Statistics of the annual cumulative change associated with each DIC and TA budget term and the corresponding changes in pCO2, including the mean (μ), standard deviation (σ), minimum, and maximum, with DIC and TA in units of μmol kg-1 and pCO2 in units of μatm.



Table 4 shows that advection and NCP make the greatest contribution to DIC and pCO2 IAV (54% and 59% respectively). These processes account for 26% of TA IAV while calcification is the single most significant process for TA IAV, at nearly 37% (Table 4). Vertical entrainment contributes 13% and 22% to DIC and TA respectively but only 1% to pCO2 IAV. Horizontal mixing contributes 8% to TA and pCO2 IAV and 11% to DIC IAV. The freshwater balance has minor impact on IAV, contributing< 1% to DIC, TA, and pCO2 IAV, and thermal effects on pCO2 contribute 9% to IAV.




3.3 Annual fluxes and long-term variability

Rates of change were integrated through the mixed layer to evaluate the monthly carbon source terms (J) in units of mol C m-2 y-1. Monthly DIC source contributions were then deseasoned and linearly regressed through time to evaluate long term trends for each physical and biological process. Figure 6 shows the monthly carbon source contributions for each term with annual means indicated by red markers and regression slopes as dashed lines. Note that positive values indicate fluxes into the surface layer. Significant trends were found for air-sea flux (0.026 ± 0.006 mol C m-2 y-2), advection (-0.107 ± 0.045 mol C m-2 y-2), and horizontal mixing (0.061 ± 0.018 mol C m-2 y-2) terms. Diffusive and freshwater fluxes were very close to the 0.05 p-value threshold for significance (p > 0.06), with diffusive fluxes increasing at a rate of 0.004 ± 0.002 mol C m-2 y-2 and freshwater fluxes decreasing at a rate of -0.002 ± 0.001 mol C m-2 y-2. NCP and calcification do not show any trend in annual fluxes, despite a long-term trend in remotely sensed chlorophyll of 0.003 ± 0.0009 mg m-3 y-1 (see Supplementary Figure S12).




Figure 6 | Monthly (grey bars) and annual (red symbols) fluxes for each term in the carbon budget integrated through the mixed layer. Positive values indicate fluxes into the surface layer. Trend assessments with uncertainty and p-values are shown where significant (red text, air-sea flux, advection and horizontal mixing) and also when close to a threshold of p< 0.05 (grey text, diffusion and freshwater flux). Note the y-axes are scaled independently for each process to maximize visualization of interannual and decadal variability.



Table 5 shows the summary statistics for the annual carbon fluxes associated with each budget term. Advection represents the largest surface layer flux of DIC in the annual carbon cycle followed by NCP, calcification, air-sea flux, vertical entrainment, horizontal mixing, diffusion and freshwater flux in descending order.


Table 5 | Statistics of annual fluxes (J) associated with each carbon budget term integrated through the mixed layer depth, including the mean (μ), standard deviation (σ), minimum, and maximum, with units of mol C m-2 y-1.



Acidification of SAW at the MTS has occurred concurrently with increasing pCO2 since 1998 (Bates et al., 2014). However, the time series indicates shifting trends over decadal time scales. Multiple methods of change point detection were applied in this study (PELT, CUSUM, BCP, Segmented, and Tree), and all detected a shift in the time series during 2009–2010 (see Supplementary Figures S15-S19 in Section 5). This was the case for both pCO2 calculated from interpolated DIC and TA measurements and surface pCO2 measured in situ (see Supplementary Figure S20). The small change in the decadal trend in atmospheric pCO2 is consistent with the increase in global carbon emissions over these time scales (Friedlingstein et al., 2022). During 1998 – 2010 surface ocean pCO2 at the MTS increased at a rate that was less than one third of that in the atmosphere, suggesting regional biological and physical processes influenced the surface pCO2 trend since the equilibration time scale for air-sea gas exchange is on the order of months. Whereas ΔpCO2 increased by 1.29 ± 0.04 μatm y-1 during 1998 – 2010 (see Figure 7) a significant shift occurred during 2010 – 2018, with no significant trend but instead consistent interannual variability, indicating the ocean was equilibrating with rising atmospheric CO2 during this period. Whereas the trend in atmospheric pCO2 in 2010 – 2018 was 26% higher than in the previous decade, the ocean trend was 322% higher, indicating a substantial change in the processes controlling ΔpCO2.




Figure 7 | Time series of surface ocean pCO2 (blue), atmospheric pCO2 (red), and ΔpCO2 (black) with trends and associated uncertainties given for each decade showing a significant shift in 2010.



As the annual fluxes show no significant trends in net biological activity over this period (see Figure 6), this variability must be caused by changes in physical processes, or alternatively changes in biological productivity outside of the domain affecting advection of DIC through the region. To better understand the effects of decadal variability on the air-sea gas exchange, pCO2 was recalculated from the changes in temperature (thermal-corrected), changes in DIC from advection (advection-corrected), and also changes in DIC from horizontal mixing (mixing-corrected). Annual fluxes were then evaluated using these corrected pCO2 values following the detrending of the associated process with the inclusion of changes in solubility [K0(T,S)]. Figure 8 shows the effects of long-term trends in advection, temperature, solubility and mixing on the surface pCO2 gradient (9A) and the annual flux (8B). Note the mean seasonal cycle was removed from the temperature-corrected pCO2 values to show only the interannual and long-term variability. This indicates that warming accounted for an average reduction in surface CO2 flux of 40%, while changes in advection have increased the CO2 flux by 29%. Changes in mixing, assumed to be associated with variation in advection along the Southland Current and STF zone, had a smaller impact, reducing the CO2 flux by 8%. Changes in solubility imparted the smallest change, reducing the CO2 flux by 1%.




Figure 8 | Timeseries of (A) the observed ΔpCO2 (black), with ΔpCO2 resulting from corrected advection (red), temperature (light blue),  horizonal mixing (dark blue); and (B) annual fluxes of carbon due to the observed air-sea gas exchange (black) and the mean annual flux if there were no long-term changes in advection (red), solubility (light blue), temperature (grey) or horizontal mixing (dark blue).



The small changes in surface gradients of DIC suggest that weakening of the Southland Current is the primary driver of weaker advective fluxes (See Supplementary Figure S22). This is supported by the decadal trends of lower mean velocities in the mixed layer along the Southland Current (See Supplementary Figure S21). Regional evaluation of the heat and salinity budgets also indicated weakening advection along the Southland Current (Vance, 2023), which contributed to the thermal influence on pCO2 and surface fluxes.

Detrended cross correlation analysis (DCCA) quantifies the cross-correlation between nonstationary time series (Zebende, 2011), and was used here to assess the potential role of climate-scale variability on these estimated changes in surface layer carbon dynamics. DCCA was applied to the mixed layer temperature (MLT), salinity (MLS), DIC, DIC gradients (dCdx- zonal and dCdy - meridional), ΔpCO2, DIC advection term, and the velocity of the surface layer along the Southland Current (SC), to evaluate the cross-correlation with both the Southern Annular Mode (SAM) and Southern Oscillation Index (SOI). This approach provides cross-correlation over a range of frequencies. Here frequencies from 3 to 252 months were used to correspond to the duration of the MTS. Figure 9 shows the correlation coefficients between climate indexes and anomalies for each parameter after the seasonal cycle was removed. This analysis indicates some correlation in advection, DIC, SC, dCdx, dCdy, MLT and MLS in the 2- to 5-year frequency that is consistent with the ENSO-SOI time scale. Long-term changes in the Southland Current velocity appear to be strongly correlated with the SAM. Warming over the 20-year record, as shown in MLT, is partly correlated with the SAM while being anticorrelated with the SOI over that time scale. MLS is also anticorrelated with the SOI over this 20-year time scale. The DIC shows a correlation with the SOI, as does the advection term, while a correlation between SAM and advection is lacking over longer time scales suggesting long-term changes in surface gradients may contribute to changes in advection. However, when removing decadal variability from the gradients (dCdx and dCdy) the change in advection is not significant (See Supplementary Material Section 6).




Figure 9 | Detrended cross correlation coefficients between the advection of DIC, Southland Current velocity (SC), surface layer DIC concentration, ΔpCO2, zonal (dCdx) and meridional (dCdy) surface gradients in DIC, mixed layer temperature (MLT) and mixed layer salinity (MLS) and the Southern Annular Mode (SAM, black) and the Southern Oscillation Index (SOI, grey). Coefficients indicate the degree of correlation between time series at the given frequency (x-axes).







4 Discussion

The seasonal cycles presented in this study differ somewhat from previous estimates using a 13C-based diagnostic box model based upon 11 years of data collected in the MTS (Brix et al., 2013). The Brix (2013) evaluation indicated that NCP was the dominant DIC source term in the annual budget with diffusion and air-sea gas exchange contributing significantly, while horizontal advection and entrainment terms were less significant (less the 10% each). This updated analysis, incorporating an additional 9 years of data, confirms NCP as an important source term for the DIC budget, but conversely suggests that diffusion plays a smaller role in the annual budget. The mean annual NCP flux of 2.03 ± 3.10 mol C m-2 y-1 is greater than the 1.2 ± 0.7 mol C m-2 y-1 reported by Brix et al. (2013) but is consistent with the range of 1.2 ± 2.6 mol C m-2 y-1 reported by Jones (2012) for this region. These three estimates have large relative uncertainties, suggesting a high amount of variability, which is consistent with NCP being a dominant IAV term in the surface layer carbon cycle. The mean advective flux of 5.49 ± 1.02 mol C m-2 y-1 is greater than reported in that same study (Brix et al., 2013); however, dynamics were simulated in that study using a regional model that was poorly constrained with limited measurements outside of the Munida transect for estimating surface gradients. The mean air-sea gas exchange term presented here (0.84 ± 0.62 mol C m-2 y-1) is consistent with the 0.9 ± 0.1 mol C m-2 y-1 estimated over the period 1998 – 2010 (Brix et al. (2013). The difference in diffusion can be attributed to differences in the estimates of the vertical DIC gradient at the base of the mixed layer and the diffusivity parameterization. The MLR approaches used to estimate subpycnal DIC and TA concentrations lead to relatively larger uncertainty in the gradients at the base of the mixed layer affecting both the entrainment and diffusion estimates. Brix et al. (2013) did not parameterize horizontal mixing due to eddies, impacting the physical transport terms and thus the NCP estimates as well. Turbulence along the Southland Current likely drives mixing across the STF where zonal gradients between subtropical and subantarctic waters are steep, suggesting this is an important term to include in the carbon cycle evaluation (Vance, 2023). Additionally, the Brix model used a Heavyside function for entrainment that only allowed for the addition of DIC during deepening of the MLD (Gruber et al., 1998), whereas the detrainment term was used in this study, as in Cronin et al. (2015) and Yang et al. (2021).

The additional years of MTS observations and the availability of ancillary data also provided the opportunity to evaluate interannual to decadal-scale variability in the carbon cycle and impacts on regional acidification. However, during the seasonal integration to evaluate the dominant drivers of IAV there were several instances where the IAV was smaller than the uncertainty of mean annual contribution, making it difficult to attribute the process contribution to IAV. For each of the DIC, TA and pCO2 budgets this was the case for NCP, due to the large uncertainties associated with the residual following all other processes in the budget evaluation. This was also the case for calcification in the DIC and pCO2 budgets. Annual changes due to air-sea CO2 flux in the DIC budget and vertical entrainment in the pCO2 budget were of similar magnitude as their corresponding IAV. While the MLR approaches used for interpolation in this study have been shown to constrain IAV well, the uncertainties can become large when considering all sources, illustrating the limitation of this approach for deriving the contribution of individual processes to IAV in the carbon cycle. The significant long-term trends calculated for air-sea flux, advection, and horizontal mixing had uncertainties of 2%, 42%, and 30% respectively, providing greater confidence when considering their contributions to decadal variability in the carbon cycle relative to the other processes with higher uncertainty.



4.1 Regional acidification and carbon sink variability

This region remains a persistent sink for atmospheric CO2, which is increasing at a mean rate of 0.026 ± 0.006 mol C m-2 y-2. While long term increases in DIC and acidification are primarily driven by uptake of anthropogenic CO2 emissions, this budget evaluation indicates that advection contributed significantly to variability over seasonal to decadal time scales. The weakening advective flux of DIC in the region resulted in lower ocean pCO2, effectively maintaining the efficiency of the regional carbon sink. The mean ΔpCO2 over 2010 - 2019 was -21.2 μatm, which would have been reduced by over 42% to -12.2 μatm had there been no decline in DIC transport. An important conclusion of this is a mitigating effect on regional acidification. Detrending the advective flux component from the DIC and recalculating the pH indicates that the changes in regional ocean circulation have maintained the regional pH 0.011 ± 0.003 higher than it otherwise would have been due to atmospheric forcing alone.

