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Intense glider monitoring was conducted in the Ligurian Sea for five months to capture the Net Community Production (NCP) variability in one of the most dynamic and productive regions of the Mediterranean Sea. Using the SeaExplorer glider technology, we were able to observe continuously from January to the end of May 2018 the physical and biogeochemical variables during the last period of intense convection observed in this region. High-frequency measurements from these gliders provided valuable information for determining dissolved O2 (DO) concentrations between coastal and open sea waters. Our DO balance approach provided an estimate of NCP fluxes complemented by the prediction of air-sea CO2 fluxes based on a neural network adapted to the Mediterranean Sea (CANYON-MED). Based on our NCP calculation method, our results show that the air-sea O2 flux and DO inventory have contributed largely to the NCP variability. The NCP values also suggest that heterotrophic conditions were predominant in winter and became autotrophic in spring, with strong variability in coastal waters due to the occurrence of sub-mesoscale structures. Finally, CO2 fluxes at the air-sea interface reveal that during the convection period, the central zone of the Ligurian Sea acted as a CO2 sink from January to March with little impact on NCP fluxes counterbalanced by a thermal effect of seawater.
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1 Introduction

The ocean plays a critical role in the global carbon cycle, storing 50 times more carbon than the atmosphere and absorbing a quarter of global anthropogenic carbon emissions (Gruber et al., 2019). This absorption of CO2 by seawater induces a decrease in pH which has an impact on chemical and biological processes (Doney et al., 2009). Deep convection zones are considered a more important sink for atmospheric CO2, inducing significant CO2 sequestration at the surface and transferred to the deep ocean by vertical mixing and biological pumping (Körtzinger et al., 2008). In the context of global warming and the reduction in the intensity of deep convection (Somot et al., 2016), their role as CO2 sinks could be compromised in the future and thus worsen CO2 emissions in general, although the fate of the mechanisms interacting in the carbon biological pump is still unclear (Bopp et al., 2013; Boyd et al., 2019).

The Mediterranean Sea is considered as a miniature ocean, where global-scale processes occur on smaller spatial and temporal scales than in other oceans (Álvarez et al., 2014). This marginal sea comprises just 0.8% of the global oceanic surface, but for its size is regarded as an important sink for anthropogenic carbon due to its physical and biogeochemical characteristics (Álvarez et al., 2014). The northwestern region is the most dynamic area of the Mediterranean Sea where winter deep convection occurs (Mertens and Schott, 1998; Bethoux et al., 2002). Due to the cyclonic circulation, the increase in density induced in the surface waters in winter by cold and dry northerly winds produces instabilities in the water column leading to vertical mixing of the surface waters with deeper waters. This process occurs mainly in the Gulf of Lion and the Ligurian Sea when the convection is intense with strong inter-annual variability (Estournel et al., 2016; Houpert et al., 2016; Testor et al., 2018). In the Ligurian Sea, the observations conducted since the 1990s show a clear increase in temperature and salinity (Bethoux et al., 2002; Marty and Chiavérini, 2010) followed by an increase of pCO2 and associated with a decrease of pH over the last 18 years from the surface to deep waters (Merlivat et al., 2018; Coppola et al., 2020).

In the context of the carbon cycle, CO2 exchange at the air-sea interface (FCO2) represents the amount of atmospheric CO2 captured at the ocean surface, some of which will be transformed into organic carbon and transferred to the deep ocean during the winter mixing period and/or through the export of organic matter. The Net Community Production (NCP) is an index that represents the metabolic state of the system and allows to evaluate the capacity of an ecosystem to produce or consume dissolved oxygen (DO) and to sequester or not atmospheric CO2. This parameter provides an estimate of the amount of organic carbon that is likely to be exported at depth. Estimating FCO2 and NCP is therefore critical to understanding the fate of CO2 in the face of climate change on future ocean functioning.

However, observations of CO2 fluxes at the air-sea interface are still very sparse and often derived from models. A recent alternative is the application of neural networks to predict the partial pressure of CO2 (pCO2) and thus increase the spatial and temporal coverage of CO2 (Landschützer et al., 2013; Bittig et al., 2018; Fourrier et al., 2020). These methods require a large amount of qualified input data acquired by different platforms where DO is one of the essential components. One approach used to estimate NCP that depends on phytoplankton dynamics is based on spatiotemporal variations in DO contents in the euphotic and mixing layers. DO is produced biologically by the primary production of phytoplankton, and consumed by the respiration of all autotrophic and heterotrophic organisms. The difference constitutes the amount of net DO actually produced or consumed by the ecosystem equivalent to the NCP (Staehr et al., 2011).

In the Ligurian Sea, a few studies have measured FCO2 and NCP using different approaches but they are based on Eulerian observations over short periods of time or with an inter-annual approach (Copin-Montégut et al., 2004; Coppola et al., 2018) and more recently for a few weeks using gliders in the open sea (Merlivat et al., 2022). In this study, we considered a continuous estimation of FCO2 and NCP during critical periods for the CO2 cycle to better understand the relationship between the convective process, atmospheric CO2 uptake, and oxygen production. For this purpose, we used several deployments of SeaExplorer gliders along a coastal – open sea continuum in the Ligurian Sea from January to the end of May 2018, during the last convective year observed in this region, to quantify the impact of deep convection process on NCP and the air-sea CO2 exchanges.




2 Materials and methods



2.1 The glider deployments

Since 2010, gliders have been regularly deployed in the northwestern Mediterranean Sea as part of the MOOSE program (Mediterranean Ocean Observing System for the Environment, Coppola et al., 2019). In the Ligurian Sea, these gliders are operated along the endurance line from Nice to Calvi to observe changes in water mass properties. In this study, a special dedicated mission was carried out intensively with LOV and ALSEAMAR to observe the high-frequency evolution of oxygen production from winter to spring with limited interruption. For this experiment, seven glider sections (each section represents a round trip from Nice to Calvi) using three different SeaExplorer gliders (SEA002, SEA006, and SEA018) were conducted from January 11, 2018, to May 23, 2018. The trajectories of the gliders with the depth-average currents (DAC) are shown in Figure 1. This strategy was able to capture different oceanic scenarios in the Ligurian Sea from winter to the end of spring 2018: pre-convection, winter mixing, bloom event, and stratification period (Table 1).




