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Cardinal Buoys: An Opportunity for the Study of Air-Sea CO2 Fluxes in Coastal Ecosystems
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From 2015 to 2019 we installed high-frequency (HF) sea surface temperature (SST), salinity, fluorescence, dissolved oxygen (DO) and partial pressure of CO2 (pCO2) sensors on a cardinal buoy of opportunity (ASTAN) at a coastal site in the southern Western English Channel (sWEC) highly influenced by tidal cycles. The sensors were calibrated against bimonthly discrete measurements performed at two long-term time series stations near the buoy, thus providing a robust multi-annual HF dataset. The tidal transport of a previously unidentified coastal water mass and an offshore water mass strongly impacted the daily and seasonal variability of pCO2 and pH. The maximum tidal variability associated to spring tides (>7 m) during phytoplankton blooms represented up to 40% of the pCO2 annual signal at ASTAN. At the same time, the daily variability of 0.12 pH units associated to this tidal transport was 6 times larger than the annual acidification trend observed in the area. A frequency/time analysis of the HF signal revealed the presence of a day/night cycle in the tidal signal. The diel biological cycle accounted for 9% of the annual pCO2 amplitude during spring phytoplankton blooms. The duration and intensity of the biologically productive periods, characterized by large inter-annual variability, were the main drivers of pCO2 dynamics. HF monitoring enabled us to accurately constrain, for the first-time, annual estimates of air-sea CO2 exchanges in the nearshore tidally-influenced waters of the sWEC, which were a weak source to the atmosphere at 0.51 mol CO2 m–2 yr–1. This estimate, combined with previous studies, provided a full latitudinal representation of the WEC (from 48°75′ N to 50°25′ N) over multiple years for air-sea CO2 fluxes in contrasted coastal ecosystems. The latitudinal comparison showed a clear gradient from a weak source of CO2 in the tidal mixing region toward sinks of CO2 in the stratified region with a seasonal thermal front separating these hydrographical provinces. In view of the fact that several continental shelf regions have been reported to have switched from sources to sinks of CO2 in the last century, weak CO2 sources in such tidal mixing areas could potentially become sinks of atmospheric CO2 in coming decades.
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INTRODUCTION

The dynamics of the carbonate system in the ocean are complex and simultaneously controlled by physical, chemical, and biological processes (Zeebe and Wolf-Gladrow, 2001). As an interface between land, ocean, and atmosphere, coastal ecosystems are characterized by strong physical and biogeochemical heterogeneity, introducing further complexity into the coastal carbon cycle and carbonate system dynamics (Walsh, 1991; Gattuso et al., 1998; Muller-Karger et al., 2005). Despite representing only 7% of the global ocean, coastal ecosystems are a key component of the global carbon cycle because of their disproportionately high rates of primary production (10–30%) and organic matter remineralization (Walsh et al., 1988; de Haas et al., 2002; Bauer et al., 2013). The coastal ocean therefore exhibits enhanced air-sea CO2 fluxes (FCO2) compared to open oceans (Tsunogai et al., 1999; Thomas et al., 2004; Chen and Borges, 2009). According to the most recent estimates, during the 1998–2015 period coastal ecosystems were a global CO2 sink of 0.20 ± 0.02 Pg C yr–1 compared to a net CO2 sink of 1.7 ± 0.3 Pg C yr–1 for the open ocean (Roobaert et al., 2019). Coastal ecosystems account for 13% of the total CO2 sink despite representing a much lower proportion of global ocean surface area (7%). In terms of anthropogenic CO2 sink, coastal ecosystems represent 4.5% (Bourgeois et al., 2016) of the latest estimates of 2.6 ± 0.3 Pg C yr–1 for the 1994–2007 period (Gruber et al., 2019) and 2.6 ± 0.6 Pg C yr–1 for the last decade (Friedlingstein et al., 2019). Due to their proximity with human activities, coastal ecosystems are also particularly vulnerable to anthropogenic forcing such as eutrophication and ocean acidification (OA) (Borges and Gypens, 2010; Borges et al., 2010; Cai et al., 2011, 2017; Bauer et al., 2013). Coastal ecosystems can show extremes of OA hotspots due to the intrusion of acidified water with low saturation state Ωarag (Feely et al., 2016, 2010; Chan et al., 2017; Fennel et al., 2019) or conversely constitute refuge with more stable pH (Chan et al., 2017).

In the context of climate change and continuous atmospheric CO2 increase, unraveling CO2 system dynamics and air-sea CO2 fluxes in coastal ecosystems remains a major challenge (Laruelle et al., 2018). Long-term high-frequency (HF) monitoring of the carbonate system in coastal ecosystems is essential to distinguish natural variability from responses to anthropogenically induced changes at various temporal and spatial scales (Borges et al., 2010; Ciais et al., 2014). Extreme or short-scale events may affect mean estimates of coastal carbon fluxes, thus budgets based on short time-series of observations should seldom be viewed with caution (Salisbury et al., 2009). In the past decade, autonomous moorings and observing platforms considerably improved estimates of air-sea CO2 fluxes at various time and spatial scales to better constrain carbon budgets in coastal ecosystems (Sutton et al., 2014; Xue et al., 2016; Reimer et al., 2017). Recent technical advances in terms of measurement of partial pressure of surface CO2 (pCO2) and pH (Sastri et al., 2019) mean that it is now possible to develop accurate long-term records of these parameters in nearshore ecosystems. Combining HF measurements of pH or pCO2 with discrete carbonate system parameters (DIC/TA) can be a valuable tool for carbon cycle research based on autonomous moorings (Cullison Gray et al., 2011). This type of calibrated data could then potentially be included in large international databases such as the Surface Ocean CO2 Atlas (SOCAT, Bakker et al., 2016).

A key challenge for the scientific community focusing on the coastal marine environment is to integrate observations of essential ocean variables for physical, biogeochemical, and biological processes on appropriate spatial and temporal scales, in a sustained and scientifically based manner (Farcy et al., 2019). The European projects JERICO and JERICO-Next (2010–2020) built an integrated and innovation-driven coastal research infrastructure for Europe, notably for the observation of the carbonate system parameters, based on Voluntary Observation Ships (VOS), long-term time series, and buoys of opportunity (Puillat et al., 2016; Farcy et al., 2019). From 2011 to 2015, a VOS program provided seasonal and latitudinal HF measurements across the Western English Channel (WEC), enabling first assessments of air-sea CO2 fluxes (FCO2) dynamics in the WEC and adjacent coastal seas (Marrec et al., 2013, 2014, 2015). As part of the French network for the monitoring of coastal environments (SOMLIT1), two long-term time-series in the WEC off Roscoff have been implemented to monitor carbonate parameters at SOMLIT-pier and SOMLIT-offshore stations. Sampling in this program is bimonthly and can therefore miss specific, short-term events occurring between scheduled sampling dates. In the framework of the national program COAST-HF (Coastal Ocean Observing System-High Frequency2), the cardinal buoy of opportunity “ASTAN,” located halfway between the two SOMLIT sampling sites, was equipped with oceanographic and meteorological sensors to complete the discrete sampling.

This study describes the benefits and challenges of deploying and maintaining a HF autonomous coastal observation platform of opportunity. We report the results of 5 years of HF pCO2 and ancillary data recorded at the ASTAN buoy and 5 years of low frequency monitoring of similar parameters at the SOMLIT-pier and SOMLIT-offshore sites. We examine the dynamics of sea surface pCO2 and associated FCO2 from tidal to inter-annual timescales. We identify the main factors controlling pCO2 variability at short timescales using frequency analysis and quantify the impact of the tidal and diel cycles on CO2 system dynamics. Ultimately, we place the annual FCO2 data in a broader context to fully describe the latitudinal variability of FCO2 throughout the WEC.



STUDY SITE

The WEC is part of the North-West European continental shelf, one of the world’s largest temperate margins, and is a pathway between the North Atlantic and the North Sea. High salinity and relatively warm waters from the North Atlantic Drift flow eastward to the western Channel entrance (Salomon and Breton, 1993). The WEC is characterized by three distinct hydrographical regimes: permanently well-mixed waters in the southern WEC (sWEC), seasonally stratified waters in the northern WEC (nWEC) and a frontal structure separating these hydrographical provinces (Pingree and Griffiths, 1978). The intense tidal streams permanently mix the water column from the bottom to the surface all year round in the sWEC, although weak and brief stratification can occur during summer, particularly during neap tides with low wind velocity (L’Helguen et al., 1996; Guilloux et al., 2013). Many rivers and estuaries discharge freshwater into the sWEC, with enhanced river influx during winter due to intense precipitation (Tréguer et al., 2014). These freshwater inputs release nutrient stocks into the marine environment (Meybeck et al., 2006; Dürr et al., 2011; Tréguer and De La Rocha, 2013) fueling spring phytoplankton blooms (e.g., Del Amo et al., 1997; Beucher et al., 2004) and maintaining substantial primary productivity in summer, when light is the limiting factor, not nutrients (Wafar et al., 1983).