This lowering of pCO2 by reduced advection was partly offset over the same time scale by increasing heat and salt content, which lowered CO2 solubility and resulted in higher pCO2 values, weakening ΔpCO2 and the air-sea flux. Decadal variability indicated K0(T,S) was weakly increasing during 1998–2010 then decreasing at a greater rate after 2010 (See Supplementary Figure S23). When accounting for the temperature change alone the pCO2 would have declined over 1998 – 2010 by 0.86± 0.2 μatm y-1 and then increased by 1.57 ± 0.3 μatm y-1 from 2010 – 2019. DIC increased significantly during 1998–2010 at a rate of 0.71 ± 0.15 μmol kg-1 y-1 (p< 3e-6) when temperatures were cooling, and solubility was increasing (See Supplementary Figure S23) but then slowed after 2010 to 0.26 ± 0.55 μmol kg-1 y-1 (p > 0.2) during a period of warming (0.1°C yr-1) concurrent with the declining advection. The changes in heat and density over these timescales are also apparent in the sea surface height anomalies for the region (See Supplementary Material), which is also reflected in the geostrophic flow, the primary component of the overall advective flux. Changes in advection of DIC are more consistent with changes in the geostrophic flow than variability in the horizontal gradients over these decades.

While seasonal and interannual variability is primarily controlled by advective fluxes and biological production, decadal variability appears to be largely affected by the regional heat budget, air-sea gas exchange and ocean circulation controlling DIC transport.




4.2 Regional dynamics and climate sensitivity

The dominant advection term in this regional carbon budget is primarily driven by the strong geostrophic transport of the Southland Current, which primarily delivers SAW (90% of flow) along the shelf break with a mean transport of 10 Sv +/- 1 Sv seasonally (Sutton, 2003; Fernandez et al., 2018). The DCCA shown in Figure 9 indicates a strong correlation between the Southland Current velocity and the SAM; however, the mechanism for this is not clear. Additionally, the correlation between advection and SAM is less apparent, particularly over longer time scales, while the correlation is stronger over these time scales to the SOI.

Fernandez et al. (2014) reported a positive trend in transport along the confluence of STW and SAW southeast of New Zealand with increasing eddy kinetic energy (EKE); this is consistent with more recent analyses of Argo floats, satellite altimeters, and model ensembles that identified accelerating flow along the SAF associated with spin-up and poleward shift of the South Pacific Subtropical Gyre (Shi et al., 2021). The thermally driven zonal acceleration observed in the ACC (and SAF) also indicates opposing trends just north of the SAF (Shi et al., 2021). One potential explanation for the weak downward trend in advection reported here is that the increased zonal flow of the ACC and increased EKE along the SAF, and Campbell Plateau in particular, may be weakening the deep water boundary current along the deep pathway of the SC formation. Additionally, the poleward migration of the EAC and its extension, as well as the associated increasing EKE west of the South Island, may be impacting the gradients in sea surface height and the shallow pathway of SC formation on the western margin of the Campbell Plateau (Li et al., 2022). However, further research is needed to better understand the drivers of SC variability.

The temperature and strength of the Southland Front, the subtropical front along the southeast shelf of New Zealand and SC, are correlated with ENSO, decreasing during El Nino and increasing during La Nina events (Hopkins et al., 2010). Hopkins et al. (2010) also indicate correlation between the strength of the SC and ENSO variability associated with the regional temperature gradients, which is consistent with the findings here. This would also support the positive correlation between DIC advection and SOI during la Nina episodes when advection is stronger. Conversely, the SOI is strongly negatively correlated to MLT, MLS and the surface pCO2, as shown by the DCCA (Section 3.3). While the SOI also shows a strong correlation with the DIC gradient, the changes in gradients over decadal time scales are less significant compared to changes in circulation when assessing the impact on advection.

Eastward flow of the ACC is interrupted by the submarine topographic features the Maquarie Ridge and the Campbell Plateau south of New Zealand, diverting the SAF northward (Morris et al., 2001). A Lagrangian modelling study showed that these and other topographic features in the Southern Ocean are important in delivering DIC-enriched waters from 1000 m depth to the surface through upwelling (Brady et al., 2021). Antarctic Intermediate Water (AAIW) originating from the SAF is present below 250 m beyond the shelf break at the MTS and has been shown to mix with surface water (Jillett, 1969; Chiswell et al., 2015). The Brady et al. (2021) study indicated AAIW contributes nearly 50% of upwelled DIC on the Campbell Plateau (versus 46% from Circumpolar Deep Water). These dynamics illustrate the connection of the southeastern shelf of New Zealand to the broader Southern Ocean and the pathway for advection of higher DIC into the region. However, while vertical entrainment contributed significantly to IAV there was no indication of long-term trends in that budget term. The entrainment flux term is also primarily driven by downwelling favorable winds across this region (Stevens et al., 2019).

The horizontal mixing term in this budget represents turbulent mixing, which is important along this strong frontal zone as indicated by its contribution to IAV, as well as a long-term increase in its contribution to the DIC concentration. Heat and salt budget analyses using a regional ocean model indicated that submesoscale eddies develop along the Southland Current and are an important feature driving mixing along the STF (Vance, 2023). Thus, here the horizontal mixing term represents the mixing of lower DIC and higher TA STW across the STF lowering the DIC in the SAW at the MTS station. The mixing term was typically negative prior to 2010, however concurrent with the weaker advection, warming temperatures, and weaker zonal gradients, this term shifts to a more neutral trend.

While the regional ocean pH continues to decline at a rate of approximately -0.016 pH units per decade due to the absorption of atmospheric CO2, it is not yet clear how that rate will evolve over future decades due to the complex processes controlling variability, as illustrated in this study. Current model projections indicate the Southern Ocean will continue to warm, driving changes in circulation and ventilation, and surface ocean pH around New Zealand may decline by as much as 0.3 by 2100 (Law et al., 2017; Negrete-García et al., 2019; Wang et al., 2022). New Zealand’s marginal seas are highly sensitive to changes in the South Pacific western boundary current system and Southern Ocean dynamics. Using estimates from biogeochemical profiling ARGO floats, Mazloff et al. (2023) showed that the upper 750m of the SAW, including the formation of SAMW, show some of the strongest acidification rates in excess of -0.02 pH units per decade due to being recently ventilated and equilibrated with high anthropogenic atmospheric CO2, further illustrating the higher relative sensitivity for this region to continued CO2 emissions.

This study underscores the value of maintaining the long-term Munida Time Series observations. These repeat measurements are required to understand natural variability and detect long-term trends, which are critical to developing strategies to address climate change. Such observational data are also critical for informing model development, to better understand the large-scale and complex interactions that control variability, such as those between the regional carbon cycle and climate indices as investigated here, and also to resolve decadal variability.





5 Conclusion

Twenty years of data from the Munida Time Series were used to evaluate the drivers of variability in the surface ocean carbon cycle over seasonal to decadal time scales. Observations of carbonate chemistry, meteorological conditions, and reanalysis of ocean physics were used to constrain the physical processes in a mass-balanced surface layer carbon budget to diagnostically assess the contributions from air-sea gas exchange, surface freshwater fluxes, physical transport processes, and biological productivity.

The results presented highlight that understanding future changes in the efficiency of the ocean sink for anthropogenic CO2 and associated acidification rates requires characterization of biogeochemical and physical processes across a range of scales. Developing the connection between regional and larger basin-scale ocean processes is critical to understanding drivers of spatiotemporal variability, sensitivity to climate change and enhancing the predictive power of models. While the MTS record is long enough for decadal patterns to emerge, it is not yet long enough to fully resolve decadal variability and further research is needed to better understand correlations between regional and climatological variability. Ongoing monitoring and additional observational sampling to better constrain ocean and Earth system model simulations will contribute to reducing uncertainty in future climate projections, aiding the development of targeted mitigation strategies to address climate change and ocean acidification.
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Introduction

This study investigated the variability and main drivers of the carbonate system in Gayraca Bay and Chengue Bay, located on the northeastern Caribbean coast of Colombia, through monthly measurements of partial pressure of CO2 (pCO2), pH, total alkalinity (TA), and dissolved inorganic carbon (DIC) from 2017 to 2022. Statistical analyses and Taylor series decomposition were employed to determine the seasonal and interannual contributions of sea surface temperature, salinity, TA, and DIC to changes in pCO2, pH, and calcium carbonate saturation state (Ω).





Results

The results showed significant seasonal variability influenced by annual changes in coastal upwelling, rainfall, and river runoff. Low/high pH and Ω values were associated with high/low DIC and TA values during the dry and wet seasons, respectively, while pCO2 exhibited an opposite pattern. During El Niño, negative anomalies in coastal upwelling produced negative anomalies in pCO2 and positive anomalies in Ω, DIC, and TA. Conversely, during La Niña, alternating periods of positive rainfall and upwelling anomalies were observed. Higher rainfall corresponded to negative anomalies in pCO2, DIC, and TA and positive anomalies in Ω, whereas stronger upwelling led to opposite trends. In early 2022, undersaturated levels of Ωcalc and Ωarag (<1) were observed, which could affect coral calcification and pose risks in future climate change scenarios. Taylor series decomposition analysis identified TA and DIC as primary drivers of carbonate system variability, modulated by seasonal and interannual changes in rainfall and river runoff, which are influenced by ENSO events. The observed trends in pH and pCO2 were driven by a decrease in DIC and TA, attributed to increased river runoff, contrasting with typical ocean acidification trends driven by rising atmospheric CO2 levels.





Discussion

This highlights the region's unique dynamics and underscores the importance of local studies. This study provides a novel 6-year time-series dataset for the carbonate system in the Colombian Caribbean, offering a valuable baseline for assessing the impacts of global warming and ocean acidification in the region.
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1 Introduction

Ocean acidification (OA), a reduction in pH caused by the absorption of atmospheric CO2, alters the carbonate balance (Feely et al., 2004; Orr et al., 2005; Fabry et al., 2008; Doney et al., 2009a). Rising water temperatures and OA threaten the long-term health of calcifying organisms and the persistence of coral reef ecosystems (Silverman et al., 2009). In coastal zones and shallow environments, OA is exacerbated by highly variable coastal processes influenced by multiple factors, including freshwater and nutrient inputs, biological processes, and upwelling (Doney et al., 2009a; Rheuban et al., 2019; Cai et al., 2021; Wright‐Fairbanks and Saba, 2022). Despite their importance, the impacts of these factors have been poorly studied in tropical areas, especially in Latin America. Furthermore, the magnitude of the sinks and the degree of acidification in marine shelf areas are not accurately known, mainly due to limited time series and higher natural spatiotemporal variability compared to that of open ocean systems (Omar et al., 2019).

Carbonate chemistry variability in tropical areas caused by seasonal upwelling has been observed in the Gulf of Papagayo (Sánchez-Noguera et al., 2018), Gulf of Tehuantepec (Chapa-Balcorta et al., 2015), and Galapagos Islands (Manzello et al., 2014). However, little is known regarding how regional upwelling affects the variability of the carbonate system in these important regions or the Caribbean. Indeed, few Latin American countries with tropical coastal zones have produced robust time series with high-quality data on carbonate system variables, although Mexico (Hernández-Ayón et al., 2003, 2013; Norzagaray-López et al., 2013, 2015, 2017; Chapa-Balcorta et al., 2015), Costa Rica ( (Sánchez-Noguera et al., 2018), and Brazil (Parard et al., 2010; Valerio et al., 2021) are notable exceptions, and modeling information is available for the region (Takahashi et al., 2002; Doney et al., 2009b; Gallego et al., 2018; Gregor and Gruber, 2021).

In the northern Caribbean, a 17-year dataset was generated with ships of opportunity, which has been used to evaluate decadal trends and patterns of the inorganic carbon cycle and OA (Wanninkhof et al., 2020). Gledhill et al. (2008) compiled satellite data, modeling results, and measurements from ships of opportunity and geochemical prospecting efforts in the Greater Caribbean region, such as those conducted within the World Ocean Circulation Experiment program (WOCE 22 and AR01) and Eastern Boundary Current cruise (ABACO). Woosley et al. (2016) evaluated a transect in the western Atlantic (centered at 66° W, between 11° and 40° N) to analyze anthropogenic carbon capture and storage. Astor et al., 2005, 2013) examined the variability of DIC and CO2 fugacity (fCO2) in the Cariaco Basin, off Venezuela. Tigreros (2013) studied the north-central Colombian Caribbean Sea, reporting that the average partial pressure of CO2 (pCO2-sea) was greater than the atmospheric partial pressure of CO2 (pCO2-atm). Given this difference, the system attains equilibrium by releasing CO2 into the atmosphere. Despite these advances, uncertainty still surrounds the carbonate system in the Caribbean region.

The Tayrona National Natural Park (TNNP) is located within the Southern Caribbean Upwelling System (Correa-Ramirez et al., 2020), which covers the northern part of Colombia and Venezuela. Upwelling and terrestrial runoff converge in the TNNP, resulting in seasonal and interannual variability (Bayraktarov et al., 2014). During the upwelling season, the region acts as a source of CO2 to the atmosphere (Astor et al., 2005). Interannual variability in pCO2 is positively related to sea surface temperature (SST), and low but significant correlations between SST and the Atlantic Multi-decadal Oscillation (AMO) and El Niño Southern Oscillation (ENSO) have also been identified (Astor et al., 2013). The TNNP is representative of the biodiversity of the coral formations in Colombia and provides habitats for many fish species and benthic organisms.

Carbonate system drivers have been investigated worldwide (Lovenduski et al., 2007; Doney et al., 2009b; Gallego et al., 2018; Gregor and Gruber, 2021). Although multiple studies have investigated these drivers in temperate regions (Rheuban et al., 2019; Da et al., 2021; Wright‐Fairbanks and Saba, 2022), the drivers behind the seasonal cycle and interannual variability have not been documented in tropical zones, such as the Caribbean, where the sea theoretically behaves as a CO2 source (Takahashi et al., 2002). Thus, this study aimed to understand the spatiotemporal variation of the carbonate system in the TNNP, including the effects of local (river runoff and seasonal upwelling) and regional (ENSO) drivers. This survey provides a novel dataset (2017–2022) composed of monthly data on the carbonate system and meteorological, hydrological, and oceanographic variables for the northeastern Colombian Caribbean, thus establishing a baseline to study the effects of global warming in the region.