Figure 1 | Glider trajectories indicated by blue dots from Nice to Calvi with the depth-average currents during the winter-spring 2018 experiment in the Ligurian Sea: (A) 11-24 January, (B) 5-13 February, (C) 20 February-5 March, (D) 14-27 March, (E) 27 March-13 April, (F) 16 April-3 May, (G) 7-23 May. Depth-average currents estimated by the glider are shown with the orange arrows.




Table 1 | List of the Sea-Explorer gliders sections operated along the Nice-Calvi sections from January 11th to May 23rd 2018.



Each section lasted between 10 and 16 days depending on weather and current conditions. The time between sections was short (2-7 days) thanks to the fast charging of the battery possible on SeaExplorer gliders but also depending on the weather conditions. An exception was observed for the section D (mission M53) which was reduced due to a technical problem on the glider. As a result, this section was not complete and represented a short trip to Calvi (reached on March 19th) and back from Calvi to Nice on March 27th. The distance covered by the gliders during the deployment period is shown in Figure S1. All gliders dived to 600-700 m, which represents a profile every 3-4 hours (equivalent to a horizontal distance from 3 to 5 km).

The type of payload was identical for all gliders. It was composed of a GPCTD (continuously pumped CTD at 1s) equipped with an SBE43F dissolved oxygen (DO sensor from SeaBird) and an ECO puck FLBBCD-EXP from Wetlabs (fluorescence, CDOM, backscattering) with a sampling mode at 4s. The accuracy (and corresponding resolution) of the GPCTD sensor was ± 0.002°C (0.001°C) for temperature, ± 0.003 mS cm-1 (0.0001 mS cm-1) for conductivity, and ± 0.1% (0.002%) of full-scale range for pressure. The SBE43F has the same accuracy as the classic SBE43 sensor (± 2% of saturation equivalent to 2 µmol kg-1). The FLBBCD-EXP version combines the FLBB optical design with a CDOM fluorometer. The sensor measures proxies of phytoplankton abundance (chlorophyll fluorescence excitation/emission 470/695 nm with a resolution of 0.025 µg l-1), total particle concentration (backscattering at 700 nm, resolution of 0.003 m-1), and dissolved organic matter (CDOM fluorescence excitation/emission 370/460 nm, resolution of 0.28 ppb) in a single data stream.

The DAC had been deduced from the glider’s dead reckoning navigation and GPS fixes made at the surface. This current represents the mean current integrated over the water column after each dive (0-600m). A compass calibration has been carried out before each deployment allowing DAC to be used to reference geostrophic velocities as commonly done (Bosse et al., 2016; Bosse et al., 2017).




2.2 The glider data processing

The dataset is composed of the data corrected from the thermal lag and the sensor lag, despiked and interpolated every 1 m. A quality control (QC) with a data adjustment process has been performed when the gliders passed near the fixed station of DYFAMED (50 km from the coast; Marty, 2002) for T-S-DO and Chl-a (chlorophyll-a) measurements. The open sea site is visited every month with CTD casts and seawater sampling for biogeochemical measurements (Marty, 2002). It provided a good reference dataset to check the quality of the glider sensors (CTD-DO, FLBBCD) and to correct the possible drifts and offsets of sensors.

For the DO concentrations, the calibration coefficients of the SBE43F sensors used during the glider experiment (sn0247 and sn2905) have been adjusted (the SOC corresponds to the oxygen signal slope, the Foffset to the voltage at zero oxygen signal, and E to the pressure correction factor) based on the raw data processing algorithm (Owens and Millard, 1985) and by minimizing the sum of the square of the difference between the Winkler oxygen values (measured at the DYFAMED station during the monthly cruises) and the DO concentrations derived from the SBE43F sensor signal (Coppola et al., 2018). The total uncertainty of the adjusted DO profiles is estimated at around ± 3 µmol kg-1. During the reference measurements at DYFAMED, the conductivity and fluorescence sensors were adjusted to correct for possible sensor drift by applying a slope and offset correction on the salinity values and by adjusting the scale factor and dark value used by the fluorescence sensor, respectively (Table S1; Figures S2–S4).

Once the dataset of each glider section has been adjusted and concatenated (homogenization of the sensor frequencies), we used the secondary QC for physics (TSO2) and for fluorescence data described by Gregor et al. (2019). In this study, only the DO profiles of the glider descents were used for the calculations because the ascending profiles are likely to be affected by the glider turbulence on ascent.

For the TSO2 profiles, a cleaning despiking filter was applied to remove the outliers. More specifically we used the Savitzky-Golay smoothing filter which keeps the profile shape while removing high-frequency spikes in the data. For the fluorescence data, we used three procedures to remove the bad profiles, the dark count, and the spikes. The bad profiles have been removed using a reference depth of 300 m. Then the fluorescence is averaged below 300 m and when the values are higher than the average profile (multiplied by a factor of 3), the profiles are identified as outliers. Secondly, the in situ dark count is calculated from the 95th percentile between 300 and 400m and then removed from the fluorescence data. Finally, the data are despiked using an 11-point rolling minimum and maximum. This forms the baseline, where the spikes are the difference from the baseline. After these QC procedures, the quenched data are corrected using the methods from Lavigne et al. (2015) and Xing et al. (2012). The principle is to determine the quenching depth as the minimum depth of the smallest differences between daytime fluorescence and average night-time fluorescence. Then, the night-time backscattering ratio to fluorescence is used to correct the daytime fluorescence profile.