The ASTAN buoy is a cardinal buoy of opportunity located 3.1 km offshore from Roscoff (48°44′55′′ N; 3°57′40′′ W, Figure 1), east of the Batz Island. The mean bathymetry is around 45 m. This location is characterized by strong tidal streams with a tidal range up to 8 m during spring tides. The weather conditions can be rough with frequent gusts of wind and storms making work at sea difficult, especially on a mooring. During winter storms, the swell and waves north of the Batz Island can reach 6–7 m high, but the mooring is somewhat protected by the island from swell from the North Atlantic Ocean.
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FIGURE 1. (Right) Map and bathymetry (5 and 50 m isobaths) of the study area in the sWEC with the location of the ASTAN buoy (yellow square) with the two SOMLIT sampling sites: SOMLIT-pier (upward triangle) and SOMLIT-offshore (downward triangle) and the location of the Roscoff observatory. (Top left) Map and bathymetry (200 m isobath) of the North Atlantic Ocean with the location of the Mace Head atmospheric station, the black frame represents the WEC. (Bottom left) Map and bathymetry (50 m isobath) of the WEC with the Meteo France station (white square) for wind speed data, E1 (downward triangle), L4 (upward triangle) and FerryBox transect from Roscoff to Plymouth used in the comparison of FCO2 in Section “Dynamics of FCO2 in the WEC” and Figure 10.


Two low-frequency stations are present either side of the HF buoy (Figure 1), with SOMLIT-pier located south of the buoy (48:43′59′′ N; 3:58′58′′ W) and SOMLIT-offshore located north (48:46′49′′ N; 3:58′14′′ W). Despite their close proximity, these two stations are quite different. SOMLIT-pier is located very close to the coast, strongly influenced by coastal waters, with a particular hydrodynamic regime: a strong tidal range and a low water column (around 5 m). SOMLIT-offshore is characteristic of sWEC surface waters with a well-mixed water column (around 60 m), with the distance from the coast (3.5 km) limiting the impact of rainwater and river inflow.



MATERIALS AND METHODS


High-Frequency Measurements From the ASTAN Buoy

From 2015 to 2019, conductivity and temperature were recorded every 30 min using a SBE16 + (SeaBird, Inc.) instrument. A Cyclops7 fluorimeter (Turner Designs, Inc.) and a SBE43 sensor (Seabird, Inc.) measured at the same frequency Chl-a fluorescence and DO, respectively. The manufacturer accuracies were ± 0.005°C for the temperature sensor, 2% for oxygen saturation and 0.0005 S/m for conductivity. TBTO® anti-fouling cylinders and black Tygon® tubing were installed in the pumping circuit to prevent biofouling, which is a major issue for deployment of sensors in coastal water, with a critical period from May to September.

A Submersible Autonomous Moored Instrument for CO2 (SAMI-CO2, SunBurst Sensors) was installed from March 2015 to December 2019 to measure pCO2 in seawater with a 1-h frequency. The SAMI-CO2 sensor uses calibrated reagent-based colorimetry to measure the change in pH of the dye [bromothymol blue (BTB)]. The BTB is contained in a gas-permeable membrane that is exposed to the environment. The pH change is driven by diffusion of CO2 across the membrane. The dye absorbance is recorded at two wavelengths, corresponding to the absorption peaks of acid/base forms of BTB. Blank measurements were performed regularly in distilled water for quality control. The accuracy of measurements reported by the manufacturer is ± 8 μatm (DeGrandpre et al., 1997). All sensors were recovered every 3 months for inspection, cleaning, battery checks and control of reagent levels.



Bimonthly Measurements at Fixed Stations SOMLIT-Pier and SOMLIT-Offshore

From March 2015 to December 2019, bimonthly sampling was performed at SOMLIT-pier and SOMLIT-offshore fixed stations (Figure 1) during neap tides and at high tide slack. CTD profiles were obtained with a Seabird SBE19 + with accuracies for temperature and computed salinity of 0.005°C and 0.002 respectively. Discrete seawater was sampled using 10 L Niskin bottle. Salinity measurements were performed by sampling seawater in glass bottles with a rubber seal and analyzed in the following months in a temperature regulated room with a portasal Guidline Salinometer at the SHOM (Service Hydrographique et Oceanographique de la Marine) with an accuracy of 0.002. For DO measurements seawater from the Niskin bottle was transferred into 280 mL brown glass bottles that were sealed with special caps to remove all air after addition of 1.7 mL of Winkler reagent I and II. Bottles were kept in the dark in a water bath and analyzed by the Winkler method using potentiometric end-point determination using a Metrohm titrator. The estimated accuracy of this method is 0.2 μM (Carpenter, 1965). For Chl-a measurements 500 ml of seawater were filtered through a GF/F (Whatman) glass filter under 0.2 bar vacuum. The filters were stored in a plastic tube at −20°C before analysis. The EPA (1997) extraction method was used in which Chl-a was extracted in a 90% acetone solution for a few hours at 4°C, followed by measurement of Chl-a concentration using a Turner AU10 fluorometer. Nutrient concentrations ([image: image] and SiO4–) were determined using an AA3 auto-analyzer (AXFLOW) following the method of Aminot and Kérouel (2007) with accuracies of 1 ng L–1 and 0.01 μg L–1 for [image: image] and SiO4–, respectively. During the same period, total alkalinity (TA), dissolved inorganic carbon (DIC) and pH were measured at SOMLIT-pier and SOMLIT-offshore stations. Seawater was sampled in 500 mL borosilicate glass bottles and poisoned with 50 μL of saturated HgCl2. TA and the DIC were determined at the SNAPO (Service National d’Analyse des Paramètres Océaniques) using potentiometric analysis following the Edmond (1970) method and DOE (1994) with accuracies of 2.5 μmol kg–1 for both parameters (see Marrec et al., 2013 for details on this method). pH was determined using the same protocol as for the ASTAN buoy measurements (see below).

From March 2017 to December 2019, additional sampling for pH and TA in the vicinity of the ASTAN buoy was performed every 2 weeks. 50 discrete samples for the determination of TA and pH were collected in 500 mL borosilicate glass bottles and poisoned with 50 μL of saturated HgCl2. TA was determined from approximately 51 g of weighed sample at 25°C using a potentiometric titration with 0.1M HCl using a Titrino 847 plus Metrohm. The balance point was determined by the Gran method (Gran, 1952) according to the method of Haraldsson et al. (1997). The accuracy of this method is ± 2.1 μmol kg–1 (Millero, 2007) and was verified by Certified Reference Material (CRM 131) provided by A. Dickson (Scripps Institute of Oceanography, University of South California, San Diego, United States). pH was determined with an accuracy of 0.002 pH units by spectrophotometry (Perin-Elmer Lambda 11) at a controlled temperature of 25°C with the method of Clayton and Byrne (1993) and corrected by Chierici et al. (1999), using the sulfonephthaleindiprotic indicator of meta-CresolPurple (mCP).



Calculated Data


Dissolved Oxygen Saturation

Calculation of dissolved oxygen saturation (DO%) gives access to the impact of non-thermodynamical processes, such as biological production and respiration, on the variation of DO. The DO% was calculated from Eq. 1 using in situ temperature, salinity, and dissolved oxygen concentrations.

[image: image]

Where C∗ is the concentration of DO at saturation, A and B coefficients are constants described in Weiss (1970), T is the SST (in K) and S the sea surface salinity (SSS).



Carbonate System Parameters

At the ASTAN buoy, we used the combination of TA, pH, SSS and SST as input parameters in the CO2 chemical speciation model (CO2sys Program, Pierrot et al., 2011). We used the equilibrium constants of CO2 proposed by Mehrbach et al. (1973), refitted by Dickson and Millero (1987) on the total pH scale, as recommended by Dickson et al. (2007) and Orr et al. (2015), and including [image: image] and SiO4– concentrations. At SOMLIT-pier and SOMLIT-offshore, from January 2015 to April 2018, we used the combination of TA, DIC, SSS, SST, [image: image] and SiO4– concentrations, and from May 2018 to December 2019 we used the combination of pH, DIC, SSS, SST and [image: image] and SiO4– concentrations as input parameters in the model. We use the standard uncertainty propagation package updated by Orr et al. (2018) for comparison with current computations of uncertainty on the carbonate system parameters in the field of OA. The average uncertainty on pCO2calc were estimated at 11 μatm for TA/pH, at 18 μatm for DIC/TA and at 8 μatm for pH/DIC. These uncertainties were in agreement with similar pCO2calc computations using the propagation technique: 20 μatm for Shadwick et al. (2019) and 15 μatm for Kapsenberg et al. (2017) with DIC/TA as entry parameters.