2 Methodology



2.1 Study area

This study was conducted in the Gayraca and Chengue Bays of the TNNP (Figure 1), located within a coastal complex formed by the entrance of the sea in the northwestern Sierra Nevada de Santa Marta (Garzón-Ferreira et al., 2004). The continental shelf of the TNNP is narrow, with depths of 200 m within 2 km from the coast. The TNNP is a biodiversity hotspot in the Caribbean, hosting 500–1000 benthic species, including mollusks, echinoderms, corals, and sponges (Miloslavich et al., 2010), as well as coral communities, seagrass meadows, and mangrove ecosystems in its capes, inlets, and bays (Bayraktarov and Wild, 2014). The western sides of the bays are more exposed to wave action, with the more protected eastern areas hosting complex and species-rich coral formations dominated by massive colonies (Díaz et al., 2000). Coral and crustose coralline algae coverage is higher in the exposed areas of the bays than in the protected areas (Eidens et al., 2014).




Figure 1 | Map with bathymetric contours of the Gayraca and Chengue Bays in the Tayrona National Natural Park (TNNP). Triangles represent exposed areas, while circles indicate sheltered areas (A). Climatological average of the sea surface temperature (SST, °C) for the Caribbean Sea in February (17 years, 2003–2019) (B). The black box shows the location of the study area in the continental Colombian Caribbean (northeastern Caribbean Coast of Colombia). The red box indicates the location of the TNNP (C). The temperatures of the waters influenced by the Magdalena River and the Ciénaga Grande de Santa Marta are also shown.



From December to April (boreal winter) and July to August (known as Veranillo de San Juan), periods of low precipitation and trade wind intensification occur in the TNNP (Salzwedel and Müller, 1983; Diaz-Pulido and Garzón-ferreira, 2002; Sarmiento-Devia et al., 2013; Correa-Ramirez et al., 2020). Wind intensification results in La Guajira upwelling, which forms part of the western South Caribbean Upwelling System (Figure 1B). In the southeastern Caribbean, La Guajira upwelling raises cold subsurface waters (average of 24–25.5°C; Correa-Ramirez et al., 2020) belonging to Subtropical Underwater (SUW) with distinct biogeochemistry (Cervantes-Díaz et al., 2022) from those of the surrounding Caribbean surface waters (average temperature of 26.5–28°C). A minor rainy season and weakened winds are present from May to June (Sarmiento-Devia et al., 2013). The highest precipitation due to the migration of the Intertropical Convergence Zone (ITCZ) occurs from September to November. This migration also alters wind intensity and intensifies terrestrial runoff (Bayraktarov et al., 2014).

The mouth of the Magdalena River (Bocas de Ceniza and Boca de la Ciénaga Grande de Santa Marta; Figure 1C) is located in the southwestern region of the study area. The Magdalena River extends 1613 km, and its drainage basin covers 257.438 km2. The Magdalena River flows northward through Colombia and discharges into the Caribbean Sea (annual discharge of 228 km3). According to data from the Calamar station (112 km upstream), the average annual flow rate of Magdalena River discharge is 7200 m3·s-1, with low average discharge (4068 m3·s-1) in March and high average discharge (10287 m3·s-1) in November (Restrepo and Kjerfve, 2000). ENSO affects the rainfall regime in the Colombian Andes (Poveda and Mesa, 1997), where the Magdalena River originates, and is strongly associated with the interannual variability of Magdalena River discharge. Precipitation increases when negative Oceanic Niño Index (ONI) anomalies are recorded in the Pacific Ocean (cold phase-La Niña), resulting in increased flow (Poveda and Mesa, 1996). When positive ONI anomalies are recorded (warm phase-El Niño), precipitation decreases, negatively affecting flow rates. The ENSO phenomenon explains up to 65% of the interannual variability in the flows of the main rivers in Colombia that discharge into the Caribbean Sea (Restrepo and Kjerfve, 2000; Gutiérrez and Dracup, 2001). The flow rates associated with negative ONI anomalies of the La Niña phase exceed 12000 m3·s-1, whereas the flow rates associated with the positive ONI anomalies of the El Niño phase range from 2000 to 3000 m3·s-1 (Restrepo and Kjerfve, 2000).

In addition to the Magdalena River (which enters this swampy complex through channels on the western side), the Fundación, Aracataca, and Sevilla Rivers descend from the Sierra Nevada de Santa Marta and discharge in the southern and eastern sides of the Ciénaga Grande de Santa Marta lagoon. The flow through the mouth of the Ciénaga Grande de Santa Marta, called Boca de la Barra, ranges from 200 to 700 m3·s-1 throughout the year (Ricaurte-Villota et al., 2018). The contributions of continental water and those from the Magdalena River primarily reach the study area during the intense rainy season from September to November, when the northeast trade winds weaken and the coastal counter-current strengthens (Pujos et al., 1986). Romero-Rodríguez et al. (2017) also noted these patterns in the climatology of the Magdalena River sediment plume extension in data from the MODIS sensor (555-nm band).




2.2 Data collection and processing

To assess the spatiotemporal variation of the carbonate system in the TNNP related to climatic and oceanographic forcings, measurement stations were established in the exposed and protected areas of the Gayraca and Chengue Bays (Figure 1C). Field measurements were taken monthly between March and November 2017, January and November 2018, March and December 2019, February 2020 (due to the COVID-19 pandemic), October and December 2020, March and December 2021, and January and October 2022 and complemented with satellite and ONI data.



2.2.1 Climatic and oceanographic forcing

To assess the forcings that influence the variability of the carbonate system in the study area, we analyzed monthly meteorological (wind and precipitation), hydrological (Magdalena River flow rates), and oceanographic (SST, salinity, and dissolved oxygen) data. Wind speed data from a point near the study area (11° 30´ N, 74° 15´ W), which were also used to calculate the upwelling index and monthly climatological analysis, were obtained from the fifth-generation ERA-5 reanalysis dataset (Hersbach et al., 2023) available on the Copernicus platform; these data have a spatial resolution of 0.25° x 0.25° and an hourly temporal resolution.

We calculated the upwelling index, which considers the volume of water transported per unit of time and distance along the coast, to determine the contribution of upwelled water to the study area. We followed the methodology of Bakun (1973) and calculated Ekman transport as follows (Equation 1):



where ρ is the air density (ρ = 1.2 kg·m³), f is the Coriolis parameter (f), and     are the wind stress components calculated via the wind speed for each west-east ( ) and north-south ( ) component (Equation 2). Monthly ERA-5 wind data were used.



where ρa = 1025 kg·m³ is the water density and Cd is the drag coefficient (Cd = 1.4 x 10-3). Based on the results obtained for the zonal and meridional Ekman transport (Qx and Qy), the upwelling index was calculated for each month (2017–2022; Equation 3):



theta (θ) is the mean angle between the shoreline and the equator (37.82°).

The rainfall data for the study period were obtained from the Institute of Hydrology, Meteorology, and Environmental Studies (IDEAM)1 Aeropuerto Simón Bolívar station. The monthly flow rates of the Magdalena River and its monthly climatological patterns, which were used as an indicator of terrestrial runoff, were calculated from the 2007–2022 time series of the IDEAM2 Calamar station.

The annual SST cycle was derived from a 15-year time series (2007–2022) of the Global Ocean OSTIA Sea Surface Temperature and Sea Ice Analysis product (Good et al., 2020) obtained from the Copernicus Marine Service (CMEMS)2, with a spatial resolution of 1/20° (~6 km) and daily temporal resolution. The annual sea surface salinity (SSS) cycle for 2007–2022 was obtained from the Global Ocean Physics Reanalysis and Global Ocean Physics Analysis and Forecast products, also available from the Copernicus Marine Service platform. This reanalysis had a spatial resolution of 1/12° (~9 km) and daily temporal resolution.

To analyze temperature, salinity, and dissolved oxygen from 2018 onward, we used in situ measurements from a CTD system (Conductivity, Temperature, Depth) composed of a CTD SBE 19Vplus unit (Sea-Bird Scientific, Bellevue, USA) equipped with sensors for pressure (SBE-19P, initial accuracy ± 0.1% of full-scale range), temperature (SBE19plusV2, initial accuracy ± 0.005°C), conductivity (SeaCAT Profiler, initial accuracy ± 0.0005 S/m), and dissolved oxygen (SBE-43, initial accuracy ± 2% of saturation). These sensors were calibrated at SBE headquarters on multiple occasions: November 2014, July 2017, December 2018, and September 2019. The CTD data were post-processed according to standard practices using Sea-Bird Data Processing software3. From temperature and salinity data throughout the water column, we identified the water masses in the study area during different climatic seasons by plotting potential temperature against absolute salinity (Ɵ-SA diagram), following the classifications proposed by Emery and Meincke (1986); Giraldo (1994), and Hernandez-Guerra and Joyce (2000). Dissolved oxygen was used as a water mass tracer.

To evaluate interannual changes related to ENSO, we used ONI4 data from 2017 to 2022 and compared them with the deseasonalized standardized anomalies of carbonate system variables for the exposed Gayraca site. Spearman correlations (95% confidence) between the ONI and carbonate system variable anomalies were calculated using Minitab v. 21.1.0.




2.2.2 Carbon biogeochemistry and saturation state in the Tayrona National Natural Park

To study carbonate biogeochemistry, pH profiles (NBS scale) from the surface to approximately 20 m were generated from the data collected with the CTD fitted with a pH sensor (SBE-18, ± 0.1 pH stated accuracy achievable with frequent field calibrations). The on-site sensor calibration followed the no. 18-15 application note for SBE 18, using three standard pH buffer solutions (pH 4.01, 7.00, and 10.00) provided by WTW, a division of Thermo Fisher Scientific. This sensor was also calibrated at the SBE main facility in March 2017, July 2017, and December 2018. The NBS scale was utilized as the CTD, and its calibration solutions are standardized for this scale.

Water samples were collected from the surface layer at each station using 5-L Niskin bottles to measure pH, dissolved inorganic carbon (DIC), and total alkalinity (TA) in the laboratory. Each sample was transferred to a 40-ml amber borosilicate bottle with double septa and fixed with 10 µl (i.e., the minimum recommended amount) of mercury chloride (HgCl2) solution (Dickson et al., 2007). The samples were refrigerated until arriving in the laboratory, where they were preserved at 4°C for analysis. The DIC concentration was analyzed following the coulometric method described by Johnson et al. (1987) with an uncertainty of 3.0 µmol·kg-1 in the Oceanographic Research Institute (IIO-UABC). Certified reference material (CRM AG Dickson, Scripps Institution of Oceanography) was used to ensure accurate readings (≤0.15%). The reference material resulted in an average relative difference of 2.2 ± 1.1 µmol·kg-1, with a maximum of 4 µmol·kg-1 (0.2% error), compared to the certified value. Meanwhile, TA was measured using the open-cell potentiometric titration method at the Marine Environmental Quality Laboratory (LabCAM) of the Institute for Marine and Coastal Research (Bernal et al., 2021) with an uncertainty of 4.0 µmol·kg-1. The carbonate system variables measured in situ were compared with meteorological, hydrological, and oceanographic information to understand their influence on these variables. Aragonite (Ωarag) and calcite (Ωcalc) saturation levels were calculated with CO2sys v2.3.xls (Lewis and Wallace, 1998), using discrete measurements of SST, salinity, DIC, and TA (Orr et al., 2018). Additionally, the Millero constants were applied because they are suitable for the NBS scale and coastal estuarine environments (Millero, 2010), which are characterized by notable variations in salinity driven by freshwater runoff.




2.2.3 Partial pressure of CO2 and ocean-atmosphere CO2 fluxes

The pCO2 data were measured in situ using a Pro-Oceanus CO₂-Pro probe (Bridgewater, Canada) at the surface and bottom in the exposed and protected areas of each bay and compared with those calculated by the couple DIC-TA using CO2sys_v2.3.xls (Lewis and Wallace, 1998). This dataset initially showed similar values; however, by the end of the record (2022), the measured values diverged from the calculated values in both magnitude and trend. As a result, the calculated values were chosen for analysis. These discrepancies may have been caused by sensor drift or calibration errors over time. Additionally, factors, such as debris o water pollution, could have impacted the in situ pCO₂ measurements. The wind speed in each area was measured in situ on each side of each bay using a GM816 BENETCH digital handheld anemometer (Palo Alto, USA), which also measured air temperature.

The CO2 flux in the ocean-atmosphere interface (FCO2) was determined using the following equation:



where K0 is the CO2 solubility coefficient in seawater (mol L-1 atm-1); determined according to (Weiss, 1974) as a function of SST (°K) and SSS; Kw is the gas transfer velocity (cm hour-1), calculated using the equation of Wanninkhof (2014); pCO₂sw is the pCO₂ at the surface (measured in this study); and pCO₂atm is the pCO₂ in the atmosphere, which was obtained from the Ragged Point measuring station (Barbados) of the Earth System Research Laboratories of the NOAA Global Monitoring Network (Lan et al., 2024). This station was the closest to the study area and exhibited similar conditions to those in the Caribbean. A positive FCO2 value indicates that more CO2 is present in the ocean than in the atmosphere. Under these conditions, the ocean acts as a CO2 source. In contrast, negative values indicate that more CO2 is present in the atmosphere than in the ocean, with the ocean acting as a CO2 sink.




