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Abstract 

 

The temporal evolution of the carbonate system and air-sea CO2 fluxes are investigated for 

the first time in the Bay of Marseille (BoM – North Western Mediterranean Sea), a coastal 

system affected by anthropogenic forcing from the Marseille metropolis. This study presents a 

two-year time-series (between 2016 and 2018) of fortnightly measurements of AT, CT, pH and 

derived seawater carbonate parameters at the SOLEMIO station. On this land-ocean boundary 
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area, no linear relationship between AT and salinity in surface water is observed due to 

sporadic intrusions of freshwater coming from the Rhone River. On an annual scale, the BoM 

acts as a sink of atmospheric CO2. This result is consistent with previous studies in the 

Mediterranean Sea. Mean daily air-sea CO2 fluxes range between -0.8 mmol C.m-2.d-1 and -

2.2 mmol C.m-2.d-1 during the study period, depending on the atmospheric CO2 sampling site 

used for the estimates. This study shows that the pCO2 in the surface water is predominantly 

driven by temperature changes, even if partially counterbalanced by biological activity. 

Therefore, temperature is the main contributor to the air-sea CO2 exchange variability. Mean 

daily Net Ecosystem Production (NEP) estimates from CT budget shows an ecosystem in 

which autotrophic processes are associated with a sink of CO2. Despite some negative NEP 

values, the observed air-sea CO2 fluxes in the BoM are negative, suggesting that 

thermodynamic processes are the predominant drivers for these fluxes.  

 

Keywords: Coastal biogeochemistry, CO2 fluxes, Carbonate system, North Western 

Mediterranean Sea, Bay of Marseille. 

 

1. Introduction 

 

Since the beginning of the industrial era, human activities have resulted in an increase in 

carbon dioxide (CO2) emissions into the atmosphere. The global annual average atmospheric 

CO2 concentration of 405 ppm was reached in 2017 (Dlugokencky and Tans, 2019). This 

increase in CO2 is likely to be the main factor responsible for current climate change (IPCC, 

2018). The ocean plays a major role in mitigating climate change via the CO2 exchanges at 

the air-sea interface and sequestration into deep water. Between 1994 and 2007, 2.6 ± 0.3 

PgC.a-1 of CO2 was absorbed annually (Gruber et al., 2019), representing 31 ± 4%  of the 

global anthropogenic CO2 emissions. This absorption of CO2 by seawater induces an increase 

in hydronium ion concentration (i.e. a decrease in the pH of seawater). As seawater becomes 
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more acidic, it causes carbonate ions to be relatively less abundant, which has a significant 

impact on biological and physio-chemical processes (Doney et al., 2009). This process is 

called “ocean acidification”. Carbon budgets in near-shore areas such as seagrass beds (Huang 

et al., 2015; Kirkman and Reid, 1979) and coral reefs (Suzuki and Kawahata, 2003; Ware et 

al., 1992) are well documented, but coastal oceanic areas that cover about 7 % of the oceanic 

domain (Wollast, 1998) are usually neglected when producing global carbon budgets. 

However, recent studies have highlighted that coastal seas act as a sink of CO2 with a range of 

between 0.2 and 0.4 PgC.a-1 (Borges et al., 2006), with a recent regionalised global CO2 sink 

estimate of 0.19 ± 0.05 PgC.a-1 (Laruelle et al., 2014), that is between 8 % and 15 % of the 

oceanic CO2 sink. Although open-ocean CO2 inventories and dynamics have been studied in 

detail over the last 30 years (Gruber et al., 2019; Takahashi et al., 2002), the importance of 

coastal oceanic areas has been underestimated (Bourgeois et al., 2016; Gattuso et al., 1998). 

In contrast to open-ocean acidification trends ranging from -0.0004 (Astor et al., 2013) to -

0.0026 pH units.a-1 (Olafsson et al., 2010), rates of change in pH of coastal systems range 

from -0.023 to 0.023 pH units.a-1 (Carstensen and Duarte, 2019). Coastal areas are under the 

influence of multiple and diverse forcing variables due to their interactions with the land and 

human activities (Borges et al., 2006; Bourgeois et al., 2016).   

The Mediterranean Sea (MedSea) more specifically is subjected to significant land-ocean 

interactions along its coastal areas. Because of its semi-enclosed nature and smaller inertia, 

due to the relatively short residence time of its water masses, it is highly reactive to external 

forcing variables in particular variations in water, energy and matter fluxes at the interfaces 

(Durrieu de Madron et al., 2011). The role of the MedSea as a source or sink for atmospheric 

CO2 in the global carbon cycle, especially in the context of warming MedSea waters, is 

unclear (Nykjaer, 2009; Vargas-Yáñez et al., 2008). Several recent studies indicate a gradual 

change from a source to a sink over the last few decades (Louanchi et al., 2009; Taillandier et 

al., 2012). However, in situ measurements of the carbonate seawater system are still scarce for 

the MedSea. In recent years, a few cruises have given a clearer description of the carbonate 
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system at the basin scale (Álvarez et al., 2014). For the North Western (NW) part of the basin, 

time-series of carbonate chemistry exist in the Ligurian Sea at the DYFAMED and 

ANTARES sites (Fig.1 – e.g., Copin-Montégut and Bégovic, 2002; Coppola et al., 2018; 

Hood and Merlivat, 2001; Lefèvre, 2010; Merlivat et al., 2018; Touratier and Goyet, 2009), in 

the Bay of Villefranche-sur-Mer at the Point B station (Fig.1 - De Carlo et al., 2013; 

Kapsenberg et al., 2017) and in the Gulf of Trieste at the coastal C1 station (Ingrosso et al., 

2016).  

The Bay of Marseille (BoM) is located in the NW MedSea on the Gulf of Lions continental 

shelf and is adjacent to the metropolis of Marseille, the second biggest city in France (Fig.1) 

with a population of over 1 million inhabitants. Due to this proximity, the BoM sporadically 

receives (especially during flood events) effluents from the sewage system and coastal rivers 

enriched in nutrients, organic matter and chemical products (Millet et al., 2018). The bay also 

experiences strong winds (Petrenko, 2003) and large seasonal temperature variations 

(http://somlit.oasu.u-bordeaux.fr/mysomlit-public/). Northern Current intrusions (Petrenko, 

2003) also contribute to a non-negligible influence on the shelf circulation.  