To estimate pH variations from pCO2 at the ASTAN buoy (pHcalc), we relied on 20 seasonal surveys performed in 2011, 2019 and 2020, when we collected more than 150 data points for TA and SSS covering the entire SSS gradient (0–35.5) in the Penzé and Morlaix rivers, the main sources of freshwater input at our study site. We combined these data with the 2016 discrete dataset marked by intense freshwater inputs at the ASTAN site with important rainfall (563 mm during that winter compared to 274 mm during 2019), and SSS varying from 34.50 to 35.50. We were able to establish a very robust relationship between TA and SSS (n = 236, r2 = 0.98) with the following equation 2 (Supplementary Figure S1):

[image: image]

We therefore estimated the HF pH with CO2sys using the same parameters SST, SSS, pCO2 and TAcalc. We compared the discrete pH values obtained in 2019 at the ASTAN buoy with the spectrophotometric technique [precision of 0.001 and bias of 0.005 pH units (Dickson et al., 2007)] to the pHcalc from the TA/SSS relationship (Supplementary Figure S2). From this comparison, we estimate the uncertainty on the pHcalc at 0.04.



Deconvolution of Thermal and Non-thermal Processes on pCO2

The variability of surface pCO2 caused by thermal and non-thermal processes was estimated from Takahashi et al. (1993, 2002). The method is based on the well-constrained temperature dependence of pCO2 (4.23%°C–1) (Takahashi et al., 1993). It helps to construct the thermally forced seasonal pCO2 cycle (pCO2therm, Eq. 3) and remove the thermal effect from observed pCO2 (pCO2non–therm, Eq. 4). We then were able to quantified the respective influence of δpCO2therm (pCO2-pCO2non–therm) and δpCO2non–therm (pCO2-pCO2therm) on the pCO2.
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For HF data from the buoy, pCO2,obs and Tobs are the calibrated pCO2 data (Figure 2 and Supplementary Figure S2) from the SAMI-CO2 and the SST measured at ASTAN, respectively. pCO2,mean is the mean sea surface pCO2 (420 ± 50 μatm, n = 30788) and Tmean the annual average temperature (13.20 ± 2.09°C, n = 33442), calculated from the most complete HF dataset recorded in 2016 and 2019 (Supplementary Table T1). For bimonthly data, means were calculated from January 2015 to December 2019 based on the bimonthly dataset: pCO2,obs is the pCO2 computed from TA/DIC and pH/DIC, with an annual mean of pCO2,mean = 410 ± 64 μatm (n = 109) at SOMLIT-pier and pCO2,mean = 436 ± 39 μatm (n = 119) at SOMLIT-offshore. The average temperature observed at SOMLIT-pier was Tmean = 13.17 ± 2.27°C (n = 119) and at SOMLIT-offshore was Tmean = 13.05 ± 2.04°C (n = 121) (Supplementary Table T1).
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FIGURE 2. Correlations between HF and discrete data for (A) SSS, (B) DO (μM), (C) Chl-a (μg L–1), and (D) pCO2 (μatm). Left plots show discrete measurements versus sensor values, with n the number of discrete measurements, red lines the linear regression between discrete and sensor measurements and associated r2 values. The right plot shows the differences between sensor values and discrete measurements over time. Dashed lines represent standard deviation of the difference between sensor values and discrete measurements, and dotted lines represent three times the standard deviation.




Air-Sea CO2 Fluxes

Atmospheric pCO2 (pCO2air) was calculated from the CO2 molar fraction (xCO2) from the Mace Head site (53°33′ N 9°00′ W, southern Ireland) (Figure 1) of the RAMCES network (Observatory Network for Greenhouse gases) and from the water vapor pressure (pH2O) using the Weiss and Price (1980) equation. Atmospheric pressure (Patm) was obtained from the weather station of the Roscoff Marine Station, and the wind data from the Guipavas meteorological station (48°26′36′′ N, 4°24′42′′ W, Météo France) (Figure 1). All data were recorded at hourly frequency and then allocated to the HF pCO2 signal of the ASTAN buoy obtained every 30 min by linear interpolation, daily means were then assigned to discrete values of SOMLIT stations. FCO2 (in mmol C m–2 d–1, Eq. 5) at the air-sea interface was determined from the difference of pCO2 between the surface seawater and the air (δpCO2 = pCO2-pCO2 air), SST, SSS and wind speed.

[image: image]

Where k represents the gas transfer velocity (m s–1) and α represents the solubility coefficient of CO2 (mol atm–1 m–3) calculated as in Weiss (1970). The exchange coefficient k (Eq. 6) was calculated according to the wind speed with the updated algorithm of Wanninkhof (2014) appropriate for regional to global flux estimates and high spatial and temporal resolution of wind products:

[image: image]

Where u10 represents the wind speed at 10 m height (m s–1) and Sc the Schmidt number at in situ surface temperature, which varied from 770 to 1250.



Wavelet Analysis

To extract further information on our HF data, mathematical transformations were applied. In 2016 and 2019 the HF dataset covered a major part of the year, and all the studied parameters were measured simultaneously. Wavelet analyses were thus performed on SST, SSS, DO%, and pCO2non–therm to identify the principal frequencies driving the variability of these parameters. Typically, Fourier transforms are used to quantify the constant periodic component in time series. This method is limited when the frequency content changes with time, as in the case of ecological time-series. To overcome these limitations, the wavelets analysis became the norm in environmental time-series analysis, and were used for example to analyze El Nino Southern oscillation (Goring and Bell, 1999) or to follow precipitations distributions (Santos and de Morais, 2013). Wavelet analysis maintain time and frequency localization in a signal analysis, decomposing a time-series into a time-frequency image. This image, generated as a power spectrum, provides simultaneous information on the amplitude of any periodic signals within the series, and on how this amplitude varies with time (Santos and de Morais, 2013). Our measurements were carried out at stations influenced by many factors, stationary or not (e.g., tidal range, currents, day–night cycle, marked seasons…). In the case of such HF analysis of an environmental signal the continuous wavelet transform (CWT) must be used and the Morlet wavelets are privileged to follow localized scales (Cazelles et al., 2008). The wavelets analysis is also suitable for the analysis of the relationship between two signals, and thus determining the links between each of the environmental variables studied. We used the cross-wavelets transforms to estimate the covariance between each pair of time-series as a function of frequency. The wavelet analyses were carried out from the Matlab package “wavelet-coherence” (Grinsted et al., 2004) on Matlab v2015b.





RESULTS


Reliability of the Dataset

From the 06/03/2015 to the 31/12/2019, SST from the Seabird SBE16 + of the ASTAN buoy and from SBE19 + used during discrete sampling at SOMLIT-offshore were very well-correlated (r2 = 0.99, n = 99, standard deviation of the residuals < 0.1°C) (Supplementary Figure S3). We used the bimonthly discrete measurements of SSS, DO and Chl-a from the SOMLIT-offshore station to determine whether post-calibration of the corresponding sensors of the SBE16 + deployed at the ASTAN buoy was necessary. These samples were collected during high tide slack when the ASTAN and SOMLIT-offshore surface waters had similar biogeochemical properties according to our transect data. The SSS values were in good agreement with discrete salinity measurements with a 1:1 relationship (r2 = 0.95, n = 111; standard deviation of the residuals < 0.02) (Figure 2A). Similarly, for DO the linear relationship between both measurements was close to 1:1 (DO = 1.03*DOSBE43−6.7, r2 = 0.91, n = 109, standard deviation of the residuals < 4.4 μM) (Figure 2B). During the 5 years of study, the mean difference between discrete DO and DO measured by the SBE43 sensor was 0.31 μM. In light of these results, no corrections were applied to the HF SSS and DO. For Chl a two different fluorometers were used during the study, from March 2015 to June 2018 and from June 2018 to December 2019. During the first and second deployments, fluorescence (in relative fluorescence units, RFU) showed significant correlations with discrete Chl-a concentrations of (1) Fluorescence = 0.18∗Chl-a + 0.04, r2 = 0.52, n = 48 and (2) Fluorescence = 0.11∗Chl-a + 0.25, r2 = 0.43, n = 17, respectively (Figure 2C). Once the two different conversions between fluorescence and Chl-a measurements were performed, the standard deviation on the residuals was 0.34 μg L–1. Conversion of in situ fluorescence into Chl-a concentrations has always been challenging, with fluorescence influenced by numerous factors: heterogeneity of the phytoplankton community structure across the year (Southward et al., 2005; Guilloux et al., 2013), phytoplankton taxonomy (Proctor and Roesler, 2010), cell size (Alpine and Cloern, 1985), pigment packing (Bricaud et al., 1983, 1995; Sosik et al., 1989; Sosik and Mitchell, 1991) and the effect of non-photochemical quenching (Xing et al., 2012). Despite these limitations, Chl-a concentrations remains a suitable proxy for phytoplankton biomass (Carberry et al., 2019). The standard deviations obtained on the residuals were close to those obtained with similar sensors on the Armorique Ferry Box between Roscoff and Plymouth (Marrec et al., 2014), therefore no further corrections were applied to the converted Chl a signal.