2.2.4 Underlying drivers of the carbonate system

To determine the main underlying drivers of the pCO2, pH, and Ω variability in the study area, a first-order Taylor series decomposition method was used for pCO₂, pH, and Ωarag, considering the influence of temperature (T), salinity (S), DIC, and TA. This type of decomposition has been used in other marine carbonate system studies (Lovenduski et al., 2007; Doney et al., 2009b; Gallego et al., 2018; Wright‐Fairbanks and Saba, 2022).

The interannual and seasonal surface-water anomalies for any variable X´ (  can also be expanded linearly for all variables under consideration:



where





where





where



In addition, freshwater precipitation and evaporation drive correlated variations in surface water DIC´ and TA´, which have opposite effects on pCO2. To remove this effect, we use the modified method of Lovenduski et al. (2007), normalizing DIC and TA by salinity (nDIC and nTA, respectively), using (Equation 11), with average salinity represented by Salref:



The monthly anomaly of the variable after removing the mean monthly climatology (X0; i.e., mean January or mean February), given by X´= X – X0, was used to evaluate change on the interannual time scale. The partial derivative SFW corresponds to the freshwater driver that includes the direct effect of changes in salinity on pCO2, pH, and Ωarag and the indirect effect caused by changes in surface DIC and TA (Lovenduski et al., 2007; Doney et al., 2009b; Hauri et al., 2013; Franco et al., 2021). To calculate the partial derivatives, we used the derived routine for CO2SYS-MATLAB (Orr et al., 2018).

Instead of using the deseasonalized series for the seasonal analysis, monthly averages were calculated, and the difference between these and the total average (seasonal amplitude) was used.

Finally, we evaluated differences in conditions between the Gayraca and Chengue Bays and between exposed and sheltered stations with a non-parametric Mann–Whitney test in Minitab v21.1.0. No significant differences were present between the exposed and protected areas of each bay or between the Gayraca and Chengue Bays (see Supplementary Material). Both sites displayed similar patterns; thus, we only describe Gayraca Bay in this study. The results for Chengue Bay can be found in the supplementary material.






3 Results



3.1 Climatic and oceanographic forcing

Contrasting annual patterns in wind and rainfall were observed. The highest wind speeds (until 12 m·s-1) and minimal rainfall (~0 mm) were recorded in the first three months of the year related to the intensification of the northeast trade winds between December and March, with seasonal upwelling decreasing temperature (Figure 2A). From September to November, the winds relaxed, and the northward shift in the ITCZ enhanced precipitation, decreased salinity (~33 PSU; Figure 2B), and increased SST. The intensification in rainfall increased Magdalena River discharge (a proxy for terrestrial runoff; Figure 2C), with the freshwater contribution resulting in biogeochemical changes in the area.




Figure 2 | Description of the seasonal cycle of wind (m·s-1) and sea surface temperature (SST, °C) (A), precipitation (mm) and salinity (UPS) (B), and Magdalena River discharge (m³·s-1) (C) for a location near the study area (11° 30´N, 74° 15´ W).



During the study period, a weak La Niña (2017–2018) evolved into a weak El Niño (2018–2019), followed by a moderate La Niña (2020–2022). The upwelling index indicated that upwelling conditions were present throughout much of the year, with weakening in the wet season and strengthening in the dry season (first three months of the year; Figure 3A). Upwelling and rainfall exhibited interannual changes related to ENSO conditions (Figure 3B), with an intensification of upwelling and negative anomalies in rainfall coinciding with the weak El Niño. During La Niña periods, the strongest negative upwelling anomalies were observed along with positive rainfall anomalies.




Figure 3 | Upwelling index (UI) in the Tayrona National Natural Park (TNNP) and accumulated monthly rainfall at the Aeropuerto Simón Bolívar station between March 2017 and October 2022 (A). Deseasonalized anomalies of UI and rainfall over the study period (B). Light gray bars indicate La Niña, and dark gray bars indicate El Niño conditions.



In situ data of temperature and salinity revealed significant seasonal variations linked to changes in upwelling intensity and river runoff, associated with the presence of different water masses (Figure 4). During the dry season when upwelling was strongest, the lowest SST values were recorded (24–25°C), and modified Subtropical Underwater (SUWm) predominated, characterized by SA > 36.6 g kg-1 and Θ ~22–23°C (Giraldo, 1994; Hernandez-Guerra and Joyce, 2000). During the rainy season, warmer waters were present in the study area with features similar to Caribbean Surface Water (CSW, SA ~35.5 g·kg-1 and Θ ~28-30°C; (Hernandez-Guerra and Joyce, 2000). The water column showed minimal vertical variation in temperature, salinity, and dissolved oxygen, indicating uniform mixing (refer to Supplementary Material). However, the T-S mix data from different years revealed variations due to the impact of surface freshwater inputs and/or water masses (Figure 4) (CSW and SUWm).




Figure 4 | Θ-SA diagrams of the exposed area of Gayraca Bay in March, July, and October during 2017 and 2022. The dotted box indicates the conservative temperature and absolute salinity values of the water masses Caribbean Surface Water (CSW) and Subtropical Underwater modified (SUWm).






3.2 Carbon biogeochemistry and saturation state in the Tayrona National Natural Park

No vertical variability was present in the parameters because of the well-mixed water column. Therefore, we only describe surface patterns. The average, maximum, and minimum values are shown in Table 1. The differences in environmental conditions between the dry (enhance upwelling) and wet (increase river runoff) seasons were reflected in the differences in the carbonate system variables. The seasonal carbonate system climatologies showed low SST and pH, but high SSS, DO, DIC, and TA values during the upwelling season (dry conditions) and the opposite in the wet season (Figure 5A). Associated with the low rainfall period of Veranillo de San Juan, low SST; pH values below 8.1; high SSS, DIC and TA values; and low DO were observed in June, earlier than expected (July to August).


Table 1 | Descriptors of pH, dissolved inorganic carbon (DIC), total alkalinity (TA), sea surface temperature (SST), sea surface salinity (SSS), and dissolved oxygen (DO).






Figure 5 | Seasonal climatology of sea surface temperature (SST), sea surface salinity (SSS), dissolved oxygen (DO), pH, dissolved inorganic carbon (DIC), and total alkalinity (TA) in Gayraca Bay (A). Dark gray bar indicates the dry season, and light gray bar indicates the wet season. Time series of SST, SSS, DO, pH, DIC, and TA (B). Light gray bars indicate La Niña, and dark gray bars indicate El Niño conditions.



The time series showed high interannual variability, with SST and SSS consistently exhibiting opposite behavior, marking the changes between dry and wet conditions. During periods of higher SST and lower SSS, lower DO values and higher pH levels were observed, associated with increased terrestrial runoff. As expected, DIC and TA followed a pattern similar to that of SSS, especially in the protected area of Gayraca Bay (Figure 5B).

The water masses observed in the study area exhibited characteristic DIC, TA, pH, and DO signatures, with lower pH (7.73–8.06) and higher DIC (2082–2122 µmol·kg-1), TA (2316 – 2433 µmol·kg-1), and DO (4.19 – 4.39 ml·L-1) values associated with SUWm, while higher pH (8.11–8.41) and lower DIC (1799–1990 µmol·kg-1), TA (2032–2172 µmol·kg-1), and DO (3.50 – 4.22 ml·L-1) values were associated with CSW (Table 2).


Table 2 | Values of dissolved inorganic carbon (DIC), total alkalinity (TA) and pH in relation to the water masses recorded for the characteristic months of the climatic seasons in Gayraca Bay.



During 2018 and 2019, the water samples were classified as neither SUW nor CSW, although the values were close to those of SUW, with low pH and high DIC values. Meanwhile, in July and October 2021, a water mass with characteristics close to those of CSW was observed with high pH, low DIC, and low DO, although the DIC values were higher for October. Finally, in July 2022, no specific water mass could be identified because DIC and pH were low, while TA and DO were high.

The saturation values for Ωcalc ranged from 0.34 to 9.98 (average of 4.90), while those for Ωarag ranged from 0.23 to 6.63 (average of 3.35; Figure 6). Both Ωcalc and Ωarag exhibited values<1 during February 2022 (0.80 and 0.53, respectively), indicating corrosive conditions for calcium carbonate. These values coincided with waters of low pH (7.99), high DIC (2109 µmol·kg-1), and low TA (2069 µmol·kg-1) associated with the presence of mixing between SUWm and CSW.




Figure 6 | Calcium carbonate saturation state in Gayraca Bay: calcite (Ωcalc) (A) and aragonite (Ωarag) (B). Light gray bars indicate La Niña, and dark gray bars indicate El Niño conditions.



The carbonate system variables showed a significant association with ENSO (Figure 7). During the weak La Niña event, anomalies were predominantly positive for pCO2 and DIC but negative or near zero for TA and Ωarag. In contrast, during the moderate La Niña event, the anomalies alternated, with pCO2, DIC and TA showing predominantly negative values toward the end of the record, while Ωarag exhibited positive anomalies. Meanwhile, during the weak El Nino event, pCO2 anomalies were negative, whereas DIC, TA, and Ωarag anomalies were predominantly positive. Conversely, pH anomalies did not exhibit consistent patterns during La Niña or El Niño events.




Figure 7 | Oceanic El Niño Index (ONI) compared with partial pressure of CO2 (pCO2), pH, dissolved inorganic carbon (DIC), total alkalinity (TA), and omega aragonite (Ωarag) anomalies during 2017–2022.






3.3 Partial pressure of CO2 and carbon fluxes

Seasonally, the highest pCO2 values were found in the dry season when upwelling was active, while the lowest were in the season with maximum rainfall and river runoff (Figure 8A). At the interannual scale (Figure 8B), the lowest pCO2 values, close to atmospheric equilibrium (average of 411 µatm for 2019) at the Ragged Point station in Barbados (used as a reference in this study), were recorded during the weak El Niño event and in the second half of 2022, corresponding to the moderate La Niña period. Both periods were characterized by negative upwelling anomalies (Figure 3). The second period showed the lowest recorded values, with an average of 393 µatm. In contrast, the highest values (mean of 610 µatm) with higher amplitudes (~400 µatm) were observed during the weak La Niña (late 2017-mid 2018) and during the middle of the moderate La Niña (second half of 2021-first half of 2022).




Figure 8 | Seasonal climatology of the partial pressure of CO2 (pCO₂) at the surface of Gayraca Bay between 2017 and 2022 (A). Dark gray bars indicate the dry season, and light gray bars indicate the wet season. Time series of pCO₂ (B). Light gray bars indicate La Niña, and dark gray bars indicate El Niño conditions. Equilibrium values: 2017 (406 µatm), 2018 (408 µatm), 2019 (411 µatm), 2020 (413 µatm), 2021 (416 µatm), and 2022 (418 µatm).



The ocean-atmosphere CO2 flux values (Figure 9) analyzed between March 2017 and October 2022 were mostly positive. Thus, the area acted as a source of CO2. The CO2 fluxes were higher in the exposed zone (mean 35.4 mmol·m-2·day-1) than in the protected (mean 16.8 mmol·m-2·day-1) zone. Negative flux values (sink behavior) were very small (close to zero) and were observed mainly during the same periods of negative upwelling anomalies explained above (Figure 3) (i.e., during the weak El Niño and the second half of 2022 [the moderate La Niña period]).




Figure 9 | Ocean-atmosphere CO2 fluxes in the exposed and protected areas of Gayraca Bay.






3.4 Trends of carbonate system variables in the Northeastern Colombian Caribbean Coast

Despite the increasing trend in the CO2 concentration at the Ragged Point (Bermuda) station (Figure 10A), the carbonate system variables showed mainly a decreasing trend over the study period (2017–2022) (Figure 10): pCO2 (-0.5464 μatm·y−1), nDIC (-0.6828 μmol·kg−1·y−1), DIC (-2.8685 μmol·kg−1·y−1), and TA (-2.74 μmol·kg−1·y−1) (Figures 10B, E, F and G, respectively). Only pH (Figure 10C) (0.0015) showed a slight increasing trend, while Ωarag (-0.0008) and nTA (-0.0768 μmol·kg−1·y−1) (Figures 10D, H) showed minimal decreasing trends.




Figure 10 | Trends in atmospheric CO2 records from the Ragged Point measuring station (Barbados) (A), and the carbonate system variables, partial pressure of CO2 (pCO2) (B), pH (C), calcium carbonate saturation state of aragonite (Ωarag) (D), salinity-normalized dissolved inorganic carbon (nDIC) (E), dissolved inorganic carbon (DIC) (F), salinity-normalized total alkalinity (nTA) (G), and total alkalinity (TA) (H) in the exposed and protected areas of Gayraca Bay.






3.5 Underlying drivers of the carbonate system

At the seasonal scale, we observed that TA was an important driver of changes in pCO2 (Figure 11A). This was observed mainly in the dry season (December to April), although during February and July, which are months with high upwelling activity, DIC increased its positive effect on pCO2. In the wet season, the effect was negative, which coincided with the relationship between DIC-TA and SSS (see Supplementary Material). Also, SST exhibited an important contribution: it was the second most important driver in the dry season and the main driver at the end of the wet season (October to November).