Finally, in addition to these complex dynamics, under specific conditions, water masses in the 

BoM can be influenced by the extension to the East of the Rhone River plume (Fraysse et al., 

2014; Gatti et al., 2006), even though the Rhone River estuary is 35 km West of the BoM and 

does not flowing directly into the BoM. The Rhone River is the major input of freshwater into 

the Western MedSea with a mean annual discharge of 1700 m3.s-1 which can reach more than 

11 200 m3.s-1 during centennial flooding (Pont et al., 2002).   

In consequence, the ecosystem of the BoM is subject to large daily and seasonal variability in 

the physical and chemical forcing. These will directly affect biological processes such as 

photosynthesis, respiration or CaCO3 precipitation and dissolution (Bensoussan and Gattuso, 

2007). Moreover, due to the nearby highly urbanised area, high atmospheric CO2 

concentrations (up to 540 ppm) with large daily variability have been observed and may 

directly affect seawater pCO2. 
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The SOLEMIO station located in the BoM (Fig.1) is part of the French national network of 

coastal observation SOMLIT (Service d’Observation en Milieu LITtoral – 

http://somlit.epoc.u-bordeaux1.fr/fr/). This network was implemented in 1994 for the 

monitoring of physical, chemical and biological parameters. Within this network, core 

parameters are collected in order to address the long-term evolution of coastal ecosystems. 

Measurements of carbonate chemistry parameters are not routinely measured within the 

framework of the SOMLIT network. 

This paper presents a two-year time-series of carbonate chemistry data acquired between June 

2016 and July 2018 in the BoM at SOLEMIO with the aim of deciphering the main physical 

and biological processes driving this carbonate system time-series. In light of the current 

knowledge concerning carbonate chemistry in the MedSea, the results will (1) study the 

seasonality of the carbonate system and highlight the impact events in the bay, (2) evaluate 

the CO2 exchanges between this coastal system and the atmosphere and (3) estimate, with 

numerous assumptions, the importance of biological processes on CO2 exchanges in the BoM. 

The limitations highlighted in this study will support the discussion for recommending future 

studies in this dynamic coastal ecosystem.  

 

2. Methods 

 

2.1. Sampling strategy and oceanic data acquisition 

 

Sampling and measurements were carried out fortnightly at the SOLEMIO station in the NW 

MedSea (43°14.10’N – 5°17.30’E, 55 m bottom depth; Fig.1) from the R.V. Antedon II from 

June 6th, 2016 to July 11th, 2018. Physical properties of the water column (temperature, 

conductivity, depth) were measured in situ with a SeaBird 9 or a SeaBird 19+ profiler. 

Sensors were calibrated at least every 2 years (last calibration in January 2017). Conductivity 

(SBE4 sensor, Seabird®) and temperature (SBE3 sensor, Seabird®) measurements were 



6 

recorded with a precision of 0.0003 S.m-1 and 0.001°C, respectively. Calibration reports 

indicate a mean annual drift for the temperature and conductivity sensors of ± 0.001°C and of 

± 0.002 S.m-1, respectively. Salinity is expressed using the Practical Salinity Scale. Data is 

reported as mean ± standard deviation. 

Discrete water samples were collected at 3 depths (surface layer, intermediate layer and 

bottom layer), using 12 dm3 Niskin® bottles attached to the rosette. Only discrete water 

samples collected at 2 depths (1 m and 55 m) were used.  

 

 

Figure 1. The area of the North Western Mediterranean Sea showing the Southern coast of France, Corsica and 

Sardinia, the location of the DYFAMED (43°25’N – 7°52’E),  Point B (43°41.10’N – 7.18.94’E) and the 

ANTARES (42°50’N – 6°10’E) study sites, the SOLEMIO station (43°14.30’N – 5°17.30’E)  and the STPS 

network with its four buoys: the Balancelle buoy (43°20.443’N – 4°55.464’E), the Omega buoy (43°11.952’N – 

5°01.789’E), the Carro buoy (43°18.716’N – 5°09.641’E) and the Carry buoy (43°19.146’N – 5°09.641’E). The 

OHP (43°55.9’N – 5°42.8’E) and 5 Av (43°18.4’N – 5°23.7’E) are the sites that measure atmospheric CO2. The 

bathymetry of the area is in meters. 
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2.2. Sample analysis 

 

Samples for dissolved inorganic carbon (CT) and total alkalinity (AT) were collected into acid 

washed 500 cm3 borosilicate glass bottles and poisoned with 200 mm3 of a 36 g.m-3 HgCl2, as 

recommended by Dickson et al. (2007). Samples were stored in the dark at 4°C for 1 to 6 

months before analysis. Measurements of CT and AT were performed simultaneously by 

potentiometric acid titration using a closed cell following the methods described by Edmond 

(1970) and DOE (1994). Analyses were performed at the National facility for analysis of 

carbonate system parameters (SNAPO-CO2, LOCEAN, Sorbonne University – CNRS, 

France) with a prototype developed at LOCEAN. Average accuracy of AT and CT analysis 

was 2.3 and 2.6 µmol.kg-1, respectively, validated using Certified Reference Material (CRM) 

provided by A. Dickson’s laboratory (Scripps Institution of Oceanography, San Diego). 

The pH was measured spectrophotometrically at the MIO (Mediterranean Institute of 

Oceanography, Marseille – France). Unpurified m-cresol purple (McP) dye (Sigma®) at 

standard temperature (25°C) was used and results are reported on the total hydrogen ion 

concentration scale (pHT). Measurements were performed following the protocol described by 

Clayton and Byrne (1993) based on the dissociation of the pH-sensitive indicator dye in the 

water sample. Within the pH-range of seawater, the dye dissociates into a protonated and an 

unprotonated form which have different absorbance spectra in the visible range. The ratio of 

absorbance between 578 and 434 nm was used to determine seawater pH. The parameter pHT 

was calculated following Dickson et al. (2007). The reproducibility of the measurements 

based on replicates measurements was 0.001 (mean value = 8.047, n = 8). 