Maintenance of the SAMI-pCO2 sensor was conducted at least every 3 months and more often during the productive period. Offsets between discrete pCO2 estimates and SAMI-pCO2 were detected each time. The offset remained stable during the deployment periods. For example, from the 13/07/2017 to the 31/08/2017, the mean difference between discrete measurements and the sensor was + 8.9 μatm, while from 02/10/2017 to 11/01/2018 it was −9.9 μatm. The pCO2 values obtained from the sensor were corrected using measured offsets. From March 2015 to March 2017, we used the TA/DIC measurements at SOMLIT-offshore during high tide slack to compute pCO2. The pCO2 values obtained from the sensor were corrected from the measured offset, taking into account the average difference between SOMLIT-offshore and ASTAN buoy. Once the offset was corrected (Figure 2D), we obtained a 1:1 relationship between in situ pCO2 computed from DIC/TA and pCO2 values given by the SAMI-CO2 (r2 = 0.80, n = 48) with a standard deviation of the residuals of 16.9 μatm. From March 2017 to December 2019, to reduce errors linked to short time and space scales variability, discrete samples for the determination of pH and TA were taken very close to or directly from the buoy at the same depth than the SAMI sensor. We used this pH/TA combination to compute sea surface pCO2 at the buoy since they provide accurate pCO2 values (Millero, 2007). We obtained a better 1:1 relationship between in situ pCO2 computed from pH and TA and pCO2 values given by the SAMI-CO2 (r2 = 0.98, n = 48) with a standard deviation of the residuals of 7.1 μatm.

The percentage of environmental parameters acquired by each sensor had a mean success rate of 60% (Table 1). The SST and SSS mean ratios were most reliable due to the robustness of these sensors. SSTs measured concomitantly by the CTD and the SAMI-CO2, were well-correlated (Supplementary Figure S3B). DO and fluorescence sensors were more sensitive to specific problems (e.g., biofouling) due to the substantial sensitivity of detection technologies used by theses sensors, which are based on polarography (SBE43) and optics (Cyclops C7), respectively. The SAMI-CO2 was the most impacted sensor in terms of acquisition, principally due to frequent battery shortage, missing reagents, or problems with embedded electronics. With the installation of radio transmission during summer 2018, it was easier to detect breakdowns and therefore quickly undertake repairs. The percentage of data acquisition thus increased for all sensors from this point onwards.


TABLE 1. Percentage of data acquired for each parameter measured at the ASTAN buoy from March 2015 to December 2019.
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Physical and Biogeochemical Variability of Coastal sWEC Waters


Variability of Physical Parameters

Sea surface temperature and SSS showed marked seasonality with cold and fresh water during winter and early spring, and warmer and more saline waters during summer and early fall (Figures 3A,B). SST ranged from 9.0°C during winter to 17.0°C during summer. Averaged seasonal SST at SOMLIT-pier was warmer than at SOMLIT-offshore during summer (15.89 ± 0.70°C, n = 31 vs. 15.34 ± 0.66°C, n = 31, p-value < 0.001), and colder during winter (10.44 ± 0.78°C, n = 36 vs. 10.75 ± 0.76°C, n = 37, p-value < 0.001) (Supplementary Table T1). The seasonal mean of SSS varied from ∼35.15 ± 0.13 in winter to ∼35.27 ± 0.13 in summer. SSS at SOMLIT-pier was significantly lower than at SOMLIT-offshore because of larger freshwater inputs during the winter with a mean difference of 0.30 (Supplementary Table T1). During summer SSS at both stations was in a similar range. At the ASTAN buoy, high-frequency SSS measurements indicated a variability of up to 0.70 within 24 h cycles in winter and up to 0.30 during summer. Interannually, the climatology was calculated from HF daily means of SST and SSS values over 5 years and SST followed a similar pattern between years, except in winter 2018 when the coldest SST was observed, with a 1.5°C difference compared to the 5-year average. SSS did not follow regular seasonality: in 2015 and 2017 SSS followed the 5-year average, with SSS values remaining above 35.0; while in 2016 and 2018, winter SSS decreased down to 34.80 and 34.50, respectively (Figure 3B).
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FIGURE 3. (. in black) High-frequency, (+ in blue) SOMLIT-pier, and (* in blue) SOMLIT-offshore data of (A) SST (°C), (B) SSS, (C) DO% (%), (D) Chl-a (μg L–1), (E) pCO2 (μatm) and (F) FCO2 (mmol C m–2 d–1) from January 2015 to January 2020. Colored lines represent the climatology of (A) SST, (B) SSS, and the pCO2atm (μatm) on (E). The black lines of (C,F) represent the atmospheric equilibrium of DO and CO2, respectively. Negative FCO2 (sink of atmospheric CO2) values are represented in blue, and positive FCO2 (source of CO2 to the atmosphere) are in red.




Variability of Chl-a Concentrations and DO%

The SOMLIT-pier DO% and Chl-a were higher than SOMLIT-offshore values, with a mean difference around 2% and 0.05 μg L–1 in winter, and around 10% and 0.1 μg L–1 in summer. At ASTAN, the variations of HF DO% and converted Chl-a showed similar dynamics with high DO% > 110%, high Chl-a concentrations (>2 μg L–1) during spring, and low Chl-a (<0.5 μg L–1) concentrations associated with low DO values close to the equilibrium and/or undersaturated during fall/winter with a mean DO% of 98.2 ± 1.6% during winter and values below 93% in November (Figures 3C,D and Supplementary Table T1). The DO oversaturation generally lasted around 6 months, from April to September, and surface waters were close to equilibrium and/or undersaturated in DO for the rest of the year. High-frequency DO% data recorded at the ASTAN buoy were closer to the data observed at SOMLIT-offshore than at SOMLIT-pier. Both DO% and Chl-a were characterized by high variability when observed from HF measurements, particularly during spring and summer. DO% and Chl-a followed the same general pattern each year but differed temporally. For example DO oversaturation (DO% above 115%) and high Chl-a (5 μg L–1) were observed in early spring (March) during 2015, but only during late spring (May) in 2018 (Figures 3C,D), when large riverine inputs marked by lower SSS values occurred.



Variability of pCO2 and FCO2

At SOMLIT-offshore and SOMLIT-pier, pCO2 ranged from 295 to 507 μatm on an annual scale (Figure 3E). Minimum values (<350 μatm) were observed during spring and early summer, with pCO2 values below atmospheric equilibrium (pCO2air ranging from 400 to 410 μatm). Maximum values (>450 μatm), above atmospheric equilibrium, were observed during fall and early winter (Figure 3E). Surface water CO2 undersaturation relative to pCO2air lasted around 6 months, from April to September, while CO2 oversaturation dominated the rest of the year, inversely related to DO%. During summer, pCO2 at SOMLIT-offshore was higher than at the SOMLIT-pier (+ 65 μatm mean difference), while during winter we observed an opposite pattern (−23 μatm mean difference). HF pCO2 was generally well-correlated to the low frequency data. However, during May 2016 and 2019 HF data indicated important drawdowns below 300 μatm (related to high Chl a values), which were not detected by the low frequency monitoring.