Figure 11 | Factors driving seasonal variability in carbonate system variables, partial pressure of CO2 (pCO₂) (A), pH (B), and calcium carbonate saturation state of aragonite (Ωarag) (C) in Gayraca Bay, corresponding to components of a Taylor series decomposition. Drivers of interannual variability in carbonate system variables: pCO2 (D), pH (E), and Ωarag (F). The contributions of sea surface temperature (black), freshwater (red), dissolved inorganic carbon (DIC, green), and total alkalinity (TA, yellow) are shown.



TA was an important driver of pH changes (Figure 11B), although DIC and freshwater, includes the direct effect of salinity changes due to freshwater input (SFW) also exhibited important contributions. DIC was the main driver in February, with its effect increasing from May to July. Freshwater was the main driver of change (positive effect) in pH during the wet season and in August. Finally, the main driver of changes in Ωarag was TA (Figure 11C), with important negative contributions to DIC in February, June, and July (dry season) and a positive contribution in March.

At the interannual scale, TA was the main driver of pCO2, pH, and Ωarag changes (Figures 11D, E, F), with some periods where DIC was the dominant driver. For pCO2, these two drivers had positive effects at the beginning of the record and between mid-2021 and 2022. The contribution of SFW to CO2 increased at the end of the record, between the end of 2020 and the end of 2022, which coincided with a moderate La Niña event. TA had a negative influence on pH at the beginning of the record but a positive influence between the end of 2020 and the middle of 2022. Finally, the contribution of TA to pCO2 was mainly negative at the beginning of the record, as well as between the end of 2020 and mid- 2022.





4 Discussion

We analyzed the temporal variation of the TNNP carbonate system from 2017 to 2022. Upwelling and fluvial runoff influenced seasonal patterns, while interannual variability was modulated by ENSO events. These factors alternated between marine and estuarine conditions, shaping the chemistry of the carbonate system in the study area. The results highlight the high variability of oceanographic processes in coastal regions, emphasizing the need for a holistic understanding of the system that considers chemical, physical, and biological variables, as well as ocean-atmosphere interactions to identify the underlying mechanisms.



4.1 Seasonal variability of oceanographic and biogeochemical conditions

The TNNP is a principal site for seasonal La Guajira upwelling (Rueda-Roa and Muller-Karger, 2013). Alongshore winds during the dry season (December to April) and Veranillo de San Juan (July) result in an upwelling of a subsurface water mass (Sarmiento-Devia et al., 2013; Herrera-Fajardo et al., 2017; Correa-Ramirez et al., 2020, characterized by a low temperature and high salinity water mass identified as modified Subtropical Underwater (Correa-Ramirez et al., 2020). This water mass was associated with lower pH values (average 8.0), high DIC, and high TA that resulted in natural acidification conditions similar to those observed in other tropical upwelling regions, such as the Gulf of Papagayo (Sánchez-Noguera et al., 2018) and Gulf of Tehuantepec (Chapa-Balcorta et al., 2015). During the rainy season, when more river runoff was observed from the Magdalena River and other nearby rivers (September to November), pH values were higher (~8.2) than in the dry season, reflecting mixing in the coastal zone (Carstensen and Duarte, 2019). In this period, DIC and TA values were lower due to freshwater dilution (Salisbury et al., 2009), which was associated with increased river runoff due to more rainfall, contributing to the formation of Caribbean surface water. Cervantes-Díaz et al. (2022) reported similar results for the Gulf of Mexico, observing low DIC values associated with this water mass. The highest pH values (average pH of ~8.25) were recorded during transition periods (April and August), probably because upwelling relaxed and freshwater inputs were low. The results of this study also align with descriptions of other areas influenced by fluvial inputs that modulate ocean chemistry, particularly DIC and TA (Lefèvre et al., 2014, 2021).

The waters in the Gayraca and Chengue sites did not show the typical salinity and temperature values for CSW and SUW, probably due to changes due to evaporation and the influence of continental runoff (Guerrero and Piola, 1997; Tomczak, 1999; Cervantes-Díaz et al., 2022). Similarly, diffusion, lateral mixing, currents, and their fluctuations have been shown to modify salt and heat balances and alter water mass characteristics (Guerrero and Piola, 1997).

The seasonal behavior of pCO₂ showed the highest values during the dry season (December–March and June) coinciding with the season of highest wind speeds, upwelling conditions, lower SST, and higher DIC/TA. Hernández-Ayón et al. (2013) explained that upwelled water contains high concentrations of DIC, leading to higher seawater pCO₂ than atmospheric pCO₂, favoring a positive ocean-to-atmosphere.




4.2 Interannual variability related to ENSO events

The interannual variability patterns of the oceans are primarily modulated by the main atmospheric and ocean-atmosphere climate modes (Wang and Schimel, 2003). In the tropical Pacific, ENSO is the most important force in marine physics and biogeochemistry (Doney et al., 2009b). Also, the northeastern Colombian Caribbean coast exhibited interannual variability related to contrasting climatic conditions associated with ENSO events. River runoff, including water from the Ciénaga Grande de Santa Marta and Magdalena River, notably affects the oceanographic conditions of the TNNP, which has been generally only associated with upwelling. Nonetheless, river runoff inputs were a crucial determinant of the conditions in the area during the study period, which was evident due to the high rainfall recorded from 2017 to 2018 and from the end of 2020 to 2022 during La Niña events. An increase in river runoff during La Niña has been observed in several coastal areas adjacent to large rivers like the Magdalena River (Restrepo and Kjerfve, 2000; Restrepo et al., 2006), such as those adjacent to the Amazon and Congo Rivers (Lefèvre et al., 2014, 2021; Ibánhez et al., 2015), with consequences for the biogeochemistry of the nearby ocean (Bates and Hansell, 2004).

During El Niño, a decrease in rainfall and negative upwelling anomalies led to lower pCO2 and a lower ocean-atmosphere CO2 flux, which agrees with the observations of Feely et al. (1999, 2002) and Doney et al. (2009b) for the Pacific Ocean during El Niño events. These authors documented a strong correlation between the reduction of the CO2 flux into the atmosphere and the onset of El Niño. During this period, discrepancies between DIC/TA (high) and pCO2 (low) were observed, which arose primarily due to reduced upwelling, which limits the influx of CO₂ into surface waters (Feely et al., 1999). This results in lower pCO₂ levels, even when DIC and TA remain relatively high. Similarly, diminished CO₂-rich terrestrial runoff can contribute to this effect (Salisbury et al., 2009). Total alkalinity and DIC generally increases during El Niño due to changes in water mass properties due increase evaporation (Feely et al., 1999; Zeebe and Wolf-Gladrow, 2001). Elevated TA enhances the buffering capacity of a system, moderating pH changes and altering carbonate chemistry speciation (Sabine and Feely, 2007). This buffering can reduce the fraction of DIC existing as CO₂(aq) or pCO₂, even with higher overall carbon content. Additional influences include biological activity and temperature effects on CO₂ solubility (Takahashi et al., 2009).

During La Niña events, greater variability in conditions was observed related to increased river runoff and changes in upwelling patterns. During the weak La Niña and in the middle of the moderate La Niña, positive pCO2, TA, and DIC anomalies coincided with positive upwelling anomalies and an increase in the CO2 flux, which is consistent with the increase in the CO2 flux observed at the onset of La Niña in the Pacific Ocean (Feely et al., 1999, 2002; Doney et al., 2009b). However, at the beginning and end of the moderate La Niña event, the behavior was opposite to what was previously described, with negative anomalies in pCO₂, TA, and DIC observed, accompanied by a decrease in CO₂ flux. Additionally, during certain periods, a decoupling between DIC-TA and pCO₂ was evident. While DIC and TA were low due to freshwater dilution (Salisbury et al., 2009), pCO₂ remained high, possibly influenced by factors such as inputs from CO₂-rich rivers and upwelling, increased respiration, and reduced buffering capacity (Bates and Hansell, 2004; Sabine and Feely, 2007; Salisbury et al., 2009).

During the middle of the moderate La Niña event (July 2021), a water mass arrived at the surface with characteristics similar to those of SUWm but with low DIC. This suggests that the biogeochemical characteristics of the water reaching the surface during the upwelling season were influenced by continental inputs, which agrees with what was reported by Correa-Ramirez et al. (2020). In this study, the pH anomalies were found to be more irregular and less systematic compared to those of pCO₂, total alkalinity (TA), and dissolved inorganic carbon (DIC). This discrepancy stems from the complex interplay of factors influencing ocean pH. Unlike pCO₂, TA, and DIC, which generally align with large-scale, systematic processes (Takahashi et al., 2009a), pH is highly sensitive to localized, non-linear, and transient factors that can obscure clear patterns (Hofmann et al., 2011). Additionally, biological processes, such as photosynthesis, respiration, and calcification, drive rapid and localized changes in pH (Duarte et al., 2013). These processes often lack consistency due to their reliance on variables like light availability, organism distribution, and the time of day (Waldbusser and Salisbury, 2014; Waldbusser et al., 2016). In addition, the logarithmic nature of the pH scale further amplifies the effects of even small changes in [H⁺], resulting in notable pH shifts (Zeebe and Wolf-Gladrow, 2001). This property makes pH anomalies more pronounced and erratic compared to those of TA, DIC, or pCO2.




4.3 Carbonate saturation state, anomalous events, and their implications

A notable variation was observed in the saturation states of aragonite and calcite due to the contrasting seasonal and interannual conditions of the region. Despite this variability, saturation states generally remained within optimal ranges for calcification. This contrasts with findings by Norzagaray-López et al. (2017) for coral reefs in Cabo Pulmo, Mexico, where low variability in saturation states was reported. These differences highlight that the northeastern Colombian Caribbean region experiences extreme conditions, necessitating a high level of adaptation by local coral communities.

On a seasonal scale, lower saturation states were recorded during the dry season, coinciding with natural acidification linked to the influx of upwelling waters, as previously noted. In contrast, higher saturation states occurred during the minor and major rainy seasons. At the interannual scale, saturation state anomalies for Ωarag were predominantly negative during La Niña events and positive during El Niño events. This interannual variability reflects shifts in nutrient availability, light intensity, and temperature, which are critical drivers of productivity in the reef zone of the TNNP. Despite these fluctuations, benthic primary productivity in the TNNP has been found to remain relatively stable (Eidens et al., 2014), which may contribute to the resilience of these coral communities to anthropogenic disturbances and climate change. However, changes in the environmental conditions of the region could result in high stress for reef formations.

During the moderate La Niña event in early 2022, undersaturated levels (<1) of Ωcalc and Ωarag were observed. These were linked to the mixing Subtropical Underwater (SUW, low pH) and Coastal Surface Water (CSW, low DIC). Such conditions could challenge coral calcification in the area, particularly under future climate change scenarios. Extreme events in the Caribbean Sea, including cold fronts from the north (Montoya-Sánchez et al., 2018) and tropical storms, are also expected to intensify. Although there is no consensus on the effects of climate change in upwelling areas, several studies suggest potential changes in their intensity, timing, and spatial structure (Bakun, 1990; Bakun et al., 2015; Wang et al., 2015).

In the TNNP, increased upwelling intensity could result in higher concentrations of DIC and elevated CO2 fluxes to the atmosphere during stronger winds, further reducing saturation states. Similarly, changes in hydrological cycles, including increased rainfall associated with global warming (Trenberth, 1998; Allan et al., 2020; Liu et al., 2020), may enhance mixing between SUW and coastal inputs low in DIC. This could create more corrosive water, posing risks to the survival of existing coral formations in the area.




4.4 CO2 fluxes from the northeastern Colombian Caribbean coast

During the study period, the calculated CO2 fluxes were predominantly positive, indicating that the area primarily acted as a CO2 source. The highest flux values were recorded when local wind speeds peaked, particularly during the Veranillo de San Juan (July to August), when water temperatures were also elevated. Furthermore, positive upwelling anomalies were linked to increased ocean-atmosphere CO2 fluxes. The relationship between wind speed and ocean-atmosphere gas exchange has been extensively reviewed by Wanninkhof (1992, 2014).

Using interpolated monthly mean surface ocean pCO₂ and atmospheric pCO₂ data for the Caribbean, Takahashi et al. (2014) reported that positive pressure differences between the ocean and atmosphere persisted throughout most of the year. Exceptions were observed from January to March, when values were slightly negative (>-30 μatm), although annual net fluxes remained positive.




4.5 Underlying drivers of the carbonate system

Understanding the factors that drive changes in carbonate system variables is crucial for predicting their responses to both natural variability and climate change effects. In the surface waters of the study area, the behavior of pCO2, pH, and Ωarag was primarily influenced by seasonal and interannual variations in TA and DIC. This was attributed to freshwater inputs and their effects on the physical and chemical conditions of coastal areas near riverine runoff. The relationship between these drivers, TA and DIC, and their impact on CO2 exhibited shifts in coupling, influenced by the dominance of specific processes depending on the prevailing biogeochemical and physical dynamics of the system, such as biological activity and mixing processes.

At the seasonal and interannual scales, pCO2 variability was primarily driven by changes in DIC and TA. This is attributes to the fact that, under estuarine conditions, the buffer sensitivity factors by DIC and TA-induced are generally of similar magnitude., As a result, changes in DIC and TA during gas exchange and biogeochemical processes play a crucial role (Zeebe and Wolf-Gladrow, 2001; Waldbusser et al., 2016; Cai et al., 2021). In addition, the sensitivity of an estuarine water mass can differ depending on the TA value of the river endmember. Under conditions of low-salinity, estuaries that receive inputs from low-TA rivers show greater sensitivity to the addition of CO2 than estuaries that receive inputs from high-TA rivers; this has important implications for pCO2, pH, and Ωarag (Cai et al., 2021).