Unfiltered samples were collected for nutrient analysis in 60 cm3 polyethylene flasks and 

immediately frozen. Nutrient concentrations were obtained following the protocol of Aminot 

and Kérouel (2007). Detection limits for nitrite (NO2
-), nitrate (NO3

-), and silicate (Si(OH)4) 

were of 0.05 µM and 0.003 - 0.006 µM for phosphate (PO4
3-); the relative precision of these 

analyses ranged from 5 % to 10 % (Aminot and Kérouel, 2007). Analysis of nutrients follows 
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the protocols and the quality assurance process set by the SOMLIT network 

(http://somlit.epoc.u-bordeaux1.fr). 

Over these two-years of sampling, 140 samples distributed over the 3 depths of the water 

column (surface layer, intermediate layer and bottom layer) were obtained.  

 

2.3. Ancillary data 

 

Average weekly wind speeds at 10 meters altitude above the water surface (U10, in m.s-1) and 

daily precipitation at the SOMLIT site were obtained from the WRF (Weather Research 

Forecast) model (gridded by 2 × 2 km). Total atmospheric pressure (PT, in atm) was obtained 

from the Meteo France station (WMS07650) at the Marseille-Marignane Airport (43°26.4’N – 

5°13.8’E). Atmospheric CO2 data (mole fraction of CO2 in dry air in ppm, [CO2]atm) from the 

OHP site (43°55.9’N – 5°42.8’E; Observatoire de Haute Provence, ST Michel l’Observatoire 

– France) and 5 Av site (43°18.4’ N – 5°23.7’E; Cinq Avenues, Marseille – France; Fig.1) 

were retrieved from the ICOS National Network, France (http://www.obs-

hp.fr/ICOS/Plaquette-ICOS-201407_lite.pdf) and the AtmoSud Regional Atmospheric Survey 

Network, France (https://www.atmosud.org), respectively. The conversion of [CO2
atm] (mole 

fraction of CO2 in ppm) into pCO2 (partial pressure of CO2) was done according to the 

equation (1): 

 

pCO2
ATM = [PT - (H/100) × PH2O] × [CO2 

atm]           (1) 

 

where pCO2
ATM is the atmospheric partial pressure of CO2 (in µatm), PT is the total 

atmospheric pressure in atm), H is the relative humidity (here 100 %) and PH2O is the vapour 

pressure of water at ambient temperature (in atm). PH2O was determined from surface seawater 

temperature (Dean and Lange, 1999). The estimated total error of the atmospheric pCO2 

calculated is 2 µatm. 
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A network composed of 4 STPS probes (Salinity, Temperature and Pressure Sensors, NKE®) 

was installed onto sub-surface buoys (the Balancelle, Carro, Carry and Omega buoys) along 

the coast between the mouth of the Rhone River and the BoM. This network follows and 

identifies discharges from the Rhone River by measuring hourly temperature and salinity data. 

The SOLEMIO site (Fig.1) completes this network inside the BoM. 

 

2.4. Derived data 

 

2.4.1. Mixed layer depth 

 

In this study, the mixed layer depth (MLD) is defined as the depth where the temperature is 

0.5°C lower than the sea surface (1 m) temperature (Monterey and Levitus, 1997). Vertical 

profiles of temperature in the water column from the CTD were used to estimate the MLD.  

 

2.4.2. Carbonate system parameters 

 

Derived seawater carbonate system parameters (seawater partial pressure of CO2 (pCO2
SW) 

and saturation states for calcite and aragonite) were estimated from AT and CT values. 

Calculations were made with the software program CO2SYS (version 2.1) (Pierrot et al., 

2006), considering silicate and phosphate concentrations. As recommended by Álvarez et al. 

(2014) for the MedSea, the carbonic acid dissociation constants K1 and K2 from Mehrbach el 

al. (1973) as refitted by Dickson and Millero (1987) and the dissociation constant for HSO4
- 

form Dickson (1990) were used.  

 

Although the pH-CT couple gives more accurate estimations for seawater pCO2 (Millero, 

1995), AT and CT values were used. This choice was justified as measured pH values can be 

subject to inaccuracy (see Fig.1 supplementary material) due to the use of unpurified McP 
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(Yao et al., 2007) whereas the accuracy of AT and CT measurements is controlled through the 

use of CRM. Thus, the estimated total error of the calculated pCO2
SW is 5.8 µatm (Millero, 

1995). All the derived carbonate parameters are presented at in situ temperature. 

 

2.4.3. Deconvolution of thermal and non-thermal processes on pCO2
SW 

 

Effects of non-thermal (pCO2
N) and thermal (pCO2

TD) processes on pCO2
SW variations have 

been calculated thereafter using following equations (2) and (3) (Takahashi et al., 1993, 

2002): 

 

pCO2
N = pCO2

obs × e(0.0423(Tmean – Tobs))            (2) 

 

pCO2
TD = pCO2

mean × e(0.0423(Tobs – Tmean))           (3) 

 

where pCO2
obs is the pCO2

SW calculated during the study period in surface (in µatm), 

pCO2
mean is the mean pCO2

SW over the study period in surface (402 µatm), Tmean is the average 

temperature (in °C, here Tmean = 16.90°C) and Tobs is the in situ temperature (in °C). 

pCO2
N represents a temperature-normalised pCO2

SW, and pCO2
TD represents the changes 

pCO2
SW induced by temperature fluctuations under isochemical conditions. 

 

2.4.4. CO2 fluxes between ocean and atmosphere 

 

The air-sea CO2 exchanges were calculated according to the equation described in Weiss 

(1974) and Wanninkhof (2014). The flux of CO2, expressed in this paper in mmol CO2.m-2.d-

1, can be determined according to the equation (4): 

 

FCO2 = k × α × (pCO2
SW – pCO2

ATM)                          (4) 



11 
 

 

where k is the gas transfer velocity for CO2 (in cm.h-1), α is the solubility coefficient of CO2 

(in mol.L-1.atm-1) calculated as a function of temperature and salinity (Weiss, 1974) and 

pCO2
SW and pCO2

ATM are the seawater and atmospheric partial pressure of CO2, respectively 

(in µatm). By convention, a negative sign indicates a flux from the atmosphere to the ocean 

(Wanninkhof et al., 2013).  