The annual amplitude of FCO2 (Figure 3F) varied from −14 mmol C m–2 d–1 to + 26 mmol C m–2 d–1. During winter, the fluxes were positive, with surface waters releasing CO2 to the atmosphere, while the spring negative values revealed a strong absorption of atmospheric CO2. During spring, atmospheric CO2 absorption at the SOMLIT-pier was larger (−2.10 ± 1.80 mmol C m–2 d–1, n = 29) than at SOMLIT-offshore (0.29 ± 1.00 mmol C m–2 d–1, n = 31), with an average difference of 1.8 mmol C m–2 d–1 (Supplementary Table T1). During winter, the two stations acted rather similarly, with important CO2 emissions to the atmosphere during the high wind speed periods (e.g., December 2015 and January 2018) (Figure 3F). The HF monitoring enabled the observation of important daily FCO2 variations during the spring of 2015 and 2016. For example, during 2015 HF data revealed values down to −14 mmol C m–2 d–1, compared to the FCO2 computed from discrete sampling around −4 mmol C m–2 d–1. Similar observations were made during winter 2015, 2016, 2017 and 2019 with, as in 2017, high HF FCO2 values of 26 mmol C m–2 d–1 compared to values of 3 mmol C m–2 d–1 computed from discrete sampling at the same time. Mean seasonal FCO2 were relatively similar at the three stations during winter, with values between + 2.0 and +4.0 mmol C d–2 m–1 (Figure 4). The spatial difference was more marked during spring, when FCO2 was negative at SOMLIT-pier (less than −2 mmol C m–2 d–1) and at ASTAN buoy (around −1.6 mmol C m–2 d–1), but close to equilibrium at SOMLIT-offshore (around −0.3 mmol C m–2 d–1). During summer, SOMLIT-pier and ASTAN buoy had values close to atmospheric equilibrium, while SOMLIT-offshore surface waters released CO2 at + 1.0 mmol C m–2 d–1. During fall, all sites exhibited large emissions of CO2 to the atmosphere with values between + 2 and + 6 mmol C m–2 d–1.
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FIGURE 4. Seasonal mean FCO2 (mmol C m–2 d–1) across a coast-to-offshore gradient at (A) SOMLIT-pier (B) ASTAN buoy, and (C) SOMLIT-offshore from 2015 to 2019. The high frequency means were established only for seasons with a number of observations nobs > 1500, and for the bimonthly stations with a nobs > 4. The error lines represent the standard deviation.





Frequency Analysis


Frequency Study of the Physical Structure

Wavelet analyses were applied to the 2016 and 2019 HF SST and SSS data (Figure 5A) to identify the main frequencies of variability at the ASTAN buoy. The years 2016 and 2019 were used because the datasets were the most complete. For both years, the SST followed closely the climatology, while the SSS signal was more variable each year because of the high riverine variability but did not show extreme values as those recorded in 2018.
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FIGURE 5. Wavelet power spectrum based on the Morlet wavelets during the year 2016 for (A) SST (°C), SSS, and cross-wavelet spectrum between SST and SSS, and for (B) DO% (%), pCO2non–therm (μatm) and cross-wavelet spectrum between DO% and pCO2non–therm. Time is expressed in day of the year. The color bars represent the power of the wavelet transform, in absolute squared value. A high power is represented in yellow. For the cross-wavelets spectrum, the arrows indicate if the signals are in phases (arrow pointing right) or in phase inversion (arrow pointing left). White bands represent a lack of data.


A 12 h cycle, representative of the tidal period of 0.5 day, clearly appeared on both wavelet analyses throughout the year: high variance values between the signal and the wavelets appeared, indicating more marked correlations during the summer period for SST and during winter for SSS. The diurnal cycle (period of 1 day) appeared weakly and episodically in the wavelet transformation of SST data. The crossed wavelets of SST and SSS highlighted the main periodicity of 0.5 days. At the 12 h frequency, we clearly observed a phase alternation, represented by the change of direction of the arrow, with a signal in phase from October to April, and shifted the rest of the year. The statistical analysis revealed very sharp phase changes and allowed precise pinpointing of the different physical characteristics of two water masses influencing HF measurements. For example, the first inversion started on April 10 during 2016, while the second inversion occurred on November 9 in 2016. Similar analysis for 2019 revealed an inversion on November 7 in 2019, remarkably close in terms of inter-annual variability. These results underline the potential of HF monitoring combined to wavelet analyses for following shifts in terms of physical regimes in complex nearshore ecosystems.



Frequency Study of Biogeochemical Parameters

Wavelet transformation for the biogeochemical parameters DO% and pCO2non–therm (Figure 5B), representative of biological processes, revealed two characteristic frequencies of 0.5 and 1 days. These frequencies were more marked during summer compared to winter, with higher power. The cross-wavelet analysis revealed that these two frequencies were identical for both parameters underlying potential diel biological cycles in surface waters at the ASTAN buoy. However, the phases did not show any relevant pattern, and the cross wavelet between the biological and the physical parameters didn’t bring more information (not shown). For the 12 h signal, we did not observe distinct regimes similar to those of SST and SSS. In winter, they seemed shifted, with DO% maximal when pCO2non–therm decreased.




Short-Term Variability of Physical and Biogeochemical Parameters

Short-term variability of HF data recorded at the ASTAN buoy during two representatives 6-days periods in January 2016 and May 2016 is shown in Figure 6. From 05/01/2016 to 10/01/2016 (winter period, Figure 6A), SST ranged from 11 to 14°C, and SSS from 34.85 to 34.95. The SST and SSS varied following 12-h cycles: SST and SSS differences within a 6-h time frame ranged from 0.10 to 0.30°C for SST and from 0.03 to 0.40 for SSS. These two parameters followed the same pattern as the tidal ranges. During high tides SST and SSS reached their highest values, while during low tides minimum SST and SSS values were observed. Similarly, 6-h variation was observed for DO and pCO2 (Figure 6C). DO ranged from 264 to 274 μM, and pCO2 ranged from 443 to 457 μatm with a 6-h difference of around 7 μM and 13 μatm, respectively.
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FIGURE 6. Short-term variability of SST (°C) (blue) and SSS (red) during (A) winter, from 05/01/2016 to 10/01/2016, and (B) summer, from 20/05/2016 to 25/05/2016; and short-term variability of DO (μM) (blue) and pCO2 (μatm) (red) during (C) winter and (D) summer. Black lines represent tidal height (m). Smooth lines in blue and red are obtained using a moving average filter with a 2-h span on the corresponding parameters.


From 20/05/2016 to 25/05/2016 (spring period, Figure 6B), SST ranged from 15.80 to 17.20°C, and SSS from 35.18 to 35.25. We observed 6-h variations of SST around 0.40°C, and 6-h variations of SSS around 0.50. SSS followed the tidal variations, and SST was in the opposite phase; i.e., the phase shift highlighted by the wavelet analysis had occurred. DO and pCO2 patterns were linked to the 12 h tidal cycle, as suggested by the wavelet analysis. During the bloom (Figure 6D), DO ranged from 277 to 290 μM, and pCO2 from 347 to 379 μatm. 6-h variations were 8 μM for DO and 20 μatm for pCO2. pCO2 was correlated with the tidal pattern, while DO was in the opposite phase. These observations highlight the importance of the tidal cycle in daily variations of biogeochemical parameters at the ASTAN buoy.




DISCUSSION


Short-Scale Variability of the CO2 System in Coastal sWEC

Discrete data, wavelet analysis and HF data described in Section “Short-Term Variability of Physical and Biogeochemical Parameters” highlighted the tidal transport of two distinct water masses: firstly a coastal water mass (CWM), unidentified in previous studies (Marrec, 2014), with properties corresponding to the SOMLIT-pier data and present at ASTAN during low tides; secondly an offshore water mass (OWM) corresponding to SOMLIT-offshore data and present at ASTAN during high tides. During the 5 years of observations, the CWM had lower SST during winter, higher SST during summer; and generally lower SSS (Figures 3A,B) (Supplementary Table T1) than the OWM. The phase inversion observed in November and April (Figure 5), which occurred every year, was the consequence of the opposite SST seasonality between the CWM and the OWM (lower SST in summer in OWM and lower SST in winter in CWM). The influence of tides on pCO2 dynamics is prominent in estuarine ecosystems (De la Paz et al., 2007; Bozec et al., 2012; Oliveira et al., 2018), but has also been observed in various continental shelves of the world ocean (DeGrandpre et al., 1998; Hofmann et al., 2011; Horwitz et al., 2019). Several studies have reported the impact of the tidal cycle on pCO2 over various European continental shelf provinces, for example in the nWEC (Litt et al., 2010), in the Bay of Brest (Bozec et al., 2011) or in the Cadiz Bay (Ribas-Ribas et al., 2011, 2013). Likewise, enhanced variability at 12-h periods of DO% and pCO2 were associated to tidal levels and SST/SSS variations at ASTAN (Figures 5, 6). Previous studies were limited to shorter periods of observation, spanning from 20 h to 4 months, with tidal amplitude lesser than 2 m (Litt et al., 2010; Ribas-Ribas et al., 2011, 2013) or to a semi-enclosed bay with limited tidal exchange with the adjacent open ocean (Bozec et al., 2011). During 5 years, we observed mean variations of DO% and pCO2 around 10% and 15 μatm, respectively, during tidal cycles. The maximum tidal variability associated to spring tides (>7 m) during phytoplankton blooms (16% for DO% and 88 μatm for pCO2non–therm) represented up to 50 and 40% of the respective annual signals at ASTAN. These variabilities reflected the important tidal transport of the CWM and OWM in the coastal sWEC, distinctively revealed by HF monitoring at the ASTAN buoy.