The data filtering and smoothing were applied to eliminate noise and short-term fluctuations in the data. This highlights longer-term spatial patterns and reduces temporal variability. Spatial interpolation in time series (sections) helped us fill in missing data points and create continuous spatial fields from discrete glider measurements. The time-series operations carried out in this study on individual glider trajectories enabled us to identify temporal variability along each trajectory.




2.3 Calculation of the net biological oxygen production (FNCP)

The NCP is the difference between gross primary production and respiration. It represents the balance between anabolic and catabolic processes and thus between autotrophy and heterotrophy (Staehr et al., 2011). It can be estimated from the net biological oxygen production (FNCP) and then converted to carbon production (NCP) with a fixed oxygen-to-carbon ratio of 1.45 (Hedges et al., 2002). Although a lower O2:C ratio was recently observed by Hemming et al. (2022), their ratio was only estimated for 25 days in March 2016 which is too short to be used in this study which covers a more extended period. In this case, we prefer to use the classic Hedges ratio used in the literature.

The change in DO concentrations over time is due to biological (respiration, photosynthesis) and physical processes (dissolution of air, bubble injection, changes in water temperature and air pressure). To calculate the FNCP from gliders, we used the same methods used by Binetti et al. (2020) and Possenti et al. (2021). The method is described in Figure 2. It is based on the mass balance of DO in the mixed layer equivalent to the changes in the DO inventory per unit area in the upper ocean (IO2), the air-water gas exchange of oxygen (Faw), the entrainment of the DO flux with the mixed layer depth deepening (Fent) and the diapycnal eddy diffusion flux (Fd). Horizontal advection transport was not considered in this study because the horizontal gradients of the surface oxygen saturation anomaly are small and the surface oxygen concentration is reset by air-water gas exchange in a relatively short period of time (Yang, 2021). For the calculation of the different DO fluxes, profiles have been interpolated every 3h after removing the outliers.




Figure 2 | Schematic representation of the net biological oxygen production (FNCP) fluxes in the upper surface over the year (modified from Yang, 2021). ΔIO2 represents the change of O2 inventory between consecutive profiles (above Zeu), Faw the air-sea O2 flux using the method of bubble injection from Woolf and Thorpe (1991), Fent the entrainment of O2 concentrations when MLD deepens (ZMLD below Zeu) and Fd the diapycnal eddy diffusion flux.



The FNCP is calculated from the following equation:

	

Faw (mmol m-2 d-1) was calculated using the method of bubble injection from Woolf and Thorpe (Woolf and Thorpe, 1991)

	

where kO2 (m s-1) is the gas transfer velocity for oxygen, O2sat the oxygen saturation, O2sw is the oxygen concentration above 10 m, and   the bubble injection correction (Atamanchuk et al., 2020). The estimation of kO2 was identical to those used in Coppola et al. (2018) with a wind speed measured by the ODAS buoy at the DYFAMED site (Côte d’Azur from Météo France). During the study period, the wind speed was lower than 19 m s-1. The bubble correction represents the normalization of the wind speed at 9 m s-1 when the oxygen concentration is supposed to be 1% supersaturated (Woolf and Thorpe, 1991).

ΔIO2 (mmol m-² d-1) is the change of DO inventory between consecutive profiles in the upper layer. The DO inventory (IO2) was calculated as the DO concentrations integrated above the euphotic layer (Zeu).

	

with

	

Fent (mmol m-² d-1) corresponds to the change of DO concentrations when the mixing process is intense or in other words when the mixed layer deepens below Zeu. In this study, Zeu has been estimated using the method of Morel and Berthon (Morel and Berthon, 2003), and the mean euphotic depth was estimated at around 50 m. The depth of the mixed layer (Zmld) was calculated as the depth where the potential density difference from the surface reference depth (10 m) was close to 0.03 kg m-3 (de Boyer Montégut et al., 2004; D'Ortenzio et al., 2005). Fent could be positive if there is an increase in the oxygen inventory. If Zmld is above Zeu, Fent is negligible.

	

Fd was calculated at Zmld when it was deeper than Zeu and at Zeu when Zmld was shallower than Zeu

	

with a vertical eddy diffusivity Kz of 10-5 m2 s-1 for the NW Mediterranean basin (Ferron et al., 2017).

Uncertainty about FNCP derives from the total propagated error of each flux used to calculate the NCP flux (Hemming et al., 2022). The uncertainties of ΔIO2, Fent, and Fd correspond to the standard error of glider profiles (DO adjustment error). For Faw, it includes the same standard error plus 20% of the uncertainty in the gas transfer velocity (Wanninkhof, 2014).




2.4 Calculation of the air-sea CO2 exchanges from the gliders and CANYON-MED

The air-sea CO2 exchange fluxes (FCO2) were calculated from the difference between the partial pressure of CO2 measured in the seawater (pCO2sw) and in the atmosphere (pCO2atm).

The pCO2sw were based on the predictions of the CANYON-MED neural network using adjusted T, S, DO measured by the gliders at 10m depth as input variables (Fourrier et al., 2020). The neural network (NN) CANYON (CArbonate system and Nutrients concentration from hYdrological properties and Oxygen using a Neural network) is based on techniques derived from artificial intelligence to provide several unmeasured biogeochemical variables with good accuracy such as nutrients, pH, and pCO2 (Sauzède et al., 2017; Bittig et al., 2018). Here, we used a regional version of CANYON developed for the Mediterranean Sea (CANYON-MED) to predict nutrients and carbonate variables from pressure, temperature, salinity, and oxygen together (with geolocation and date of sampling) measured in the water column by different autonomous platforms (mooring, Argo floats) and ship visits (Fourrier et al., 2020). To improve the accuracy of the predicted variables, an ensemble of ten NN has been proposed (one for each variable) and recently applied in the northwestern Mediterranean Sea (Fourrier et al., 2022) to estimate the trends of nutrients and CO2 variables (Total Alkalinity or TA, Dissolved Inorganic Carbon or DIC, pH) from surface to deep waters. In this study, the pCO2sw was derived from DIC and pH at the total scale predicted by CANYON-MED and the CO2SYS v3.0 Matlab toolbox (Sharp et al., 2020).