 

The relationship (5) of Wanninkhof (2014) is used to compute the gas transfer velocities: 

 

k = 0.25l × U10
2 × (Sc/660)-1/2              (5) 

 

where U10 is the wind speed (in m.s-1) and Sc is the Schmidt number (dimensionless), 

calculated according to the equation in Wanninkhof (2014).  

The air-sea CO2 fluxes were estimated at the same time as the pCO2
SW estimation.  Because 

no atmospheric pCO2 measurement is available at the SOLEMIO point, the mean pCO2
ATM 

value (see section 2.3) for the week preceding the measurement of pCO2
SW was used, this val-

ue being an estimate of the regional average pCO2
ATM value for the sampling day. Due to the 

buffering effect, the weekly average wind speed estimate at the SOLEMIO was used in air-sea 

fluxes calculations. 

 

2.4.5. Biological flux calculations 

 

Net Ecosystem Calcification (NEC) of the system was calculated according to Eq.6 (derived 

from Bensoussan and Gattuso (2007): 

 

NEC = -0.5 × ΔAT × d × ρ/Δt                                   (6) 
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where ΔAT is the change in total alkalinity between sampling intervals (in mmol.kg-1), d is the 

mixed layer depth (MLD) water (in meters), ρ is the in situ seawater density (in kg.m-3) and 

Δt is the time interval between sample intervals (in days). NEC is in mmol C.m-2.d-1. 

 

Net Ecosystem Production (NEP) was calculated according to Eq.7 (derived from Borges et 

al., 2008) using changes in CT from two consecutives sampling and correcting for additional 

changes associated with NEC and air-sea CO2 gas exchanges (FCO2) as: 

 

NEP = - [ΔCT × d × ρ/Δt - NEC + FCO2]               (7) 

 

where ΔCT is the change in CT (in mmol.kg-1) over the time period ∆t (in days), d is the mixed 

layer depth (MLD) water (in meters), ρ is the in situ seawater density (in kg.m-3), NEC is in 

mmol C.m-2.d-1 and FCO2 is the average air-sea flux of CO2 between two consecutive sam-

plings (in mmol CO2.m-2.d-1). NEP is in mmol C.m-2.d-1. To remove the impact of salinity 

variations (evaporation/precipitation) on AT, salinity-normalised changes in AT (and CT) were 

calculated by dividing by in situ salinity and multiplying by 38. The remaining ∆AT is as-

sumed to be from calcification/dissolution. Nonetheless, because no significant relationship 

exists between CT and the sea surface salinity at the SOLEMIO site, CT has not been normal-

ised to salinity for NEP calculations. Low Salinity Events (see section 4.2) have been re-

moved from these calculations. 

 

2.4.6. Statistic test 

 

Linear relationships have been tested using the Pearson coefficient for parametric test (Sokal 

and Rohlf, 1969) with a significance level of 95 %. 
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3. Results 

 

3.1. Hydrography 

 

The hydrographic conditions encountered at the SOLEMIO site are described in Figure 2 with 

the time-series of temperature, salinity and MLD over the studied period (Fig.2A, 2B and 2C) 

and the monthly mean values for temperature and salinity at the surface and bottom (Fig.2D, 

2E, 2F and 2G). 

 

 

Figure 2. Time-series observations for temperature (A), salinity (B) and Mixed Layer Depth (MLD - C) and box 

plots of pooled monthly temperature and salinity at the SOLEMIO site at 1 m (black circles and solid line; 

Fig.2D & 2E) and at the bottom (55 m – white diamonds and dotted line; Fig.2F & 2G) from June 2016 to July 

2018. In figures (A) and (B), red points represent Low Salinity Events (LSE), and the red dotted line represents a 

salinity equal to 37.8. In box plots are shown the median (black line), the mean (red line), the first (Q1), and 

third quartiles (Q3) and data outliers (dotted lines). 
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Over the two-years, the mean temperature was 16.90°C at the surface and 14.65°C at the bot-

tom, with a maximum (23.42°C) and minimum (12.94°C) occurring both in surface waters in 

August 2017 and February 2018, respectively. Marked seasonal cycles were present for both 

depths (Fig.2A, 2D and 2F) with an increase in temperature from May to October and a de-

crease from November to April. Based on the temperature data recorded at the SOLEMIO site 

from January 1997 to October 2019 (http://somlit.oasu.u-bordeaux.fr/mysomlit-public/), the 

hydrological situation for the period used in this manuscript shows that summers and winters 

were warmer than the reference situation in 1997, with an increase over the two-years. No 

extreme climatic event has been reported over the studied period. 

Based on monthly means (Fig.2E and 2G), the annual range in salinity at the SOLEMIO site 

was higher at the surface (from 36.82 to 38.36) than at the bottom (from 38.06 to 38.33). Over 

the two-year period, lower mean values of salinity are observed in the surface (38.07) than at 

the bottom (38.22) (Table 1). In this study, “Low Salinity Events” (LSE) will represent the 

sampling day where the recorded values of salinities were lower than 37.80 at the surface. 

LSE were recorded seven times at the SOLEMIO station over the studied period, mostly in 

spring and summer (Fig.2B). 
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Table 1. Time-series analyses on seawater carbonate chemistry at the SOLEMIO site for temperature (Temp.), 

salinity, pHT measured in situ (pHT
is), total alkalinity (AT), dissolved inorganic carbon (CT), partial pressure of 

CO2 (pCO2), nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-), orthosilicic acid(SiOH4), calcite (ΩC) and 

aragonite (ΩA) saturation states, from June 2016 to July 2018, at 1 m and at the bottom (55 m). SD stands for 

standard deviation. DL stands for Detection Limit. 

 

Based on MLD estimates, two hydrological “seasons” can be defined in the BoM: a well-

mixed water column in winter (“winter” deep MLD between November and March included) 

and a summer thermal stratification period (“summer” shallow MLD between April and 

October included) with average MLD values of 41 ± 13 m in “winter” deep MLD conditions 

and of 20 ± 17 m in “summer” shallow MLD (Fig.2C).  