In addition to the tidal variability of DO% and pCO2 as a result of the presence of distinct water masses at ASTAN, HF monitoring of these biologically dependent variables should also present diurnal variability. During the day, the combination of photosynthesis and respiration is supposed to increase DO% and decrease pCO2non–therm, whereas during the night, respiration processes tend to decrease DO% and increase pCO2non–therm. Borges and Frankignoulle (2003) first revealed a combination of the tidal signal coupled with the biological diel cycle on pCO2 variations in the English Channel. The impact of the diel cycle on DO%, pCO2non–therm and FCO2 had also been detected and quantified during the productive period in the nWEC (Marrec et al., 2014). In the adjacent Bay of Brest, HF data showed a maximum of DO% and a minimum of pCO2 at dusk, and a maximum of pCO2 and a minimum of DO% at dawn (Bozec et al., 2011). More recently, Liu et al. (2019) highlighted the superimposition of the diel biological signal on the pCO2 tidal signal in a subtropical tidal estuary. In our case, the main difficulty was to extract the diurnal signal from the high tidal signal, which dominated the short-term variability of pCO2, as also observed by Dai et al. (2009) in several ecosystems of the South China Sea. At the ASTAN site, the diel variability of DO% and pCO2non–therm was indistinguishable due to the prevalence of the tidal signal (Figure 6). However, the wavelet analysis revealed a potential day/night cycle for DO% and pCO2non–therm (Figure 5), with an important signal on a 24 h period. To estimate the effect of the biological diel cycle on these parameters, we separated the signal, keeping only the data at dusk and dawn according to PAR values measured at the buoy. The day–night differences for DO% and pCO2non–therm clearly appeared during the productive period, when such differences were the most pronounced (Figure 7). The data revealed a diel biological cycle with maximum differences of + 5% for DO% and −22 μatm of pCO2non–therm between dawn and dusk. A 10–15 day cycle appeared between day and night variability of DO% and pCO2non–therm, with more pronounced day–night differences at certain periods. This period was closely related to the time when the dawn/dusk cycle was in phase with the low/high tide cycle (data not shown), which means that similar water masses (CWM or OWM) were in vicinity of the ASTAN buoy at dusk and dawn. The annual mean difference of the day/night DO% was 0.6%, and 3 μatm for pCO2non–therm, remaining rather low compared to tidal variability. However, when considering the maximum wavelet amplitude of %DO and pCO2non–therm during the bloom (Day ∼140 corresponding to May, Figure 5), the day/night signal accounted for 30% of the annual variation of DO% and for 9% of the annual variation of pCO2non–therm. As well as revealing the significant tidally induced variability of the pCO2 signal, HF monitoring of coastal sWEC waters provided key information about the impact of the diel biological cycle on the CO2 system.
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FIGURE 7. Diurnal variability of (A) DO% (%) and (B) pCO2non–therm (μatm) data extracted at dawn (red) and dusk (blue) ± 3 h during the productive period, from 22/03/2016 to 27/04/2016. Smooth lines in blue and red are obtained using a moving average filter with a 5-data span on the corresponding parameters.


Combining HF measurements of pH or pCO2 with discrete carbonate system parameters (DIC/TA) can be a valuable tool for carbon cycle research based on autonomous mooring (Cullison Gray et al., 2011). Our robust TA/SSS relationship established in Section “Carbonate System Parameters” was concordant with similar relationships estimated in North Atlantic waters mixing with freshwater from non-limestone Irish rivers with similar TA end members (McGrath et al., 2016). We therefore estimated HF pHcalc for 2016, which varied from 8.00 during winter to 8.20 during summer (Figure 8A). These values were within the range of the in situ pH estimated between 7.97 and 8.35 by Marrec (2014) in the WEC and with pH values reported by McGrath et al. (2019) in Irish coastal waters (between 8.00 and 8.30). Unsurprisingly, pHcalc exhibited opposite dynamics to pCO2 and was strongly related to the tidal signal. During spring/summer, low pHcalc values were observed at high tide and high pHcalc values at low tide, with 12-h variations up to 0.12 units (Figure 8B). The pH variability is particularly intense in coastal ecosystems (Ostle et al., 2016; Brodeur et al., 2019) resulting from various biogeochemical and physical processes (Waldbusser and Salisbury, 2014). In this study, most of the variability of pHcalc observed at the ASTAN site during spring likely resulted from tidal transport of the CWM and the OWM with contrasting biological and physical properties.
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FIGURE 8. (A) pHcalc (in pH units on the total scale at in situ SST) at the ASTAN buoy during the year 2016 as explained in Section “Carbonate System Parameters” with (B) emphasis on the spring short-term variability of pHcalc (black dot) and the water level [in meters (orange line)] from 28/05/2016 to 09/06/2016.


Hydes et al. (2011) reported long-term pH decrease of −0.002 to −0.004 pH unit yr–1 from 1995 to 2009 in the northwest European continental shelf, higher than in the Atlantic waters (Kitidis et al., 2017) and in the open ocean (Doney et al., 2009). At a daily time-scale, we observed variations up to 6 times greater than this regional annual acidification trend, and the seasonal variation was 10 times greater than the decadal change in the area. These strong variabilities are similar to the observations of McGrath et al. (2019) who reported, in similar coastal ecosystems in Ireland, a pH variability from 10 to 50 times greater than the decadal change linked to OA. Large changes of pCO2 and pH were previously observed during short measurements period at fixed locations in various coastal ecosystems (Hofmann et al., 2011; Saderne et al., 2013). Intense changes in pH and saturation state Ωarag have also been reported at coastal mooring sites in the California Current Ecoystem with natural variability overlapping with preindustrial conditions but also revealing critical OA conditions (Sutton et al., 2016). This variability has direct implications for calcifying species because variable pH exposure can affect organism response to OA (Vargas et al., 2017). Extremes decrease of Ωarag have also been related to pteropods shell dissolution (Feely et al., 2016) and identified as a potential threat for the shellfish industry (Salisbury et al., 2008). Marine organisms in regions of persistent low pH might be locally adapted to OA (Sanford and Kelly, 2011; Pespeni et al., 2013). However, knowledge gaps about when and where corrosive conditions occur (Feely et al., 2016; Chan et al., 2017; Fennel et al., 2019) and how the timing of such conditions relates to key life stages (Legrand et al., 2017; Kapsenberg et al., 2018) still have to be filled to assess vulnerability to OA. Here we showed large daily changes in pH/pCO2 but also DO/SST at the ASTAN mooring associated with the tidal transport of the CWM and the OWM in the nearshore area of the WEC over 5 years. These data can improve experimental design to evaluate organism response under real-world conditions by submitting these organisms to realistic variability in carbonate parameters (Chan et al., 2017) but also to varying DO and SST (Reum et al., 2016) instead of previous classical experimental designs (Noisette et al., 2016; Legrand et al., 2017) used in the WEC.



Seasonal and Interannual Control of pCO2 in Coastal sWEC

Previous studies investigating the seasonal patterns of pCO2 in the WEC indicated important physical and biological influence on carbonate cycling (Borges and Frankignoulle, 2003; Padin et al., 2007; Dumousseaud et al., 2010; Litt et al., 2010; Kitidis et al., 2012). With our 5 years of HF and discrete data we further investigated the seasonal and inter-annual variability of pCO2 in the proximal area of the sWEC. Following the approach proposed by Takahashi et al. (1993, 2002), we discriminated the influence of thermal processes (pCO2therm) from non-thermal processes (pCO2non–therm) (Figures 9A,B) and we quantified the respective influence of δpCO2therm and δpCO2non–therm on pCO2 (Figure 9C).
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FIGURE 9. (A) pCO2therm (blue), (B) pCO2non–therm (red) (C) δpCO2therm = pCO2-pCO2non–therm (blue) and δpCO2non–therm = pCO2-pCO2therm (red) (all in μatm) for (.) High-frequency, (+) SOMLIT-pier, and (*) SOMLIT-offshore data. Dashed lines represent the maximum and minimum of the monthly mean of δpCO2therm (blue) and δpCO2non–therm (red).