The pCO2atm was estimated from the dry mole fraction of CO2 (xCO2) measured at the OHP atmospheric station (Observatoire de Haute Provence, St Michel l’Observatoire, France) and the vapor pressure formula proposed by Ambrose & Lawrenson (1972), then corrected by Millero and Leung (1976). The Corsica station (ERSA) is closer to the study site but data was not available before March 2018. In addition, the comparison of pCO2atm data between the OHP station and ERSA is quite close (less than 1 µatm on average), which suggests that the data from the OHP station are consistent with our study area.

FCO2 (mmol m-2 d-1) is determined according to the equation:

	

where k is the gas transfer velocity of CO2 according to Wanninkhof (2014) in cm h-1 and 𝛂 is the solubility function of CO2 (in mol L-1 atm-1) from Weiss (1974). The k factor is calculated using the formula:

	

where U10 is the wind speed (m s-1) measured at the ODAS buoy at DYFAMED (Météo France) and Sc the Schmidt number (no dimension) determined according to the equation of Wanninkhof (2014).

Uncertainty in the air-sea CO2 flux corresponds to the 20% uncertainty in k (Wanninkhof, 2014) and the uncertainty of predicted pCO2sw is based on the root mean square error of predicted DIC (12.35 µmol kg-1) and pH (0.0156) of CANYON-MED for the western Mediterranean Sea (Fourrier et al., 2020). The error package of the CO2SYS v3.0 toolbox (Orr et al., 2018) provided a pCO2sw uncertainty estimated to 15 µatm using constants K1 and K2 from Mehrbach et al. (1973) as refitted by Dickson and Millero (1987) and the dissociation constant for HSO4 form Dickson (1990). Finally, as the uncertainty of pCO2 is dominated by the uncertainty in estimated pCO2sw, the small contribution from atmospheric CO2 is neglected (less than 1 μatm; Landschützer et al., 2014).





3 Results



3.1 Physical and biogeochemical seasonal time series

Each glider section (seven in total noted A to G) represents a roundtrip from Nice to Calvi passing through the DYFAMED site located in the central zone of the Ligurian Sea (Figure 1). Near the coast, the presence of the Northern Current (NC) results from the cyclonic circulation in the northwestern basin, which flows along the Ligurian to Catalan coasts, 30 km wide and up to 250 m deep (Millot, 1999). In the Ligurian Sea, it results in a permanent structure called the Ligurian front jet which usually delimits the coastal waters from denser waters of the central Ligurian Sea (Astraldi and Gasparini, 1994; Millot and Taupier-Letage, 2005). During the study period, the NC was located around 15 km off the French coast, with a mean horizontal velocity of 15 cm s-1 minimum and 45 cm s-1 maximum in winter, which is consistent with previous observations (sections A and B). The Western Corsican Current (WCC), one branch feeding the NC, is located in the north of Corsica and characterized by higher salinity with lower current velocity than the NC. In this study, the WCC was observed during all transects and was particularly intense in January (section A).

The TSO2 time series over the A to G sections are represented for downcast 0-600m profiles after data processing with Zmld values (Figure 3). From 11 to 23 January (section A), warmer waters were located near the coast in Nice and Calvi (above 14°C) and colder in the central zone of the Ligurian Sea (13-13.5°C). The deepest Zmld observed was estimated at around 200 m. The salinity was lower near the coast and above the Zmld in the central zone (38-38.4) while high salinity was measured below in the intermediate water (38.5-38.6). On the contrary, oxygen concentrations were higher above the ZMLD in the entire area (240-260 µmol kg-1) and lower below 300m (170-180 µmol kg-1).




Figure 3 | Time evolution of temperature, salinity, dissolved oxygen (µmol/kg) and Chl-a (µg/L) with the position of the Mixed Layer Depth (MLD, m) indicated by the white line along the Nice-Calvi sections during the 7 Sea-Explorer deployments: (A) 11-24 January, (B) 5-13 February, (C) 20 February-5 March, (D) 14-27 March, (E) 27 March-13 April, (F) 16 April-3 May, (G) 7-23 May. All sections start and end at Nice while the location of Calvi is indicated by the black dashed line.



In February (sections B and C), colder water rapidly invaded the area (13-13.5°C) with deepening of the Zmld reaching its maximum (below 600m) in the central zone on 22-23rd February and on 1-2nd March. The salinity was still low at the surface in February but increased rapidly at the surface during the intense vertical mixing (deepest Zmld with 38.6 at the surface). After mid-February, the oxygen minimum in the intermediate water was mitigated due to the influx of DO-rich surface water during vertical mixing (190-200 µmol kg-1). TSO2 homogeneous profiles were observed during the second deepest Zmld event in early March near the DYFAMED site (Figure 3C).

After mid-March until early April (sections D and E), cold waters were still present in the whole area and the water column and the Zmld shallowed from 250 to 150 m in the central zone. Some lower salinity appeared at the surface, especially near the coasts. During this period, DO concentrations were again higher at the surface while in the intermediate waters DO concentrations were heterogeneous, ranging from 180 to 200 µmol kg-1.

From mid-April to the end of May, the stratification appeared with higher temperature, lower salinity, and high DO concentrations at the surface. In the intermediate water, a maximum of salinity was observed in Calvi and lower DO concentrations slowly settled below 300 m.




3.2 Spatial and temporal variability observed using glider data

Deconvolution of the temporal versus spatial variability from glider data have been already investigated (Rudnick and Cole, 2011; Piterbarg et al., 2014; Little et al., 2018). This phenomenon is not specific to glider data but affects all oceanic lagrangian platforms (Argo floats, surface drones, ships and satellites). Some methods have been developed and applied to limit the problem.