 

3.2. Nutrients  

 

The variations in inorganic nutrient concentrations over the studied period are described in the 

Figure 2 of the supplementary material with a time-series for NO3
-, NO2

-
,
 PO4

3- and Si(OH)4. 

NO3
-, NO2

- and PO4
3- concentrations displayed smooth seasonal patterns, with a decrease 

during spring (March - April) reaching a minimum value, under the detection limit, in late 

spring or summer and an increase in autumn reaching a maximum value in winter (January – 

February). At the surface, concentrations ranged from non-detectable to 5.48 µmol.L-1 for 

nitrate, from non-detectable to 0.64 µmol.L-1 for nitrite and from non-detectable to 0.21 

µmol.L-1 for phosphate. Orthosilicic acid concentrations were never completely depleted in 

SURFACE Mean ± SD Min. – Max.
Temp. [°C] 16.90 ± 3.16 12.94 – 23.42
Salinity 38.07 ± 0.34 36.82 – 38.36
pHTis 8.086 ± 0.028 8.015 – 8.121
AT [µmol.kg-1] 2584 ± 18 2554 – 2624
CT [µmol.kg-1] 2289 ± 27 2248 – 2359
pCO2 [µatm] 402 ± 31 358 – 471
NO3

- [µmol.L-1] 0.78 ± 1.07 <DL – 5.48
NO2

- [µmol.L-1] 0.09 ± 0.12 <DL – 0.64
PO4

3- [µmol.L-1] 0.05 ± 0.04 <DL – 0.21
SiOH4 [µmol.L-1] 1.63 ± 0.65 0.41 – 4.50
ΩC 4.99 ± 0.33 4.44 – 5.64
ΩA 3.23 ± 0.24 2.85 – 3.70

BOTTOM Mean ± SD Min. – Max.
Temp. [°C] 14.65 ± 1.33 12.93 – 19.71
Salinity 38.22 ± 0.06 38.06 – 38.33
pHTis 8.091 ± 0.018 8.053 – 8.129
AT [µmol.kg-1] 2582 ± 15 2560 – 2621
CT [µmol.kg-1] 2303 ± 20 2256 – 2358
pCO2 [µatm] 394 ± 21 362 – 439
NO3

- [µmol.L-1] 1.16 ± 0.94 0.03 – 3.5
NO2

- [µmol.L-1] 0.14 ± 0.11 0.01 – 0.42
PO4

3- [µmol.L-1] 0.05 ± 0.04 <DL – 0.14
SiOH4 [µmol.L-1] 1.86 ± 0.59 0.43 –3.46
ΩC 4.67 ± 0.23 4.23 – 5.29
ΩA 3.01 ± 0.16 2.72 – 3.45
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the water column. NO3
-, NO2

- and PO4
3- concentrations were low at both depths throughout 

the studied period with lower concentrations at the surface than at the bottom (Table 1).   

 

3.3. Carbonate system parameters  

 

The variations in the carbonate system parameters are described in Figure 3 with the time-

series of CT, AT pHT
is and pCO2

SW over the studied period (Fig.3A, 3B, 3C and 3D) and the 

monthly mean values at surface (Fig.3E, 3F, 3G and 3H) and bottom (Fig.3I, 3J, 3K and 3L).  

 

 

Figure 3. Time-series observations for seawater carbonate parameters (A, B, C, D) and box plots of pooled 

monthly seawater carbonate parameters at the SOLEMIO site at 1 m (black circles and solid line; Fig.3E, 3F, 

3G, 3H) and at the bottom (55 m – white diamonds and dotted line; Fig.3I, 3J, 3K, 3L) from June 2016 to July 

2018. In figures (A, B, C, D), red points represent Low Salinity Events (LSE). In box plots are shown the median 

(black line), the mean (red line), the first (Q1), and third quartiles (Q3) and data outliers (dotted lines). 
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At the surface, mean values of CT were 2289 µmol.kg-1 with maximum CT values in winter 

(2359 µmol.kg-1, February 2018) and minimum values in the late summer (2248 µmol.kg-1, 

October 2016). The mean CT concentration observed at the bottom (CT = 2303 µmol.kg-1) was 

higher than at the surface with no clear seasonal trend. Higher monthly variability of CT is 

observed during autumn and winter than during spring and summer (Fig.3E, 3I).   

Mean value of AT was similar at the bottom (AT = 2582 µmol.kg-1) to that at the surface (AT = 

2584 µmol.kg-1). AT ranged from 2554 µmol.kg-1 (June 2018) to 2624 µmol.kg-1 (November 

2017) and did not show, at either depth, clear seasonal trends (Fig.3B, 3F and 3J). AT presents 

a broad variability (Fig.3F and 3J) within summer and autumn months.  

A surface pHT
is average value of 8.086 is observed with the lowest value in summer (8.015, 

July 2017) and highest value in late winter (8.121, March 2017). Surface pHT
is values present 

a higher variability in summer than in winter (Fig.3G).  

pCO2
SW ranged from 471 µatm (July 2017) to 358 µatm (November 2017) with a surface 

mean value of 402 µatm (Table 1, Fig.3D). Large monthly variability of pCO2
SW is observed 

in summer at the surface (Fig.3H). The highest pCO2
SW values were observed in the summer 

months of 2017 and 2018 compared to the increase observed in 2016. Monthly means 

distributions of pCO2
SW in the surface displayed a clear seasonal trend with values starting to 

increase in late spring, reaching maximum values in summer and then a decreasing trend from 

September onward.   

Calcite and aragonite saturation states reveal that BoM waters were oversaturated (Ω > 1) 

with both minerals throughout the entire water column (Table 1). Mean saturation state for 

calcite was 4.99 at the surface, and 4.67 at the bottom. For aragonite, the mean saturation state 

was 3.23 at the surface, 3.01 at the bottom. These saturation state estimates are considered as 

a general description of the carbonate system in the bay but will no longer be discussed in this 

study. 
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3.4. Air-sea CO2 fluxes 

 

As no pCO2
ATM was directly recorded over the BoM, two pCO2

ATM “end member” datasets 

are considered in order to estimate a realistic range of air-sea fluxes: the urbanised 5Av site 

(Fig.1), representing the higher mean pCO2
ATM value in the city of Marseille with the weekly 

mean values ranging between 399.9 and 454.3 µatm, and the OHP site (Fig.1), representing 

the regional background pCO2
ATM with values ranging between  390.4 and 416.5 µatm. 