The SST followed a rather regular pattern every year with limited inter-annual variations. Since pCO2therm is mainly influenced by temperature, we observed a variation of pCO2therm mirroring SST variations, varying from 325 to 490 μatm during winter and summer, respectively. δpCO2therm varied from + 67 μatm due to increasing SST during summer to −104 μatm due to decreasing SST during winter. In 2018, winter values diverged from the other years with lower SST (−1.5°C) compared to average values. Therefore, the lowest pCO2therm values (around 345 μatm) and a δpCO2therm of −104 μatm (20 μatm lower than the other years) were encountered that year. It is worth noting that during the same period SSS largely diverged from the average with values as low as 34.60, only recorded by HF monitoring. The decrease of pCO2 induced by thermal processes was counterbalanced by particularly high pCO2non–therm values at this time (>500 μatm). The strong impact of non-thermal processes in winter 2018 might be related to intense riverine inputs, which brought a large amount of organic material. Besides this interannual variability, the 5-year dataset at the two discrete stations revealed spatial variability of the thermal effect on pCO2. During winter, pCO2therm was lower at SOMLIT-pier (or CWM) compared to SOMLIT-offshore (or OWM), due to stronger cooling of nearshore waters during the winter regime. δpCO2therm revealed an impact 7 μatm higher of the SST cooling on pCO2 in the CWM (Supplementary Table T1). During summer, after the shift from the winter to the summer regime, SST was higher at SOMLIT-pier than at SOMLIT-offshore. δpCO2therm showed that this higher SST was responsible for a potential increase of 5 μatm of pCO2 in CWM compared to OWM (Supplementary Table T1).

Non-thermal effects on pCO2, pCO2non–therm, are strongly influenced by biological production/respiration processes, but also by factors such as lateral advection, vertical mixing, air-sea CO2 exchanges, dissolution/formation of CaCO3, sediment/water-column interactions, or riverine inputs. However, this parameter remains a valuable and efficient approach to assess the impact of biological processes on pCO2 variability (Thomas et al., 2005). Windspeed data (Supplementary Figure S4) showed a rather stable signal (higher values during winter’s storms and lower values during spring/summer) throughout the 5 years of study, which did not induce large inter-annual pCO2non–therm variability. The HF data showed a clear opposite dynamic between Chl-a-DO%, and the pCO2non–therm signals both temporally and in terms of intensity. The opposite patterns indicated that pCO2non–therm could reasonably be considered as an indicator to quantify the effect of biological processes on natural pCO2 variability.

Spring in the sWEC is characterized by phytoplankton blooms between March and April fueled by the winter nutrient stock. The onset of spring phytoplankton blooms depends on light availability throughout the well-mixed water column (Wafar et al., 1983; L’Helguen et al., 1996). Surface waters, and the entire water column (except when weak and short stratification occurred), still exhibited relatively high Chl-a concentrations and oversaturated DO% along the summer since nutrient stocks (particularly nitrate) are rarely totally depleted because of the light limitation induced by strong mixing (Wafar et al., 1983; L’Helguen et al., 1996; Marrec, 2014). In fall, light availability becomes insufficient to support the substantial level of primary production required to maintain DO% oversaturation. Respiration and remineralization processes therefore become the main driver of pCO2 variability, consuming DO, releasing CO2, and driving the nutrient concentrations as in other temperate ecosystems of the northwest European continental shelf (Bozec et al., 2011; Marrec et al., 2013; Salt et al., 2016; Hartman et al., 2019). The biologically productive periods were accompanied by DO% > 100% and Chl-a concentrations > 1 μg L–1 from April to October every year, with oxygen saturation reaching values up to 120%. During winter the heterotrophic activity (respiration and remineralization of organic matter) dominated with much lower Chl-a and undersaturated DO%. δpCO2non–therm showed a regular pattern driven by these production/respiration processes, with a strong coupling between the start/end of < 0 δpCO2non–therm and > 100% DO% values, and proved to be a suitable indicator of the extent and duration of the productive period (Figure 9C).

Important interannual variability was observed with respect to the onset and end of the productive period, as indicated by the DO% and δpCO2non–therm signals. In 2015, DO% started to be significantly higher than 100% in March, synchronized with an increase of Chl-a, and surface waters remained oversaturated in DO up to mid-September, while in 2018, the productive period started in May and ended in late August. 2018 was characterized by larger freshwater inputs (Figure 3B) due to heavy precipitations in late winter/early spring, and thus reduced light availability, associated with greater turbidity, which might have limited light penetration in the mixed water-column and thus delayed the start of the productive period. The pCO2non–therm and δpCO2non–therm signals followed similar dynamics. In 2015, pCO2non–therm and δpCO2non–therm started to decrease and to be negative, respectively, in April, whereas negative δpCO2non–therm started to be observed in May in 2018. Positive δpCO2non–therm values were observed from September in 2015 and from August in 2018. The decrease of pCO2non–therm in spring can be particularly rapid, as in spring 2016 with a drawdown of around 250 μatm during a 2-month period (March–May), revealing a large consumption of pCO2 by biological activity partly counteracted by the increasing SST and pCO2therm at the same period.

Spatial variability was visible from the discrete data, particularly in summer, when pCO2non–therm was persistently lower at SOMLIT-pier (CWM) than at SOMLIT-offshore (OWM). During the productive period, seasonal minimal δpCO2non–therm values lower than −100 μatm were observed in the CWM every year, while the δpCO2non–therm signals never reached values below −70 μatm in the OWM. The shallower depth in the CMW favors light penetration, which can result in higher pelagic production (when nutrients are not depleted) compared to the deeper OWM. The role of benthic production processes on CO2 variations is also important in proximal shallow areas (Hammond et al., 1999; Cai et al., 2000; Forja et al., 2004; Waldbusser and Salisbury, 2014; Oliveira et al., 2018). The low δpCO2non–therm associated to CWM during the productive period might include both higher pelagic and benthic production, with a predominance of the latter. The tidal transport of the CWM over adjacent seagrass and macroalgae beds with high CO2 consumption (Ouisse et al., 2011; Bordeyne et al., 2017) extended the biological productive period of the CWM to the benthic compartment. The δpCO2non–therm seasonal mean difference of 30 μatm recorded between both stations was therefore a gross estimation of the benthic compartment production within the nearshore area. Similarly, a nearshore to offshore gradient was observed during fall and early winter. Values of δpCO2non–therm in the CWM of 130 μatm were 40 μatm higher than in the OWM, the important benthic and pelagic remineralization in the shallower CWM contributing to a larger increase of pCO2. This increase was partly counteracted by the decreasing pCO2therm due to fall and winter SST cooling as discussed above.

Our data revealed a somewhat classical picture of pCO2 control in temperate ecosystems with counteracting effects of thermodynamic and biological activity depending on the seasons (Thomas et al., 2005; Bozec et al., 2011). The combined 5-year HF and discrete data allowed for the first time the quantification of rather large interannual and spatial variability in the proximal surface waters of the sWEC. Non-thermal processes, that we assumed to be mainly controlled by biological activity, were the main driver of pCO2 in the coastal sWEC, as shown by the larger amplitude, both during winter and summer, of pCO2non–therm compared to pCO2therm. The interannual variability of pCO2 depended mainly on the duration and the intensity of the productive period. The weak interannual variability in terms of SST limited its control over the 5 years of study on pCO2 compared to production/respiration processes.



Dynamics of FCO2 in the WEC

Our study provides FCO2 estimates at daily, seasonal and annual time scales. One major limitation for estimating HF FCO2 is the requirement to access HF atmospheric CO2 data in the surrounding study area. Northcott et al. (2019) recently demonstrated the impact of higher atmospheric CO2 transported by offshore winds from urban and agricultural land on FCO2 estimates in Monterey Bay, California. This concern was also addressed by Wimart-Rousseau et al. (2020) in their study of FCO2 in the vicinity of a highly urbanized area. Unfortunately, we did not have access to local HF atmospheric CO2 data, so atmospheric xCO2 data from the RAMCES network collected at the Mace Head site (53°33′ N 9°00′ W, southern Ireland) were used to calculate pCO2atm. The dominant onshore south-westerly winds and rather lowly urbanized surroundings in our study area mean that the Mace Head record should be representative of our study site. The use of local wind products from the nearby Guipavas weather station (Supplementary Figure S4) and of recent gas transfer velocity parametrization adapted to regional estimates (Wanninkhof, 2014) limited the error linked to different wind products in regional air-sea flux estimations (Roobaert et al., 2018). The impact of rain, extreme wind events and associated bubble entrainment, surface films or boundary layer stability (Wanninkhof et al., 2009 for a review) are factors inducing additional uncertainty into gas transfer velocity k, and therefore HF FCO2 calculation, but remain particularly difficult to assess. The eddy covariance technique, as used by Yang et al. (2019) in the nWEC, can overcome most of these limitations inherent to gas transfer velocity parametrization, and presents some undeniable advantages for studying HF FCO2. However, the use of in situ seawater pCO2 sensor remained the most effective way to study pCO2, examine its control, and simultaneously estimate air-sea CO2 fluxes using widely used wind dependent gas transfer velocity parametrization.