For example, in the Ligurian Sea, mesoscale variability of the NC has been studied using repeated glider sections from Nice to DYFAMED to investigate the propagation of the velocities (Piterbarg et al., 2014). They suggested that temporal variability can appear in glider data as integrated with spatial variability through the Doppler friction mechanism. To illustrate the effects of spatial and temporal variability, they proposed to investigate the time scales of the NC front that can vary significantly over the 6-7 sampling days, so that the spatial variability recorded by the gliders may be at least partially due to temporal variability. To deconvolute the spatial and scale variability of the system, they proposed to estimate the time dependence of a the representative isopycnals of the front (29.05 kg/m3).

In this study, gliders moved horizontally at a speed of around 1 km/h (or 0.5 knt) with constant vertical profiles from the surface to 600-700 m, and each section represented a round trip between Nice to Calvi. For comparison with the study of Piterbarg et al. (2014), we applied the same method to test how the gliders observed the variability of NC front (Figure S5). The results show a mesoscale signal with scales consistent with a cross-shore oscillation of the front between around 15 and 50-60 km offshore, which is consistent with the literature (Prieur, 1979). We observed that the NC front oscillation was fairly smooth during sections A, E, F and G, with a propagation speed (2 km/day) significantly lower than that of the glider speed (1 km/h), so that the processes observed on the outward section did not change position on the return section. During sections B and C (as section D was truncated, the propagation speed of the front cannot be assessed), the system undergoes more rapid changes with time scales of the order of 4-5 km/day, but it also remains below the speed of the glider.

Regarding the variability of biogeochemical variables in the NW Mediterranean Sea, the time scale can go from days to months. Spatial scales of variability were mostly small at depths affected by biology, and large at depths affected by large scale processes, such as deep convection and ventilation. Small scale structures can affect the DO and Chl-a content (Niewiadomska et al., 2008; Bosse et al., 2017) and data recorded from the gliders are usually completed by satellite observation (SST, ocean color) to estimate the spatial and temporal variability. In this study, although some spatial contrasts were observed between coastal and offshore waters, a consistent temporal pattern can be observed for glider DO concentrations between the Nice to Calvi and Calvi to Nice sections (Figure 3). These consistent temporal patterns across the section suggest relative spatial homogeneity, and although small structures may affect DO concentrations locally, we can assume that temporal variability is predominant in interpreting the change in DO content between sections.




3.3 Chl-a content variability

The spring bloom began in late March and ended in late April (sections E and F in Figures 3, 4). The maximum integrated Chl-a in the Zmld was observed on April 9th and was estimated at around 4 µg L-1 which is consistent with previous studies in the Ligurian Sea (Lavigne et al., 2015; Mayot et al., 2017). The spatial distribution of surface Chl-a from the MODIS observation (daily data, resolution 1 km) showed an onset near Calvi during section D (March 14 to 27; Figure 5). The maximum Chl-a concentration was observed during section E (March 27 to April 13) and occurred mainly in the central Ligurian Sea area (Figures 3D, E,  4) with a range from 4 to 5 µg L-1 during the section E which is consistent with the glider measurements.




Figure 4 | Time series of the MLD (m), the content of oxygen and Chl-a integrated in the MLD during the all period of gliders deployment. Each section is represented by a grey area (round trip Nice-Calvi). The label of the sections is similar to the Figure 2. The dashed line represents the position of Calvi.






Figure 5 | Glider trajectories indicated (red dots) with the surface chlorophyll-a concentrations from ocean color satellite observations (MODIS) during the 7 Sea-Explorer deployments (images from ACRI-ST L3 daily 1 km resolution; GlobColour daily merged MODIS/VIIRSN product).






3.4 The depth limits and the oxygen production

The FNCP calculation is based on DO integration above the depth limits Zmld and Zeu. The Zmld was high during sections (or period) B and C (from February to early March) and it reached its maximum (deeper than 600m) on February 23 and March 2 in the central zone of the Ligurian Sea (Figure 6). After this mixing period, the Zmld ranged from 100 to 200 m in section D and E (mid-March to mid-April). From sections A to E, Zmld was below Zeu and the depth of the Deep Chlorophyll Maximum (Zdcm). At the end of the bloom and during the stratification period (sections F & G, mid-April to end of May), Zmld was shallow (about 20-25 m) and Zeu and Zdcm were deeper than Zmld and mostly equivalent (around 50 m).




Figure 6 | Evolution of the euphotic depth (Zeu), mixed layer and deep chlorophyll maximum depth (Zmld and Zdcm, respectively) over the glider deployments. Labels (A–G) represent the different sections from January to the end of May 2018.



The time series of Zeu and Zdcm, showed that Zeu remained largely constant during the study period (around 50 m) while Zdcm was strongly influenced by the variability of the Zmld (Figure 6). The main reason is due to the mixing event which induced a supply of nutrients to the surface and a vertical dilution of the phytoplankton species from surface to deep waters (Mignot et al., 2014; Cornec et al., 2021).

Faw showed a trend influenced by the wind conditions with negative values from sections A to E indicating an influx from the atmosphere into seawater or DO uptake (Figure 7). This is caused by low sea surface temperature and surface water undersaturated in oxygen (80-100%) from mid-January to early April. The minimum Faw value (-692 ± 138 mmol m-2 d-1) was observed on March 2nd when the observed heat flux loss was the highest. It corresponds to the coldest air temperature (2°C) and peak wind speed (20 m s-1) recorded at the DYFAMED site (Figure 8). After this date, Faw was lower but still negative. It decreased to -416 ± 83 mmol m-2 d-1 between March 20-22 when the mixed layer deepened, the surface salinity increased and the surface DO concentration decreased (Figure 7D). After the winter period, Faw increased slowly and the flux was positive up to 100 ± 20 mmol m-2 d-1 in mid-May. This outflow of DO from the sea to the atmosphere was consistent with stratified, warmer, and oxygen-saturated surface waters occurring during this period of the year in the Ligurian Sea (Coppola et al., 2018).