The estimated mean daily air-sea CO2 values are -0.7 mmol C.m-2.d-1 (corresponding  to -255 

mmol C.m-2.a-1) and -2.2 mmol C.m-2.d-1 (corresponding to -803 mmol C.m-2.a-1), with 

pCO2
ATM recorded at the OHP site and the 5 Av site, respectively. Fig.4 shows positive flux 

values in summer and spring for both atmospheric pCO2 datasets used, and negative values in 

winter and autumn.  

 

Figure 4. Time-series observations of the air-sea CO2 flux (Flux in mmol C.m-2.d-1) with atmospheric pCO2 

measured at the OHP site (full circle) and at the 5 Av site (empty circle) and with pCO2
SW measured at the 

SOLEMIO site from June 2016 to July 2018. Error bars indicate errors of the associated variables of the 

formula used. By convention, a negative flux indicates fluxes directed from the atmosphere to the ocean, and a 

positive flux indicates fluxes directed from the ocean to the atmosphere. 
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4. Discussion 

 

4.1. Comparison with existing carbonate data in the Mediterranean 

 

In the Ligurian Sea, a time-series of carbonate chemistry from the observation network 

MOOSE exists at the DYFAMED and ANTARES sites. Moreover, in the Bay of 

Villefranche-sur-Mer (Point B), a time-series of carbonate chemistry is recorded within the 

framework of the SOMLIT observational network (Fig.1).  

 

Table 2. AT and CT mean values in the Ligurian Sea (Point B, DYFAMED and ANTARES) and in the Bay of Mar-

seille (SOLEMIO). Salinity-normalised changes in AT (nAT) and CT (nCT) were calculated by dividing by in situ 

salinity and multiplying by 38. SD stands for standard deviation.  

 

 

When compared to Point B station data (Table 2), mean values for AT and CT in the BoM are 

higher by ca. 30 µmol.kg-1 and 50 µmol.kg-1, respectively. Even when normalised to salinity, 

this discrepancy remains. The seasonal trend observed for CT is comparable to the seasonal 

trend at Point B, whereas the seasonal variation for AT in the surface waters at this site was 

not observed in the BoM. The higher variability observed mostly during the summer in the 

Depth
SOMLIT

(2016-2018)
Point B

(2007-2016)
DYFAMED
(1998-2016)

ANTARES
(2010-2017)

AT [µmol.kg-1]
Surface 2584 ± 18 2555 ± 13

2568 ± 13
(0-50m)

2563 ± 22
(0-50m)Bottom 2582 ± 15 2553 ± 12

CT [µmol.kg-1]
Surface 2289 ± 27 2242 ± 19 2272 ± 30

(0-50m)
2262 ± 34
(0-50m)

Bottom 2303 ± 20 2249 ± 17

nAT [µmol.kg-1]
Surface 2580 ± 30 2559 ± 17 2548 ± 8

(0-50m)
2550 ± 18
(0-50m)

Bottom 2567 ± 16 2551 ± 9

nCT [µmol.kg-1]
Surface 2286 ± 35 2246 ± 26 2254 ± 27

(0-50m)
2251± 30
(0-50m)

Bottom 2289 ± 19 2248 ± 17

Reference / /
Kapsenberg et al. 

(2017) 
Coppola et al. 

(2018)
Lefèvre (2010)
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BoM has also been observed by Kapsenberg et al. (2017) at the Point B site and is related to 

temperature variability. 

For the two Ligurian open ocean time-series, the same differences with the BoM are 

observed. AT and CT values were lower by ca. 20 µmol.kg-1 and 30 µmol.kg-1 for ANTARES, 

and by ca. 15 µmol.kg-1 and 20 µmol.kg-1 for DYFAMED. Here again, when normalised to 

salinity, higher AT and CT are still observed in the BoM. The Rhone River waters have higher 

AT concentrations which could impact the AT values of the BoM. The LSE could be 

associated to the inflow of Rhone River water in the BoM (see section 4.2). However, when 

excluding LSE values from the BoM dataset, the observed differences with the three other 

Mediterranean time-series remains (see Table 2 in supplementary material). It has to be 

mentioned that the BoM time-series corresponds to a more recent period than the other time-

series. However, if an open ocean increase of 1 µmol.kg-1.a-1 in CT in response to the 

atmospheric increase in CO2 is assumed (Merlivat et al., 2018), the differences in CT cannot be 

explained due to time lag in sampling. In this coastal area, it is worth noting that terrestrial 

discharges coming from the Rhone River and wastewater treatments can lead to an increase of 

AT as allochthonous matter (see Fig.2 in supplementary material) can be associated with non-

carbonate alkalinity (Hunt et al., 2011; Soetaert et al., 2007). Moreover, because AT and CT 

measurements were performed simultaneously in a closed cell, the increase on AT could lead 

to repercussion on CT determination (Dickson et al., 2007). Both consequences of the 

presence of allochthonous material could affect the derived carbonate parameters. This effect, 

certainly marginal, cannot be quantified with the present dataset.  

The seasonal and monthly variability of the pHT
is observed in the BoM shows a similar 

dynamic to that of the Bay of Villefranche (Kapsenberg et al., 2017). For both sites this 

dynamic is mostly driven by the temperature variations. For pCO2
SW, a seasonal trend with 

higher values during the summer period and lower values during the winter period occurs in 

the BoM highlighting the close relationship between pCO2
SW and seawater temperature. This 
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pattern has already been reported for the coastal point B site (Kapsenberg et al., 2017) but 

also the open ocean DYFAMED site, where temperature changes can induce strong seasonal 

variation in pCO2
SW values, varying between 300 and 500 µatm (Copin-Montégut et al., 2004; 

Hood and Merlivat, 2001; Merlivat et al., 2018). 