In this study, during months with increased upwelling activity, which resulted in colder subsurface water with higher DIC content at the surface, a slight damping of this factor on TA on pCO2 was observed. Furthermore, during La Niña, increased rainfall enhanced freshwater influx, resulting in dilution that notably impacted both DIC and TA.

The sensitivity of pH, pCO2, and Ωarag in an estuarine water body can vary greatly depending on the TA value of the river endmember. This is because the DIC: TA ratio of the river (~1.0) changes much more rapidly in estuaries that receive inputs from low-TA rivers than in those that receive inputs from high-TA rivers (Cai et al., 2021). Additionally, it has been found that long rivers in tropical areas, such as the Amazon River (Cai et al., 2021) and the Orinoco River, have low TA (Cai et al., 2021). In this study, we also detected a lower TA signal from the Magdalena River, which increased the sensitivity of the carbonate system variables. Furthermore, much of the seasonality of TA is driven by changes in seasonal SSS due to rainfall or ice melting (Gregor and Gruber, 2021).

The variability in pH was mainly modulated by TA followed by DIC and SFW. During the first part of the year, water with higher TA/DIC and lower SST entered the study area, negatively affecting pH. Additionally, higher SSS were recorded due to lower precipitation, less river runoff, and the contribution of upwelled water. Conversely, during the rainy season, the arrival of river runoff with low TA, DIC, and higher SST, along with dilution effects, resulted in an increase in pH. Increased nutrient inputs from rivers can lead to a high biological removal of CO2 and, consequently, alkalinization and an increased buffering capacity in surface waters (Borges and Gypens, 2010). Given that the seasonal cycle of TA in the study area exhibited a greater amplitude than that of SST, the change in pH was not primarily driven by the latter, as has been observed in other coastal areas (Doney et al., 2009b). During upwelling periods (Feb-Mar), DIC compensated TA. However, since the inputs were not as high and the upwelled water in the study area had lower DIC (younger) than that of the Pacific Ocean, they did not outweigh the effects of other variables.

Similarly, the variability of Ωarag at the seasonal scale was mainly modulated by TA, followed by DIC, the latter being the main driver of change during months of coastal upwelling, which provided subsurface water with low pH and low Ωarag content. The effect of DIC on pCO2, pH, and Ωarag has been widely documented for upwelling zones (Feely et al., 2008; Turi et al., 2016; Addey et al., 2021). In the latter part of the year, TA positively affected Ωarag due to weakened upwelling. At the interannual scale, the main driver of Ωarag change was also TA, confirming that alternating low and high river runoff conditions, due to changes in rainfall, modulated the system at this temporal scale. Lower Ω values occur naturally around most river mouths because they gather runoff from watershed soils, which typically contain carbonic acid, a by-product of organic decomposition (Salisbury et al., 2009). In addition, high rainfall can result in low SSS, and due to notable freshwater inputs, Ωarag can also be suppressed by the reduction of [Ca2+] and [CO32-] in low-salinity areas, as Ω depends on their concentrations (Salisbury et al., 2008; Feely et al., 2018).

Finally, the observed trends in pH and pCO₂ were primarily driven by a decrease in DIC and TA, attributed to an increased input of river runoff, despite rising atmospheric CO₂ levels. This behavior stands in contrast to the typical ocean acidification trends observed in other regions.




4.6 The importance of the time series of the northeastern Colombian Caribbean coast and future actions

For the first time, a time series of the carbonate system variables is presented for the TNNP, along with a biogeochemical characterization of the shallow water masses of CSW and SUW. River runoff and Southern Caribbean upwelling influence this area on the northeastern coast of the Colombian Caribbean. The observed seasonal and interannual behavior revealed the complexity of oceanographic conditions in coastal regions where oceanic and continental influences alternate, especially in areas with notable fluvial freshwater inputs. In addition, patterns of variability in carbonate system variables were evident from year to year.

This study is important for understanding future ocean acidification scenarios in the context of climate change because characterizing the natural variability of a system is the first step in comprehending anthropogenic influences. A holistic understanding of the system (considering nutrient levels, biological activity, the redox state, and water mixing) is essential for identifying the underlying mechanisms. Therefore, it is necessary to continue monitoring the carbonate system of the TNNP to define an accurate baseline for the seasonal climatological cycle. Additionally, we recommend installing equipment to continuously monitor the TNNP to quantify high-frequency (e.g., daily and monthly) changes. Biological variables, such as those associated with respiration and photosynthesis, may influence the carbonate system; however, in this study, we cannot speculate how they may affect the carbonate system of the TNNP because we did not analyze biological data.
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Coral reef vs open ocean pH 1176 355E-15 Significant
Mangrove vs open ocean 481 0.809847 Insignificant
Seagrass vs open ocean 1065 4.40E-08 Significant
Coral reef vs open ocean Temperature 300 9.70E-06 Significant
Mangrove vs open ocean 276 1.19E-07 Significant
Seagrass vs open ocean 276 1.19E-07 Significant
Coral reef vs open ocean Dissolved oxygen 1176 8.40E-10 Significant
Mangrove vs open ocean 1128 1.24E-09 Significant

Seagrass vs open ocean 1176 8.42E-10 Significant
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Moa pH Coral reef 24 7.958 8.157 0.068 8.234 0.276
Mangrove 24 6.793 7.545 0.36 8.065 1272
Seagrass 25 7.751 7.976 0.111 8.089 0.338
Wete pH Coral reef 24 ‘ 8.055 8.083 0.02 8.139 0.084
Mangrove 23 7.997 8.08 0.059 8.172 0.175
Seagrass 23 8.04 8.155 0.069 8315 0.275
Moa Temperature Coral reef 24 29.265 29.824 037 30.947 1.682
| Mangrove 24 28.495 30.605 | 0.944 32.042 3.547
Seagrass 25 29.587 30.189 0.452 31.042 1.455
Wete Temperature Coral reef 24 27.08 27.66 0.312 28.49 141
Mangrove 23 27.688 27.923 0.11 28.058 037
: Seagrass 23 273 27.633 0.231 27.947 0.647
Wete DO Coral reef | 24 6.818 7.264 } 0.207 ‘ 7.651 0.833
Mangrove 23 ‘ 5.802 6.745 | 0.447 7.235 1.433
Seagrass 23 5.097 6.938 1216 10.095 4.998

| I

Open ocean pH 24 7.87 7.937 0.035 7.988 0.118
Open ocean Temperature ‘ 24 26.75 27.048 0.14 27.347 0.597
Open ocean DO 24 0.396 0.574 0.097 0.736 0.34

Min, Minimum; Max, Maximum; SD, Standard deviation; DO, Dissolved oxygen.
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ANTARES Mean + S
Temp. [°C] 16.79 + 3.42 1314 - 24.62 100 Temp. [°C] 1852 + 4.03 13.17 - 26.64 66
Salinity 3825 +0.11 37.82 - 3848 100 Salinity 3820 £ 0.15 37.89 - 38.49 64
At [pmolkg-1] 2571 + 17 2528 - 2626 98 Ar [pmolkg-1] 2567 + 13 2536 - 2596 51
Cr [pmolkg-1] 2269 + 27 2224 - 2343 97 Cr [umolkg-1] 2258 £ 26 2222 - 2333 51
pH? 7.969 + 0.034 7.912 - 8.037 92 pH? 7.982 + 0.038 7.896 - 8.045 19
pH{™ 8.093 +0.026 8.016 - 8.141 92 pH{" 8.083 + 0.037 7.973 - 8.145 49
pCO,* [patm] 542 £ 51 445 - 633 92 pCO,* [patm] 522+ 57 435 - 665 19
pCO; [patm] 386 + 28 338 - 477 92 pCO; [patm) 397 £ 41 334-528 49
NO;” [pmolkg-1] 043 +0.58 0-198 86 NO; [umol.kg-1] 047  1.04 0-627 65
PO, > [umol.kgl] 0.04 +0.02 0-010 83 PO, > [pmol kgl] 0.04 + 0.04 0-021 63
NO, [pmolkgl] 0.04 +0.05 0-018 74 NO; [pmolkgl] 0.05 = 0.07 0-028 65
SiOH,[pmol.kg 1] 1.08 + 0.48 0-199 91 SiOH,[pmolkg 1] 1.87 £ 091 049 5.46 65
Qc 517 £ 032 467 - 5.84 92 Qc 529 036 4.54 - 594 49
Q4 3421021 3.09 - 3.87 92 Qu 350 + 024 3.00 - 3.93 1
MLD [db) 37+26 10 - 85 100 MLD [db] 28+21 10 - 86 66

SD stands for Standard Deviation. Min. and Max. stand for minimum and maximum values measured and n refers to the number of values.
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DYFAMED

Contribution
[%]

Contribution

pCO," 338-477 /
pCO,™ 330-536 45-87
pCON 316-455 44-63

Contributions in terms of percentage have been calculated according to the range of pCO,' variability.
“P" stands for “not applicable”.
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DYFAMED ANTARES

Annual Ct Annual Ct
changes changes
[umolkg™a™] [umolkg™ta™]
Gross datasets® +24+1.1 +3.8+14
(n=58, p=3.4x107) (n=42, p=1.1x10?)
Deseasonnalised +1.6 0.8 +3.2+£09
datasets (n=58, p=4.6><10'1) (n=42, p=l.2><10'3)
ANTARES sampling +1.8 £ 0.8 /
grid** (n=36, p=4.2x10%)
Without 2012 +28+12 +3.2+10
(n=55, p=1.5x10%) (n=40, p=2.1x107%)
S2 ,
£5 Without 2013 +25 £ 1.1 +3.8 £09
23 (n=53, p=3.0x107) (n=34, p=1.8x10"")
£
ok
FE | Without 2018 +30 £ 1.0 +2.9 £ 10
2 g (n=50, p=4.9x10) (n=40, p=4.9x107)
&5 i
Without 2012, +37 1.1 +3.5 £ 1.0
2013 & 2018 (n=42, p=9.2x10™") (n=30, p=1.3x107)

*Datasets were significantly different: Cr (t-test=-513.2, df=76.0, p-value<2.2 x10"'* ~ANTARES;
t-test=-607.8, df= 1059, p-value<2.2x10® — DYFAMED), pCO,' (t-test = -50.7, df= 73.9,
p-value<22 x107'® - ANTARES; t-test = - 75.8, df= 101.3, p-value<2.2 x10® - DYFAMED) and
pH'S(t-test = -1149.1, df= 722, p-value<2.2 x10"% - ANTARES; t-test = -1742.3, df= 100.1,
p-value<2.2 x10® - DYFAMED).

**The DYFAMED dataset has been filtered to follow the ANTARES sampling grid.

The confidence interval has been added for each calculated trend with the number of values
used (n) and the significance of the trend (p-value).

“/” stands for “not applicable”.
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Sensitivity of pH with respect to each driver (;241) was multiplied by the de-seasoned regression analyses of each driver (42, ‘Table 1), where the drivers are changes in sea surface
temperature (T), salinity (S), total alkalinity (TA), and total dissolved inorganic carbon (DIC). The addition of the pHr , s, changes from each driver is also given (A pH,,), as well as the

percentage of the contribution of each driver to the observed pHr ;, situ trends (Table 1). SE is standard error and RMSE is root mean square error.
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ESTOC (24.04°N - 155°W) 1995 - 2004 041 £ 0.12 0.0017 + 00004 1.55 + 043 S e
R N ’ . - . : : et al. (2007)
Equatorial Alantic (5% - 5°N
quatorizl Atantic 1991 2011 = -0.0016 + 0.0030 181 +032 Lauvset et al. (2015)
in the Atantic Ocean)
WTA at the NBC -
at the 1993 - 2019 122 £030 - 227021 Monteiro et al. (2022)
NECC sector
WTA (8N - 38°W) 1998 - 2018 072 £0.11 -0.0014 % 00001 154+ 003 this study (2023)

*. Monteiro et al. (2022) reported their estimates in pCO; (yatm).
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Site (time period) Variable Slope + SE
BBMO PHT in situ -0.0021 + 0.0003
(22/12/2009-02/08/2022)
T (°C) 0.08 + 0.02
S 0.013 + 0.006
TA (umol kg™") 1203
DIC (pmol kg'') 15+0.4
(6)8 -0.0014 + 0.0026
fCO2 i siru (patm) ' 24103
EOS PHT in situ -0.0028 + 0.0005
(22/01/2010-23/08/2019)
T (°C) 0.08 + 0.04
s 0.040 +0.012
TA (umol kg™') | 10£05
DIC (umol kg™") 16 + 0.6
Qu -0.0051 + 0.0041
fCO3 in sinu (patm) 29 +0.6

Slopes represent the change in the variable unit per year. SE stands for standard error.
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Season