Figure 7 | Time evolution of the O2 fluxes (mmol/m2/d) used for the FNCP estimation during the 7 glider sections. Faw represents the air-sea flux exchanges, ΔIO2 the change of O2 inventory above Zeu and between consecutive profiles and Fent the entrainment of O2 concentrations when MLD deepens and Fd the diapycnal eddy diffusion flux. The blue dashed line represents the position of Calvi. All fluxes are expressed in mmol/m2/d. Labels (A–G) represent the different sections from January to the end of May 2018.






Figure 8 | Meteorological and oceanic observations in the DYFAMED site from 20 January to 20 May 2018 (blue and yellow lines, respectively). First panel: the blue color in the heat flux (Qnet) indicates a loss of heat while the red color indicates a heat gain (Meteo France data). The oceanic measurements are collected at 1000m depth from October 2017 to May 2018 indicated the variability of in situ temperature, salinity and current speed (EMSO data).



The DO inventory (ΔIO2) in the euphotic zone was high (-681 ± 12 to 744 ± 15 mmol m-2 d-1) and very variable during the mixing period (sections B to D) when the glider passed through different mixed and unmixed areas from Nice to Calvi. This is typical of a dynamic situation because the DO content is mainly determined by the mixing process in winter (Coppola et al., 2017). During the stratification period, the oxygen stock was lower and ranged from -370 ± 6 to 393 ± 7 mmol m-2 d-1 (Figure 7G).

The change of oxygen concentration due to entrainment to deep water (Fent) was significant at sections A, C, and D when the mixed layer deepened. It was especially intense (-500 ± 9 mmol m-2 d-1) when the deepest Zmld was observed from Nice-Calvi at the end of February and in early March. After March, the entrainment was negligible due to the stratification conditions.

Fd ranged from -390 ± 6 to 189 ± 2 mmol m-2 d-1 from January to May with negative values in the central zone of the section Nice-Calvi from January to April and slightly positive in May.

Finally, the FNCP and NCP were very variable due to the dynamics of the Ligurian Sea (Figures 7, 9): the fluxes oscillated from negative to positive values in winter ranging from -1022 ± 206 to 803 ± 161 mmol m-2 d-1 (equivalent to -705 ± 142 to 554 ± 111 mmol m-2 d-1). In spring, the positive fluxes were more predominant ranging from -432 ± 87 to 642 ± 129 mmol m-2 d-1 (equivalent to -298 ± 60 to 443 ± 89 mmol m-2 d-1). The average of NCP during the experiment was equivalent to 0.33 gC m-2 d-1.




Figure 9 | Seasonality of the NCP flux and Chl-a content in the MLD layer during the glider experiment (autotrophic vs. heterotrophic situation). Labels (A–G) represent the different sections from January to the end of May 2018.






3.5 The CO2 fluxes at the air-sea interface

Estimates from CANYON-MED and glider data show pCO2 in seawater and in atmosphere ranging from 362 to 437 µatm and from 400 to 439 µatm, respectively (Figure 10, left panel). Based on pCO2 and the equation defined in 2.4, we estimated an air-sea CO2 flux ranging from -16.5 ± 3.9 to +7.8 ± 1.9 mmol m-2 d-1 from Nice to Calvi from January to May 2018 (Figure 10, right panel). By convention, negative CO2 fluxes indicate a CO2 uptake from the atmosphere to the seawater. Our estimate is consistent with negative flux (CO2 sink) in winter (February-March) when the deep convection and under-saturation of CO2 at the surface induced absorption of atmospheric CO2 in the central zone of the Ligurian Sea. Air-sea CO2 flux showed positive values near the coast and during May but over the entire spring period, the central zone of the Ligurian still absorbed some atmospheric CO2.




Figure 10 | Left panel: time series of pCO2 (µatm) measured in atmosphere (OHP station) and in seawater using the predictions of the neural network CANYON-MED (Fourrier et al., 2020) based on glider measurements along the sections. The black dots represent the in-situ measurements of pCO2 in DYFAMED buoy and the blue dashed area the pCO2sw uncertainty. Right panel: air-sea CO2 flux estimated from pCO2 in atmosphere and in seawater along the glider sections. The yellow dashed area corresponds to the CO2 flux uncertainty. The dashed line represents the position of Calvi. Labels (A–G) represent the different sections from January to the end of May 2018.







4 Discussion



4.1 The last deep convection event observed in the Ligurian Sea

In the Mediterranean Sea, the deep-water formation (DWF) is due to evaporation and the difference in temperature between the air and the relatively warm surface waters (13°C). In the northwestern basin, this evaporation and heat loss is accentuated by the strong, cold, dry winds (Mistral, Tramontane) that prevail in winter in the Gulf of Lion and sometimes extend to the Ligurian Sea when winters are particularly severe (Houpert et al., 2016). In the past (2005/2006 and 2012/2013), extremely cold winters induced intense deep convection in this region with massive vertical transport of heat and salt to the deep waters with the appearance of warmer, denser, and O2-rich deep waters (Schroeder et al., 2008; Smith et al., 2008; Marty and Chiavérini, 2010; Coppola et al., 2018; Testor et al., 2018). This intense vertical transport induced a significant input of oxygen into intermediate waters (mainly the Levantine Intermediate Water or LIW) which is characterized by lower DO concentrations with an important signature in the Ligurian Sea (Coppola et al., 2017; Coppola et al., 2018). These intense DWF also induced important nutrient supply in the upper layer resulting in intense phytoplankton production with a large export of organic carbon to deep waters (Pasqueron de Fommervault et al., 2015; Mayot et al., 2017; Kessouri et al., 2018).

Since 2014, no intense DWF events have been observed from long-term observation platforms. These events are likely to have been influenced by climate change during the 21st century (Somot et al., 2006; Adloff et al., 2015) and by natural variability, such as decadal variability in the characteristics of the Atlantic inflow or mixing with saltier and warmer Mediterranean outflow water at the Strait of Gibraltar (Millot, 2007; Somot et al., 2016). Consequently, during the period 2014-2018, warmer and saltier LIW then accumulated in the northwestern basin in the absence of intense DWF until 2018, which could trigger the next massive deep convection if external forcings (e.g., winds) occur (Margirier et al., 2020).