For the air-sea CO2 fluxes, there are a few studies indicating that the NW MedSea is a CO2 

sink. In the Villefranche Bay, De Carlo et al. (2013) measured average annual fluxes (using 

the Ho et al. (2006) formula for gas transfer velocity) of -191 mmol C.m-2.a-1. In the Ligurian 

Sea, at the DYFAMED site, the average annual flux (using the Wanninkhof and McGillis 

(1999) formula for gas transfer velocity) was estimated to be -319 mmol C.m-2.a-1 from 

February 1998 to January 1999, and -682 mmol C.m-2.a-1 from February 1999 to January 2000 

(Copin-Montégut et al., 2004). In the Gulf of Trieste, Ingrosso et al. (2016) reported mean 

annual fluxes of -781 ± 931 mmol C.m-2.a-1 and of -1194 ± 2117 mmol C.m-2.a-1 in 2012 and 

2013, respectively. The average flux calculated at the SOLEMIO station, with pCO2
ATM 

recorded at the OHP site, lies between the annual fluxes recorded at these three sites. With 

pCO2
ATM recorded at the 5 Av site, air-sea CO2 fluxes are higher than those previously 

obtained in the Ligurian Sea and closer to those estimated in the Adriatic Sea. It is worth 

mentioning that for both studies used in this comparison (DYFAMED and Villefranche Bay), 

pCO2
ATM values from Lampedusa Island are used and that at high wind speeds (> 10 m.s-1) 

(Table 3), large differences between gas transfer velocity formulations appear (Ho et al., 

2006). 

 

4.2. Influence of Low Salinity Events on AT / Salinity relationships 

 

AT is considered as a conservative quantity with respect to water mixing (Wolf-Gladrow et 

al., 2007). When biological activity is excluded, the variations of AT should be directly related 

to salinity changes when dilution or evaporation occurs in the ocean. In consequence, AT 

concentrations are generally related to salinity through a linear relationship (Copin-Montégut, 
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1993). Indeed, for sub-tropical oceans, the salinity contribution to the surface AT variability 

has been estimated to be greater than 80 % (Millero et al., 1998). In the MedSea, several 

linear relationships between AT and salinity in the surface waters have been proposed for 

different sub-basins (e.g., Copin-Montégut and Bégovic, 2002; Hassoun et al., 2015; Ingrosso 

et al., 2016; Rivaro et al., 2010; Schneider et al., 2007). However, in the BoM, over the two-

year time-series considered, no significant linear relationship between surface AT and surface 

salinity has been observed (Fig.5) (r = 0.048, n = 45, p-value = 0.762). 

 

 

Figure 5. AT vs. Salinity relationship at the SOLEMIO site (1m). Red dotted line corresponds to a salinity value 

equal to 37.8. Empty circles represent AT values measured at salinity under 37.8 (Low Salinity Events) and 

objectively excluded from the regression. 

 

Based on AT values collected over a large part of the MedSea, Schneider et al. (2007) have 

demonstrated that freshwater inputs from rivers affect the AT-S relationship in the MedSea 

due to high AT values of riverine inputs. This is the case for the Rhone River waters which 

give high alkalinity values of ca. 2885 µmol.kg-1 (GEMSWATER data in Schneider et al., 

2007).  

The hourly surface salinity data collected from the STPS buoy network (extracted four days 

before, and two days after the sampling day at SOLEMIO - see methods) indicates that the 

seven observed LSE reported in section 3.1 are associated to the occurrence of a Rhone River 



23 
 

plume Eastward along the coast. Moreover, the offshore wind conditions (NW/N) during the 

prevailing period (Table 3) confirms a possible eastward extension of the Rhone plume before 

and during LSE observed in BoM, as demonstrated by Gangloff et al. (2017). Also, low 

rainfall rates have been recorded the preceding week of the LSE. This observation sustains the 

scenario that these LSE are due to intrusions of freshwater coming from the Rhone River in 

the surface of the BoM.  

 

Table 3. Distributions of salinity measured at the SOLEMIO site, the Rhone River discharge water (m3.h-1), the 

precipitation rate (mm), the wind direction (°) and speed (m.s-1) and maximum and minimum salinity values 

measured by the four buoys of the STPS network (see Fig.1) for the seven observed LSE. 

 

 

When these intrusions of Rhone River water occur, the sea surface salinity is lowered (down 

to 36.82), but due to the elevated alkalinity values of the Rhone River, they do not induce a 

decrease in the AT values (Fig.5). In consequence, the intrusion of Rhone River water during 

LSE can explain the deviation from the AT-S linear relationship. Indeed, when the seven LSE 

values are not considered, a significant linear relationship is observed between AT and S (r = 

0.413, n = 38, p-value = 0.014). 

 

June 6th, 2016 July 4th, 2016
November 2nd, 

2016
March 15th, 

2017
May 24th, 2017 

September 6th, 
2017

May 31th, 2018

Salinity measured 37.11 37.78 37.30 36.82 37.62 37.18 37.66

RR flow [m3.h-1] 2650 1400 850 2020 1200 630 2300

Precipitation [mm] 2.16.10-3 2.89.10-8 1.39.10-2 6.27.101 1.50.102 7.57.10-4 NA

Wind direction [°] 174 282 NA 203 322 NA 289

Wind speed [m.s-1] 3.46 1.84 5.66 1.99 1.84 11.19 2.44

STPS Balancelle buoy
(Smin – Smax)

12.49 – 32.36 21.86 – 37.63 22.33 – 37.08 11.83 – 35.04 16.98 – 34.61 35.19 – 37.19 14.72 – 36.99

STPS Omega buoy
(Smin – Smax)

19.54 – 30.29 31.42 – 34.20 NA – NA 25.79 – 35.38 33.65 – 37.30 34.08 – 37.35 NA – NA

STPS Carro buoy
(Smin – Smax)

24.90 – 36.84 30.77 – 37.51 35.87 – 37.99 23.08 – 36.65 28.82 – 35.29 30.97 – 36.15 37.37 – 37.86

STPS Carry  buoy
(Smin – Smax)

29.38 – 37.49 31.72 – 34.28 33.36 – 38.29 32.79 – 37.93 35.45 – 37.79 33.16 – 35.97 37.24 – 37.70
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4.3. Driving forces of the air-sea CO2 exchanges in the BoM 

 

Over an annual cycle the BoM acts alternatively as a source or a sink of CO2
 due to seasonal 

variability in the air-sea fluxes (mostly driven by the pCO2
SW). Nevertheless, as observed in 

other parts of the NW MedSea, on an annual scale, the BoM is a potential atmospheric CO2 

sink.  