The main benefit of HF data was to assess daily FCO2 variability and capture extreme events such as high fluxes observed during winter or abrupt shifts and drawdown during spring. For example, during winter 2017 a HF FCO2 of 26 mmol C m–2 d–1 was recorded at ASTAN compared to values of 3 mmol C m–2 d–1 computed from discrete values at the same time. During spring, as explained in Section “Seasonal and Interannual Control of pCO2 in Coastal WEC,” the large interannual variability of the intensity and trigger of spring blooms was responsible for variable spring drawdown in pCO2, revealing sudden and strong inversions of the fluxes. For example, in March 2016 FCO2 was on average positive with a monthly maximum of + 5.93 mmol C m–2 d–1 (03/27/16), and within a few days became negative, with a monthly minimum of −4.42 mmol C m–2 d–1 (04/19/16). This large daily variability should be taken into account when considering the spring average carbon sink for each year (with a mean estimate at −2.12 mmol C m–2 d–1). With the method applied in Section “Short-Scale Variability of the CO2 System in Coastal sWEC” we were able to separate the day/night signal during this period and found a mean difference of FCO2 of −0.12 mmol m–2 d–1 due to the diel biological cycle. This estimation was understandably lower than the day–night difference estimated at −0.90 mmol m–2 d–1 for FCO2 during spring in the stratified and more productive nWEC (Marrec et al., 2014). FCO2 based on HF data provided relevant information on short-term variability, the main caveat of the cardinal buoy data being the significant loss of data, which hindered computation of mean seasonal averages.

The mean seasonal FCO2 values for the three sites during the 5 years of study were compared to assess the seasonal and spatial variability of FCO2 along a coastal/offshore gradient (Figure 4). FCO2 computed from the HF data at ASTAN exhibited similar overall variability as FCO2 obtained from discrete measurements at SOMLIT-pier (CWM) and at SOMLIT-offshore (OWM). Similar general patterns between HF and discrete data at the seasonal level have also been reported in recent studies (Shadwick et al., 2019). Regardless of sampling frequency and locations, the three studied sites acted as strong sources of CO2 to the atmosphere during winter/fall. During spring, SOMLIT-pier and ASTAN acted as sinks of atmospheric CO2, with higher CO2 sink at SOMLIT-pier than at ASTAN, while fluxes computed at SOMLIT-offshore indicated exchanges near equilibrium. Summer was the only time of the year when significant differences in terms of flux intensity and direction were observed between the three sites. This time of the year corresponds to the shift from dominant production of organic matter by photosynthetic organisms toward dominant remineralization and respiration processes, which usually start earlier in the deeper well-mixed water column at SOMLIT-offshore. The 2015/2018 years were marked by large differences in terms of the date of onset and length of the productive period, which were poorly reflected in the mean seasonal spring and summer FCO2. However, the following fall was marked by large differences in terms of emissions of CO2 to the atmosphere, much lower in 2018 compared to 2015 when it was driven by high wind speeds (maximum monthly mean of 9.7 m s–1). The mean wind speeds recorded during fall 2018 (4.6 m s–1) were followed by lower than average wind speeds the following winter months (4.6 m s–1 compared to mean 5.2 m s–1) (Figure 3), which still resulted in significant flux differences, driven this time by the delayed remineralization period (Figure 4). This study confirms that seasonal variability of FCO2 in this part of the NE European continental shelf is controlled by complex interactions between high/low wind speeds, production/respiration of organic matter and winter cooling (Kitidis et al., 2019).

On an annual basis, given the dominant impact of the tidal cycle at ASTAN, it seemed particularly interesting to assess the proximal coastal/offshore gradient of FCO2 from the buoy data only. In 2016/2019 the HF dataset was sufficiently complete to attempt an estimation of annual FCO2 in the CMW and OMW based on tidal separation of the HF signal. We separated the dataset according to high tides (>8 m) and low tides (<2.5 m), as previously explained. The annual mean FCO2 over 2016/2019 was estimated at 0.37 mol C m–2 yr–1 for the CMW and 0.65 mol C m–2 yr–1 for the OWM (Figure 10). The mean HF FCO2 of 0.51 mol C m–2 yr–1 for 2016/2019 at the ASTAN buoy was obviously within the range of FCO2 in the CWM and OWM. FCO2 computed at ASTAN comprised both the tidal and diurnal signals and was therefore representative of nearshore surface waters in the sWEC. Comparison of these HF budget with the annual mean budget for 2016/2019 based on discrete sampling at SOMLIT-pier (0.35 mol C m–2 yr–1) and SOMLIT-offshore (0.62 mol C m–2 yr–1), which we assumed representative of the CWM and OWM, respectively, revealed very similar values. Here, the arbitrary separation of the HF data according to tide levels provided coherent results with discrete samples collected at noon during neap tides at both SOMLIT stations. We were able to estimate FCO2 in the CWM and OWM with the ASTAN mooring, which underly the great potential of cardinal buoys to capture the dynamic of FCO2 in nearshore tidal ecosystems. It is worth noting that CO2 emissions at SOMLIT-offshore (averaged over the 5-year period) showed a similar trend but lower values than emissions computed from 2011 to 2013 at the same site (Figure 10), with an atmospheric CO2 increase of + 9 to + 15 μatm recorded between the studies. These new estimates in nearshore waters of the sWEC over a 5-year period combined with previous studies provided a full latitudinal representation over multiple years for FCO2 in the WEC (Figures 1, 10). This is particularly relevant since proximal areas are currently excluded from global estimates in the coastal ocean (Bourgeois et al., 2016). The latitudinal comparison showed a clear gradient from a weak source of CO2 in the tidal mixing areas toward sinks of CO2 in the stratified regions less influenced by tidal mixing in agreement with recent global modeling studies (Laruelle et al., 2018). Interestingly, in the tidal mixing ecosystems the sources increased from nearshore to offshore waters, whereas in stratified ecosystems the sink increased toward nearshore waters. Andersson and Mackenzie (2004) first suggested that shelves may have turned from a CO2 source in the preindustrial time to a sink at present and that the CO2 uptake rate would increase with time. More recently Cai (2011) and Bauer et al. (2013) suggested an increasing global shelf CO2 sink with time as a result of the atmospheric pCO2 increase. The latest SOCAT data confirm this trend with a slower pCO2 increase in shelf waters compared to atmospheric pCO2 that could increase the air-sea gradient and thus the uptake of atmospheric CO2 in the decades to come, although high spatial variability in air–sea fluxes is to be expected across shelf regions (Laruelle et al., 2018). This is particularly significant for the sWEC, which is a weak source of CO2 and could potentially become a sink of CO2 in the coming decades.


[image: image]

FIGURE 10. Annual mean FCO2 (mol C m–2 y–1) across the WEC at discrete stations SOMLIT-pier and SOMLIT-offshore for the 2015–2019 period (dark red), in the CMW, OMW and at ASTAN based on HF data from 2016 and 2019 (red) from this study1; at SOMLIT-offshore (orange), in the sWEC (orange) and nWEC (blue) for the period 2011–2013 from Marrec (2014)2; and at discrete stations E1 and L4 (dark blue) for the period 2007–2010 from Kitidis et al. (2012)3.





CONCLUSION

The recent OceanObs 2019 conference highlighted the need for innovative and sustained coastal observatories (Farcy et al., 2019) notably for the study of FCO2. In the last decade, the emergence of new high-performance pH and pCO2 sensors has been extremely valuable for the investigation of OA and FCO2 (Sastri et al., 2019). Here, the implementation of a cardinal buoy of opportunity equipped with such novel sensors into an existing network of time-series and Ferrybox monitoring programs provided a robust multiple year assessment of FCO2 and also pH variability in a temperate coastal ecosystem. This is particularly relevant on a socio-economical level since nearshore ecosystems host large stocks of shellfish species sensitive to ongoing ocean acidification. Numerous cardinal buoys are present in the global coastal ocean to direct traffic, particularly along rocky shores with large tidal ranges. These buoys of opportunity can be equipped with meteorological and oceanographic sensors and transmit data daily to the shore, thus providing real-time data for the study of coastal ecosystems under climate change. This network of buoys therefore has significant potential to be exploited for efficient, low cost observation of coastal ecosystems.
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