During the winter of 2018, we observed intense heat loss, strong northeast wind, and cold air temperature in the Ligurian Sea in early March (Figure 8). As expected, it induced an intense vertical mixing measured until 1000m at the EMSO-DYFAMED mooring several days after this atmospheric event (Coppola et al., 2023). In parallel, gliders deployed in the Ligurian have confirmed this observation with an estimated Zmld of 600 m (the maximum depth limit of sensors) on Feb. 23rd and on March 1st near the DYFAMED site (Figure 3C).

This event produced an intense mixed layer deepening with strong DO ventilation observed in February-March 2018 (sections B and C in Figure 3) which was more intense compared to the period 2014-2017 in the Ligurian Sea (Margirier et al., 2020). DO concentrations increased from 20-40 µmol kg-1 when Zmld was maximum (more than 700m) at the end of February and in early March. This deep mixing then induced a large amount of oxygen ventilation altering the DO minimum signal usually observed in the LIW depth range and a dilution of low Chl-a concentrations.

It is therefore interesting to understand how this intense mixing may have impacted the oxygen production and the NCP, as well as the ecosystem response to this intense disturbance. Indeed, in early March, the most negative value of Faw has been estimated in the central zone of the Ligurian Sea with an increase of DO content and a high entrainment flux suggesting a large DO uptake into the surface waters (Figures 3, 7). This result confirms that strong air-sea transfer of O2 (strong winds) is accompanied by an opposing increase in the MLD (due to intense mixing) and changes in DO inventory. On the other hand, this event has a low impact on oxygen production due to positive values of IO2 which correspond to rapid changes of DO inventory and the complexity of the mixed patch during DWF delineating the water column cells with ventilated and non-ventilated water masses.




4.2 Impacts on NCP and Chl-a content

Calculating NCP from glider data is challenging because the glider is constantly moving through different water masses and from the coastal to open sea waters with sub-mesoscale structures (Niewiadomska et al., 2008). Indeed, rapid and strong bloom patches with meanders and sub-mesoscale structures have been observed with the MODIS satellite (Figure 5) and in the previous glider experiments in the area (Bosse et al., 2016; Bosse et al., 2017). Moreover, the influence of complex processes occurring in the coastal waters (e.g., frontal upwelling and downwelling processes, coastal river plumes) could explain extreme NCP values near Calvi and Nice in sections B and C (Figures 7, 9).

Based on the gliders speed (see section 3.2), we observed a mixed layer depth (the main physical process occurring from February to the end of March) almost equivalent in the outward and return directions, suggesting that the characteristics were not different between outward and return with a central zone characterized by colder and more ventilated water compared to the coastal zones near Nice and Calvi, as already observed by Niewiadomska et al. (2008) (Figures 3, 4). In this context, we can assume that the data synopticity was adapted to capture the spatial coverage of O2 fluxes and had low impact on the NCP estimate, especially in the central zone which corresponds to 80% of the spatial coverage of the sections. However, in this study, the small-scale unresolved spatial variations in biogeochemical variables generated by fine vertical structures are suspected and have been ignored (such as small coherent eddies or upwelling/downwelling features across the NC and WCC frontal zones observed by Bosse et al., 2016; Bosse et al., 2017). Consequently, to reduce the impact of this small-scale variability in biogeochemical variables, data processing strategies have been applied to separate spatio-temporal elements and estimate temporal evolution on spatial contributions (section 2.2). Finally, in this study, each section represents the spatial evolution along a coastal-open sea continuum bounded on both sides by a (sub-sampled) coastal frontal zone, and that the difference between each section represents the temporal evolution of O2 content and NCP flux in the same area.

The Figure 9 indicates that heterotrophic condition was predominant until mid-March (negative NCP) while during the spring (sections D to G), NCP were positive or close to zero corresponding to an autotrophic situation. However, there was no clear relationship between NCP and Chl-a content within the mixed layer, which increased during the spring bloom (section E). This indicates that the contribution of biological production to NCP during this experiment was small, while the main component of NCP changes was air-sea flux (Faw) in winter and DO inventory in spring.

Based on a biogeochemical and regional model (SYMPHONIE Eco3M-S), the northwestern Mediterranean Basin is found to be an autotrophic ecosystem with an annual NCP (in the upper 150 m layer) estimated at 47 gC m-2 yr-1 (Ulses et al., 2022). In this study, our observations estimated a higher average NCP of 27.9 ± 6 mmol m-2 d-1 in the Ligurian Sea (equivalent to 0.33 ± 0.07 gC m-2 d-1 or extrapolated for the year to 122 ± 26 gC m-2 yr-1) from January to May, during the most dynamic and biologically active months in terms of organic carbon production and export. We can also mention that upwelling and downwelling processes of frontal waters (e.g., isopycnal tongues of high fluorescence and oxygen concentration) could have induced local anomalies easily captured during the glider transects in this study and subsequently influencing the NCP values (Niewiadomska et al., 2008).

At the DYFAMED site, our NCP flux ranged from -292 to 415 mmol m-2 d-1 from January to the end of May 2018. This result is higher than previous observations based on annual measurements over 20 years estimating an NCP of 19.5 mmol m-2 d-1 (Coppola et al., 2018) as well as a more recent study based on glider DIC measurements in March-April 2016 that determined a NCP of 44 to 85 mmol m-2 d-1 (Hemming et al., 2022). This is primarily due to the fact that our observation occurred during the last year of unusually intense convection followed by a strong phytoplankton bloom. The result is a very active mixing area in the central zone of the Ligurian Sea with very high DO content in the mixing layer, likely followed by nutrient input to the surface, all accompanied by sub-mesoscale structures and frontal meanders that make the NCP values higher but highly variable at a single fixed station.