Slope + error [Unity

Variable [unity] (Mean + Stan @
dard deviatio Y
Dry (35.9 +0.3) 8.69 10-7* 0014 0.006 + 0.001
Salinity
Wet (35.0 + 0.4) 0.020 * 0.003 -0.007 + 0.003
Dry (26.9 +0.5) 0.98 1.58 10-7 -00004 + 0.00213
Temperature [°C]
Wet (283 + 0.4) 091 437 10-6 0.0003 + 0.0024
Dry (23529 + 16.0) 8.69 10-7* 0.014 0377 £ 0.076
TA [umol kg™']
Wet (2299.2 + 33.6) 0.020 * 0.0025 -0.4146 £ 0.1775
Dry (20138 + 15.6) <<0.001* 0.1709 1.2287 + 0.0661
DIC [pmol kg'']
Wet (1967.4 + 29.2) 0.0004* 0.0058 0.5378 + 0.1530
Dry (8.066 + 0.011) <<0.001% 054 -0.0013 + 0.00003
pH
Wet (8.054 = 0.010) <<0.001% 047 -0.0014 = 0.00003
Dry (379.99 + 11.65) <<0.001* 0.63 1.523 + 0.029
fCO; [patm]
Wet (385.41 + 12.89) <<0.001% 041 1.477 + 0.039

P-value comes from linear regression, with * marking statistically significant trend over time, R? is the coefficient of determination of linear regression, slope is the trend of the variable per year
and error is the standard error regarding the slope of the line.
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Variable Slope + p-value R? N Slope + error

funity] error [Unity (de- (de- (de- [Unity year™]
Y year’1] seasoned) seasoned) seasoned) (de-seasoned)
Salinity 0.093 0.00075 3789 -0.0036 + 0.0021
Temperature [°C] 0.095 0.0005 5669 0.0039 + 0.0023
TA [pmol kg'!] 0.093 0.00075 3789 0.209 + 0.124
DIC [wmol kg] 3.1 10"+ 0.01158 3789 0.717 £ 0.108
pH @210 0418 3789 -0.0014 + 0.0001 <22 107% 0725 145 -0.0014 + 0.0001
fCO; [patm] <2210 0489 3789 1515 + 0,025 <2210°7% 0.69 145 1.633 + 0.091

p-value comes from the linear regression, with * marking statistically significant trend over time, R” is the coefficient of determination of linear regression, “N” is the amount of data for the
variable, slope is the trend of the variable per year and error is the standard error regarding the slope of the line.
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All data Dry season = Wet season
md Md-md Md-md
Variable
p-value p-value p-value
(N/n) (N/n) (N/n)
2361.8 2356.8-2364.5 2305.3-2327
TA? 5.86 10-11 0.001 0.0002
(3789/69) (1914/50) (1875/19)*
2003.1 2016.8-2009.5 1972.6-1974.9
DIC* 0.046 0.61 027
(3789/58) (1914/38)* (1875/20)*
8.062 8.065-8.058 8.054-8.081
pH? 0.049 7.57 10-6 7.58 10-9
(3789/69) (1914/51) (1875/18)
381.1 3812-376.8 384.8-385.1
fco,® 2.69 10-8 6.07 10-15 0.74
(3789/41212) (1679/15650) (1875/25562)*

« »

“N” stands for the amount of data points calculated in this study while “n” stands for the
number of data points available in GLODAP or SOCAT.
*Compared with data from GLODAPv2.2022 between 3° and 10°N and 28° 42°W (Lauvset

et al,, 2022).

bCompared SOCAT data version 2023 (Bakker et al., 2016).
*Represents statistically equal medians with a confidence interval of 95%.
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Cruise

Longitude

Reference

Range

06MT20021015 21/10/2002 25/10/2002 = 9.9 - 10 318 - 330.9 Meteor 10.3334/CDIAC/otg. MET55
06ZG20091213 16/12/2009 17/12/2009 = 3 - 9.0 329.9 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
062G20100115 21/01/2010 22/01/2010 = 3 - 6.9 3304 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
062G20100207 11/02/2010 11/02/2010 = 3-95 329.8 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20100226 04/03/2010 05/03/2010 = 3 - 8.8 3299 - 3319 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20100321 24/03/2010 25/03/2010 | 3.1 -10 329.5 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20100506 11/05/2010 11/05/2010 = 3 - 6.9 329.7 - 331 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20100716 23/07/2010 24/07/2010 = 3-9.8 329.7 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
062G20100813 16/08/2010 17/08/2010 = 3 -52 3309 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20100902 10/09/2010 11/09/2010 4.8 - 89 330.5 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20100930 06/10/2010 06/10/2010 | 3.0 - 10.0 3262 - 331.6 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
06ZG20101023 29/10/2010 29/10/2010 = 3 - 6.8 3304 - 332 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
062G20101118 22/11/2010 23/11/2010 = 3 -5.6 324.8 - 326.2 Rio Blanco 10.3334/
CDIAC/OTG.VOS_Monte_Rio_Lines_2010
14AT20090320 22/03/2009 31/03/2009 = 3.0 - 10.0 321.7 - 3228 Antares 10.3334/
CDIAC/OTG.TSM_PIRATA_8N_38W_CRUISE
14AT20100725 25/07/2010 04/08/2010 | 3.0 - 10.0 3219 - 322.1 Antares 10.3334/
CDIAC/OTG.TSM_PIRATA_8N_38W_CRUISE
29HE20001028 04/11/2000 06/11/2000 = 3.0 - 10.0 3317 - 331.7 Hesperides 10.1594/PANGAEA 850338
29HE20010306 30/03/2001 01/04/2001 = 3.0 - 10.0 332-332 Hesperides 10.1594/PANGAEA 850339
29HE20011027 05/11/2001 06/11/2001 = 3.0 - 10.0 332-332 Hesperides 10.1594/PANGAEA 850340
29HE20021028 04/11/2002 06/11/2002 = 3 -9.9 332-332 Hesperides 10.1594/PANGAEA 850342
29HE20041021 31/10/2004 02/11/2004 = 3.0 - 10.0 332-332 Hesperides 10.1594/PANGAEA 850344
29HE20051019 30/10/2005 31/10/2005 = 3 -9.9 332-332 Hesperides 10.1594/PANGAEA 850345
29HE20060925 05/10/2006 06/10/2006 = 3 - 7.3 332-332 Hesperides 10.1594/PANGAEA 850347
29HE20070321 20/04/2007 22/04/2007 | 3 - 8.5 3283 - 3304 Hesperides 10.1594/PANGAEA 850348
33R019990115 24/01/1999 26/01/1999 = 4.4 -10 3244 - 332 Ronald 10.3334/CDIAC/otg.VOS_RB_1999
H. Brown
33R020020201 13/02/2002 18/02/2002 3.0 - 7.0 318 - 325 Ronald 10.3334/CDIAC/otg.VOS_RB_2002
H. Brown
33R020030715 29/07/2003 30/07/2003 10-Sep | 331.5-332 Ronald 10.3334/CDIAC/otg.VOS_RB_2003
H. Brown
33R020040301 05/03/2004 07/03/2004 = 6.2 - 10 318 - 327.3 Ronald 10.3334/CDIAC/otg.VOS_RB_2004
H. Brown
33R020070505 08/05/2007 09/05/2007 | 7.2 - 10 325.1 - 332 Ronald 10.3334/CDIAC/otg.VOS_RB_2007
H. Brown
33R0O20080429 08/05/2008 10/05/2008 = 3.0 - 10.0 321 - 326.5 Ronald 10.3334/CDIAC/otg.VOS_RB_2008
H. Brown
33R020090711 15/07/2009 18/07/2009 = 32 -67 318 - 328.1 Ronald 10.3334/CDIAC/otg.VOS_RB_2009
H. Brown
33R020130108 04/02/2013 07/02/2013 | 4.3 -7 318 - 332 Ronald 10.7289/V5P26WCZ
H. Brown
33R020130901 21/09/2013 21/09/2013 | 9.0 - 10.0 331.5 - 332 Ronald 10.3334/cdiac/otg.vos_rb_2013
H. Brown
58US20181201 16/12/2018 18/12/2018 = 3.0 - 10.0 331.3 - 3314 Kronprins 10.25921/t4c7-cv15
Haakon
65DK20141115 15/11/2014 15/11/2014 | 3 - 4.8 329.7 - 330.3 Cap 10.3334/
San Lorenzo CDIAC/OTG.VOS_Cap_San_Lorenzo_2014
65DK20150228 06/03/2015 07/03/2015 | 3.0 - 10 329.4 - 331.9 Cap 10.3334/
San Lorenzo CDIAC/OTG.VOS_Cap_San_Lorenzo_2015
65DK20150428 02/05/2015 03/05/2015 | 3.1 - 10 329.5 - 331.9 Cap 10.3334/
San Lorenzo CDIAC/OTG.VOS_Cap_San_Lorenzo_2015
65DK20150619 26/06/2015 27/06/2015 | 3.0 - 10 329.5 - 332 Cap 10.3334/
San Lorenzo CDIAC/OTG.VOS_Cap_San_Lorenzo_2015
65DK20150814 21/08/2015 22/08/2015 | 3.0 - 10 329.5 - 332 Cap 10.1594/PANGAEA.878479
San Lorenzo
65DK20151009 16/10/2015 17/10/2015 = 3 - 8.9 329.9 - 332 Cap 10.1594/PANGAEA.878481
San Lorenzo
65DK20160129 05/02/2016 06/02/2016 = 4.9 - 89 330.6 - 332 Cap 10.1594/PANGAEA.878484
San Lorenzo
65DK20170104 09/01/2017 10/01/2017 | 3.0 - 10 329.6 - 332 Cap 10.7289/V52Z13V6
San Lorenzo
65DK20170225 03/03/2017 04/03/2017 | 3.0 - 7.4 330.3 - 332 Cap 10.7289/V52Z13V6
San Lorenzo
65DK20170423 29/04/2017 30/04/2017 | 3 -7.5 330.3 - 332 Cap 10.7289/V52Z13V6
San Lorenzo
65DK20170617 24/06/2017 24/06/2017 | 3 -74 330.3 - 332 Cap 10.7289/V52Z13V6
San Lorenzo
65DK20180624 02/07/2018 02/07/2018 | 3 - 6.1 330.6 - 332 Cap 10.25921/q9p5-m569
San Lorenzo
740H20121011 28/10/2012 29/10/2012 | 6.5 - 10 329.3 - 331.8 James Cook 10.3334/cdiac/otg.vos_james_cook_amt22
74E320111003 17/10/2011 19/10/2011 = 4.8 - 10 328.6 - 332 Discovery 10.7289/V5PZ5733
74]C20131009 20/10/2013 21/10/2013 | 3.0 - 10 3304 - 330.6 James 10.3334/cdiac/otg.vos_jcr_2013
Clark Ross
PASR20140117 24/01/2014 25/01/2014 | 3 -9.5 329.8 - 3319 Santa Cruz 10.3334/CDIAC/OTG.VOS_Santa_Cruz_2014
06BE20001128 05/12/2000 12/12/2000 | 3.5 - 10 319.1 - 3274 Sonne 10.3334/cdiac/otg.carina_06be20001128
06BE20030525 30/05/2003 02/06/2003 | 3 -7.5 323.2 - 3257 Sonne 10.3334/cdiac/otg.clivar_ar04_06be20030525
06M320150501 08/05/2015 18/05/2015 = 6.0 - 10 319.2.-332. Meteor 10.7289/v5qc01tk
06MT19940219 10/03/1994 14/03/1994 | 3 - 4.5 318.9 - 325 Meteor 10.3334/cdiac/otg.carina_06mt19940219
06MT20020607 12/06/2002 16/06/2002 = 3 -74 320 - 325.7 Meteor 10.3334/cdiac/otg.carina_06mt20020607
06MT20021013 21/10/2002 25/10/2002 | 100 - 1 3183 - 329.7 Meteor 10.3334/cdiac/otg.carina_06mt20021013
06MT20060606 10/06/2006 11/06/2006 = 3.0 - 5 325-325 Meteor 10.3334/cdiac/otg.met_68_2_2006
06MT20091126 12/12/2009 17/12/2009 = 6 - 9.7 329 - 332 Meteor 10.25921/0hagq-t221
06MT20101014 31/10/2010 02/11/2010 | 7.0 - 10 332-332 Meteor 10.25921/wamc-d787
29HE20010305 30/03/2001 31/03/2001 | 4.1-7.1 332-332 Hesperides 10.3334/cdiac/otg.clivar_ficaram_ii
29HE20100405 28/04/2010 06/05/2010 = 7.5 -7.5 318.5 - 331.7 Hesperides 10.3334/cdiac/otg.clivar_a06_2010
29HE20130320 30/04/2013 02/05/2013 | 3.5-9 330.7 - 3314 Hesperides 10.3334/cdiac/otg.clivar_ficaram_xv
3.23E+11 08/03/1994 10/03/1994 3.0 - 6 318 - 323 Maurice Ewing 10.3334/cdiac/otg.ndp084
316N19821201 03/01/1983 08/02/1983 | 3 -89 318.1 - 332 Knorr 10.3334/cdiac/otg ttotas
320C19880723 19/08/1988 19/08/1988 = 8.9 - 9.6 331.6 - 331.9 Oceanus 10.3334/cdiac/otg.woce_al6n_1988
33LK19960415 22/04/1996 12/05/1996 = 3 - 8.4 318.1 - 325 Edwin Link 10.3334/cdiac/otg.carina_331k19960415
33R020030604 29/07/2003 30/07/2003 | 9.0 - 10 331.5-332 R.H. Brown 10.3334/cdiac/otg.ndp085
33R020130803 21/09/2013 21/09/2013 | 9.5 - 10 331.5-3317 Ronald 10.3334/cdiac/otg.goship_al6n_2013
H. Brown
35A319930102 05/02/1993 07/02/1993 07-Mar | 325 - 325 L'Atalante 10.3334/cdiac/otg.woce_a07_1993
35A319930213 19/02/1993 26/02/1993 | 74 -75 318 - 331.3 L'Atalante 10.3334/cdiac/otg.woce_a06_1993
35LU19950909 15/09/1995 07/10/1995 = 3.7 - 84 318 - 325 LeNoroit 10.3334/cdiac/otg.carina_351u19950909
35TH19990712 27/07/1999 29/07/1999 | 3.0 -7 325-325 Thalassa 10.3334/cdiac/otg.carina_35th19990712
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Standard Errors are also given and denoted by SE.
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-0.0019
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Standard Errors are denoted by SE.

Water Masses Slope SE
NACW -0.0060 ‘ +0.0010 0.75 <0.001
WMDW 0.0044 ‘ +0.0008 0.71 <0.001
LW -0.0035 ‘ + 0.0005 0.77 <0.001
NACW -0.0092 ‘ +0.0015 0.78 <0.001
WMDW -0.0070 ‘ +0.0012 0.72 <0.001
LIW -0.0056 ‘ +0.0008 0.78 <0.001
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In(Qcaicite) V8 In([COs]atm)

Standard Errors are denoted by SE.

Water Masses Slope SE
NACW -0.8722 +0.1521 0.75 <0.001
WMDW -0.6924 £0.1235 071 <0.001
LIw ‘ -0.5379 +0.0820 0.77 <0.001
NACW ‘ -0.8712 +0.1402 078 <0.001
WMDW ‘ -0.7044 £0.1228 072 <0.001
LW ‘ -0.5583 +0.0826 078 <0.001
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RiCuticat el hiEEsEs Y2= (m - SE) - X + n2 Y=m-X4n | Yl=(m+SE)-X4+nl
NACW ‘ 710 786 908
QAragonile WMDW ‘ 756 849 I 1001
LIW ‘ 955 1092 1310
NACW ‘ 1102 1299 1631
Qcalcite WMDW ‘ 1276 1564 2090
LW ‘ 1842 2312 3142

Where Y=m - X + n is the fitted line (Y= Ln(€); m= slope; X= Ln([CO,]); n= y-intercept), whereas Y2= (m - SE) - X + n2 and Y1= (m + SE) - X + n1 are the fitted lines that consider the
confidence interval of the initial fit (SE).





OPS/images/fmars.2023.1196938/M1.jpg
Ca**(ag) + COX (ag) = CaCOu(s) )





OPS/images/fmars.2023.1196938/M2.jpg





OPS/images/fmars.2023.1196938/M3.jpg
®






OPS/images/fmars.2023.1196938/M4.jpg
o






OPS/images/fmars.2023.1196938/fmars-10-1196938-g003.jpg
Aragonite

Q

29

[
©

N
N

N
o

2.5

2.4

2.3

+ NACW (R%20.75)
« LIW(R?=0.77)
+ WMDW (R?20.71)

2005, 2007 2009 ,2011 2013 2015 2017 2019 2021 Year

380 390 400 410 420
(€O, (uatm)

atm

4.5

44

4.3

4.2

4.1

Calcite

39

38

3.7

3.6

2007 2009 2011 2013 2015

* NACW Z(RZ=0.78]
 LIW(R®=0.78)
© WMDW (R?=0.72)

2017 2019 2021 Year

410 420

(patm)





OPS/images/fmars.2023.1196938/fmars-10-1196938-g004.jpg
Aragonite]

In(2

ln([COZ]atm)
5.5 6 6.5 7 7.5 8 8.5 9
* NACW
. Lw
* WMDW

_

o
@

o
o

0.4

0.2

1251 1524 2320

€O, 1., (ppm)

Year (undersaturation)

atm

52100 2100  >2100

In([C0,]

7

atm)
7.5

8

8.5 9

* NACW
* LIW

€O, 1, (bPm)

atm

2069

2781

Year (undersaturation)

52100

52100





OPS/images/fmars.2024.1335438/fmars-11-1335438-g001.jpg
>

patm

500 4

| P

400

300

500

—— Ala Wai

b A

~— Kilo Nalu

Al i

PR A T A

—— WHOTS

1 W

2010

O WU T VP YT s N e e

2012 2014 2016 2018 2020






OPS/images/fmars.2024.1335438/crossmark.jpg
©

2

i

|





OPS/images/fmars.2024.1309560/M11.jpg
aDIC Ko ApCO,
=i linsa=—f

(1)





OPS/images/fmars.2024.1299071/table3.jpg
6°S, 10°W

BATS

ESTOC

CARIACO

WHOTS
Irminger Sea

Strait of Gibraltar

Region

ETA

Subtropical gyre

Canary Islands

Western Tropical Atlantic

North Pacific

Subpolar

North Atlantic Central Water

e
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1.94 + 0.065 patm yr™'
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2.1+ 0.1 patm yr'
-0.002 £ 0.0001 yr'

1.77 + 0.43 patm yr'*
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This work
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Astor et al. (2013)

Sutton et al. (2017)

Bates et al. (2014)
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Parameter

CCMP wind speed at 10 m 20.022 £0.006 ms' | 192 <0.001
yrt
Zonal component of the 0.009 + 0.005 m s™ 192 >0.05
CCMP wind yrt
Meridional component of the -0.022 £ 0.005 m s 192 < 0.0001
CCMP wind yrt
Rainfall -0.003 +0.002 mm | 150 = < 0.05
hr! yr'l
SST (CO, sensor) 0.032 + 0.009°C yr" 86 < 0.001
SST (Seabird) 0.026 + 0.006°C yr" | 192 < 0.0001
SSS 0.008 + 0.002 yr 192 <0.0001
Chlorophyll-a -0.0004 +0.0007 mg | 192 >0.05
m? yrrl
fCOs 365+ 046 patmy' | 86 < 0.0001
fCOzm 221 +001 patmy' | 170 = < 0.0001
AfCO, 183 +0.52 patmy’ | 81  <0.001
FCO, 020 +0.05 mmolm™ | 79 < 0.001
Zdrl yl"]
TCO, 161 £0.29 pmol kg | 86 < 0.0001
Yrrl
pH -0.0030 £ 0.0004 yr' 86 < 0.0001
TA 051 +0.15 umol kg | 192 < 0.001
-1
yl"

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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Parameter Depth/height period  Sensor type
Ocean
Fugacity 15 m 2006- Spectrophotometric
of CO, 2021 sensor (CARIOCA)
SST sensor 15m 2006- Thermistor
2021 (Betatherm)
Sea 1m, 20 m, 40 m, 60 m, 2000- Thermistor
temperature 80 m, 100 m, 120 m, 2023 (SeaBird)
140 m, 180 m, 300 m,
500 m
Salinity 1m, 20 m, 40 m, 120 m 2000- Conductivity
2023
Atmosphere
Atmospheric 4m 2006- Pressure transducer
pressure 2021
Wind speed 4m 2000- Propeller
2023
Rainfall 35m 2000- Capacitance
2023

Sensor specifications for the physical parameters can be found on the PIRATA website at

https://www.pmel.noaa. gov/gtmba/sensor-specifications.
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[CO2latm [CO2latm [COzlatm

Q Undersaturation Water Masses Vo= (= G 2 Ve e Yi= (m '+ SE)- X +n1
NACW ‘ 1055 ‘ 1251 1595
QAragonixe WMDW ‘ 1243 ‘ 1524 2042
LIW ‘ 1837 ‘ 2320 3188
NACW ‘ 1646 ‘ 2069 2841
Qcie WMDW ‘ 2083 ‘ 2781 14196
Lw ‘ 3468 ‘ 4781 7368

Where Y=m - X + n is the fitted line (Y= Ln(€); m= slope; X= Ln([CO,]); n= y-intercept), whereas Y2= (m - SE) - X + n2 and Y1= (m + SE) - X + n1 are the fitted lines that consider the
confidence interval of the initial fit (SE).
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decline rate (pH units y Reference

Area
Korean Coastal ocean -0.01 Park and Lee (2023)
Continental shelf of the Gulf of Cadiz -0.009 Jiménez-Lopez et al., 2021

Surface waters of the Mediterranean Sea -0.009 Hassoun et al. (2019)

North Pacific Ocean -0.001 Wakita et al. (2013)

Munida time series -0.0013 Bates et al. (2014)

Iceland Sea -0.0014 Bates et al. (2014)
-0.0013 Hassoun et al. (2022)

Surface waters of the Western Mediterranean

Atlantic sites

Eastern Mediterranean Basin

Western Mediterranean Basin

Central Mediterranean

Strait of Gibraltar

Bates and Peters (2007)
Santana-Casiano et al. (2007)
Bates et al. (2012)
-0.0016 to -0.0025 Bates et al. (2014)
Takahashi et al. (2014)
Bates and Johnson, 2020

-0.0021 to -0.0024 Hassoun et al. (2022)
Hassoun et al. (2022)
-0.0013 to -0.0022
© Fourrier et al. (2022)
-0.0016 Fourrier et al. (2022)
-0.002 This work
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Gulf

of Lions

Levantine

Mediterranean

SST (°Clyear) +0.060* -0.0153 +0.0125%
DIC (pmol/ +0.77* +0.21* +0.34*
kg/year)

TA (pumol/ +0.53* -0.024 +0.153*
kg/year)

pCO, +1.52* +0.17 +0.60*
(patm/year)

pCO,@20 °C +0.55% +0.35* +0.34*
(patm/year)

pH (year'l) -0.00133* -0.00011 -0.00049*
Air-sea flux +0.044 +0.155% +0.113*
(mmol/m?/

day/year)

Significance (p-value<0.05) of the calculated linear trend is also indicated (*).
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5951 +0.0014 x DO+0.013 x 8+0.042 x S (9)
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Monthly

Parameter Measurement = Averaging

DIC 2 4 6.9
TA | 2 1 23
pCO, 4 8 9.9
PO, 1% 0.03 0.05
Temperature 0.1 0.65 0.65
Salinity 0.01 0.043 0.069
Wind Speed | 10% NA 10%
Transfer Velocity 5% NA 5%
Advection NA NA 0.05
Evaporation NA NA 24
Precipitation NA NA 6.4
MLD 1 NA 5
Diffusivity NA NA 4.0E-05
Surface Gradients 1.19E-04/
(DIC/TA) NA NA 6.43E-05
Vertical Gradients

(DIC/TA) 04 02 0.4/25
Subpycnal Conc.

(DIC/TA) 8.4 4 1.8/1.44

Uncertainty values are given for measurements, those associated with monthly averaging
(accounting for daily variability), and modeled values. These uncertainties are combined and
used to perturb the mean (observed/interpolated timeseries) in Monte Carlo simulations for
evaluation of expanded uncertainty for budget terms.





OPS/images/fmars.2024.1347990/eq1.jpg
€O, flux

%k % (pCOsp — PCOsarer)s W





OPS/images/fmars.2024.1309560/table1.jpg
N ENE]

Variables Temporal Resolution ReseiTion
DIC, TA Observation ‘ Field Munida Time Series bimonthly station

T, S Observation Field Munida Time Series bimonthly station
PO4 Observation Field Munida Time Series ‘ bimonthly station
XCO, Observation Field Baring Head weekly station
Chl-a Observation Remotely sensed SeaWIFS/MODIS daily 124°
precipitation Reanalysis Data assimilation JRA-55 6-hourly 1/2°
evaporation Reanalysis Data assimilation JRA-55 6-hourly 1/2°

u wind speed . st

1106 Reanalysis Data assimilation JRA-55 6-hourly 1/2°

v wind speed at 10m Reanalysis Data assimilation JRA-55 6-hourly 1/2°
barometric pressure Reanalysis Data assimilation JRA-55 6-hourly 1/2°
N Reanalysis Data assimilation GLORYS daily ”‘Z;’jgjfigsm
s Reanalysis Data assimilation GLORYS daily “i::;igjfigsm
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(umol kg'')
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DIC AW 1987 1869 2028 26 93
(umol kg™)

KN 1992 1930 2029 18 147

Chl-a AW 0.26 0.02 337 047 50

(mg n’)

KN 0.12 0.02 049 0.09 48

Silicate AW 5.8 11 257 47 39
(umol L)

KN 19 09 31 05 38

Phosphate AW 0.11 0.06 0.19 0.03 39
(umol L)

KN 0.09 0.01 0.15 003 38

Nitrate+Nitrite AW 057 0.02 229 051 38
(umol L)

KN 0.16 0.04 0.55 011 38

Ammonia AW 0.44 0.06 1.94 044 36
(umol L)

KN 1.28 0.04 839 202 37

Total Phosphorous AW 023 0.13 028 0.04 28
(umol L)

KN 02 0.14 026 004 27

Total Nitrogen AW 5.81 362 7.72 085 28
(umol L)

KN 6.15 3.69 11.6 202 27
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year SOTS Carboscope SOM-FFN

2012 331 391 269
2013 17.8 45.9 28.6
2015 30.2 44.4 249
2016 235 47.5 275
2017 38.5 44.7 225
2019 388 47.5 26.2
2020 49.6 47.3 -
mean (std) 35(13) 45 (3) 26 (2)

The mean and standard deviation of the seasonal amplitudes are given in the last row.
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