4.3 NCP and air-sea CO2 exchanges

The Ligurian Sea was found to be a medium to minor annual sink for atmospheric CO2 (Hood and Merlivat, 2001; Copin-Montégut et al., 2004; Merlivat et al., 2018). Previous studies at the DYFAMED site observed that the annual average CO2 flux was estimated at 0.9 mmol m-2 d-1 from February 1998 to January 1999, and 1.9 mmol m-2 d-1 from February 1999 to January 2000 (Copin-Montégut et al., 2004). During the period 2013-2015, Merlivat et al. (2018) measured an air-sea CO2 flux of -0.45 mol m-2 yr-1 which is equivalent to -1.2 mmol m-2 d-1. These previous observations are consistent with our study and the mean air-sea CO2 flux predicted from January to May 2018 estimated at -1.1 ± 0.27 mmol m-2 d-1 in the Ligurian Sea (interpolated data). These results are also consistent with the latest model outputs from SYMPHONIE Eco3M-S capable of simulating air-sea fluxes of CO2 in the northwestern Mediterranean Sea (Ulses et al., 2022). The model showed that the minimum CO2 flux occurs in winter and becomes positive in summer. They estimated an annual flux of -0.4 TgC yr-1 for the period 2012-2013 (equivalent to -1.3 mmol m-2 d-1) in the northwestern region. During this convective year, they estimated an annual flux of -0.33 mol m-2 yr-1 (equivalent to -0.9 mmol m-2 d-1) at DYFAMED for the period 2012-2013 which is consistent with our values.

Finally, our results demonstrate during the exceptional convection year of 2018, the capacity of the central zone of the Ligurian Sea to be a sink of CO2 in winter could be important and associated with strong northeast winds and undersaturation of DIC at the surface. It also confirms the crucial role played by physical forcing in the DIC budget in this dynamic region.

Our study highlights that the convection process in the Ligurian Sea acts as an autotrophic ecosystem with the predominance of production over respiration, with some heterotrophic presence in the coastal waters. In general, an autotrophic ecosystem (positive NCP) is associated with a CO2 sink (negative FCO2). Although our estimates of NCP are 10-20 times higher than CO2 fluxes, this concept appears to be observed in our study in late March and early April when the bloom is active but with some opposite trend: negative NCP fluxes (heterotrophic state) are associated with a CO2 sink for the atmosphere. This discrepancy was also observed by Wimart-Rousseau et al. (2020) in the coastal waters in the Bay of Marseille. They suggested that the main reason might be due to temperature changes affecting the pCO2 of seawater. In our study, thermal variability from January to late May was important, especially in our glider experiment-based study where coastal and open ocean waters were sampled continuously with large temperature gradients.

In our DIC predictions, we were not able to estimate the different DIC fluxes in the water column that would have been useful for estimating carbon production and export. This is primarily due to the limitation of CANYON-MED application to accurately reproduce the sub-mesoscale processes of vertical mixing and advective transport along a continuum from the coast to the open sea region. Direct DIC measurements on gliders and/or long-term training of CANYON-MED including extreme event scenarios, fine sampling of submesoscale structures, and more coastal representation should be useful in the future to better estimate the exchange mechanisms for the DIC budget.

Finally, the measurements of the winds at the one fixed location (surface buoy) for air-sea O2 and CO2 fluxes calculation extrapolated to a sub-basin scale section have probably also induced some uncertainties in the NCP estimates. Direct measurements of the wind from gliders using acoustic sensors could be very useful for future applications of gliders in the air-sea flux and NCP estimations.





5 Conclusion and perspectives

Based on five months of glider surveys, NCP fluxes were determined from the DO budget in the Ligurian Sea. As no direct measurements of ecosystem productivity were available in this region during our experiment, this approach provided essential information on the state of the ecosystem from January to May, counterbalanced by thermal effects during this last year of deep-water convection. This study confirms that the Ligurian Sea switched from heterotrophic to autotrophic systems from January to May 2018 with a mean NCP estimated at 0.33 ± 0.07 gC m-2 d-1. In addition to the continuous glider monitoring able to capture high-frequency physical and biogeochemical processes, the application of the regional CANYON-MED neural networks provided accurate CO2 flux predictions at the air-sea interface. It demonstrated that the central Ligurian Sea acted as a CO2 sink during the winter period. However, to improve our observation of NCP variability in this region, an annual estimate would have been more accurate, but it would have required at least additional glider and Argo float deployments to have continuous coverage for an entire year. Similar deployments can be used in other regions to fill in the gaps between NCP and air-sea CO2 exchange. In particular, glider deployments can be used in well-studied areas such as the Mediterranean Sea to reduce monitoring costs and improve NCP estimates. Moreover, development and innovation on autonomous platforms incorporating CO2 (Possenti et al., 2021) and acoustic sensors would be a good strategy and recommendation to directly measure pCO2 and wind speed in order to improve our ability to observe and understand oceanic CO2 uptake and export processes.
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Starting Ending Total Total Period

Figures Section Gliders date date dives days FLBBCD SBE43 observed
A M420 SEA002 11/01/2018 24/01/2018 165 13 sn0013 sn1999 sn0247 pre-convection
B M108 | SEA006 02/02/2018 15/02/2018 114 13 sn0117 sn3542 sn2905 mixing starting
c M109 SEA006 20/02/2018 05/03/2018 159 13 sn0117 sn3542 sn2905 deep mixing
D M53 SEA018 17/03/2018 27/03/2018 80 10 sn0117 sn3544 $n2905 mixing ending
E M427 SEA002 27/03/2018 10/04/2018 164 14 sn0013 sn1999 sn0247 bloom starting
F M428 SEA002 16/04/2018 03/05/2018 182 17 sn0013 sn1999 sn0247 | maximum bloom

G M429 SEA002 07/05/2018 23/05/2018 171 16 sn0013 sn1999 sn0247 stratification

The table indicates the serial number of the used sensors and the period observed in the Ligurian Sea.
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