In addition to the gas solubility, air-sea CO2 fluxes are controlled by the piston velocity and 

the pCO2 difference between seawater and atmosphere (see equation 4). The contribution of 

these different terms to air-sea CO2 flux variability in the BoM can be deciphered from the 

variability of these different contributions.    

Changes of CO2 partial pressure in the ocean (pCO2
SW) are due to combined effects of 

biological and physical processes. Following the approach proposed by Takahashi et al. 

(1993, 2002), the respective contributions of thermal and non-thermal processes on pCO2
SW 

have been estimated (see section 2.4.3). Fig.6A reveals consistent seasonal trends between 

pCO2
SW and pCO2 induced by temperature changes (pCO2

TD). Contributions of thermal 

(pCO2
TD) and non-thermal processes (pCO2

N) on pCO2
SW are presented in figure 6B. The 

main variation of pCO2
SW occurs because of changes in surface seawater temperature, with a 

contribution of the thermal parameter (pCO2
TD) to the changes in pCO2

SW varying from +113 

µatm (generated by warming) to -75 µatm (due to cooling) (Fig.6B), for an overall range of 

188 µatm. 
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Figure 6. (A) Time-series observation for surface seawater pCO2
TD  (pCO2 changes induced by temperature 

(Temp-Driven); red line), surface seawater pCO2
N  (pCO2 changes induced by to non-thermal effect; blue line), 

surface seawater pCO2
 (pCO2

SW; black line) and nitrite (NO2
-) concentrations (green line) at the SOLEMIO site 

from June 2016 to July 2018. (B) Changes in pCO2 that can be attributed to changes in temperature, calculated 

as: δpCO2
TD = pCO2 - pCO2

N, and changes in pCO2 that can be attributed to non-thermal effects, calculated as: 

δpCO2
N = pCO2

 - pCO2
TD. The pCO2

N and pCO2
TD used in the above equations correspond to Eqs. 2 and 3 in the 

text, respectively.  

 

Variations in pCO2
SW induced by non-thermal processes (pCO2

N) showed a regular pattern, 

with a seasonal maximum in winter to a minimum in summer (Fig.6A and Fig.4). The pCO2
N 

variability is mainly due to biological activity, but it also includes changes due to advection, 

vertical diffusion and air-sea gas exchanges (De Carlo et al., 2013). The pCO2
N varies at the 

surface from +69 µatm in winter to -82 µatm in late summer (Fig.6B). In the BoM, freshwater 

intrusions have a crucial influence on efflorescence events which are punctual and brief (Diaz 

et al., 2008; Fraysse et al., 2014). The biological component being poorly represented by bi-

monthly sampling of Chl-A (Fig.2 in supplementary material), pCO2
N could not be complete-

ly related to this parameter. Variations of pCO2
N are partially synchronous with those of CT 

(Fig.3A and 6A), mostly in winter. There is a more pronounced synchronous link between 
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nutrients (and in particular the nitrite concentrations) and pCO2
N. The high concentrations of 

nitrite in winter could be an indirect evidence of increased organic matter remineralisation by 

heterotrophic activity. Indeed, the activity of heterotroph remineralisation releases high con-

tents of ammonium into the seawater (Kirchman, 2000). This accumulated ammonium might 

then have been oxidised into nitrite through bacterial nitrification which is, furthermore, fa-

voured in the low light conditions found in winter (Ward, 1985). Thus, the observed nitrite 

accumulation would result from nitrifying oxidation of ammonium (Meeder et al., 2012; 

Zakem et al., 2018) and could indirectly sign a strengthened remineralisation of organic mat-

ter, especially in winter. The oxidation of organic matter by aerobic respiration producing 

well higher contents of CO2 than that consumed by nitrifying bacteria (Zakem et al., 2018), it 

is then possible to observe increased quantities of NO2
- concomitantly to increased concentra-

tions of CT and pCO2
N. 

The increase in nitrite concentrations observed during winter, concomitant with the pCO2
N 

increase, might indicate that heterotrophic processes significantly contribute to the CO2
 con-

tent of seawater at certain periods of the year (i.e. winter). 

 

These calculated pCO2
N and pCO2

TD highlight the concomitant impacts of biological activity 

and physical processes on the pCO2
SW variations. During spring, depending on the nutrient 

availability, the increase in pCO2 by seawater warming is counteracted by the photosynthetic 

uptake that simultaneously lowers CT and nutrients stocks. Then, as the nutrient availability 

becomes less, biological CO2 consumption decreases in autumn and heterotrophic respiration 

leads to an increase in the CT and pCO2
N values. Moreover, during winter, seawater cooling 

tends to decrease pCO2 and this process could also be counteracted by the mixing of bottom-

water enriched in CT with the deepening of the MLD (Fig.2C). The temperature in the upper 

layer of the MedSea is increasing (Nykjaer, 2009; Vargas-Yáñez et al., 2008). Since 1997, the 

temperature at the SOLEMIO site has increased (see section 3.1). Because of the temperature 

predominance on the control of the pCO2
SW signal, this warming tendency should induce 
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higher pCO2
SW values in the surface layer. This could induce an increased stratification of the 

water column, which could decrease the available nutrients in the euphotic zone. Therefore, 

less pCO2 could be counterbalanced by non-thermal processes, making the effect of increas-

ing pCO2
SW even stronger.  

 

Changes of CO2 partial pressure in the atmosphere (pCO2
ATM) in the BoM are characterised 

by the regional background concentration on top of which is added the effect of the urbanised 

Marseille area. In order to highlight the anthropogenic impact of the Marseille Metropolis on 

the BoM, two pCO2
ATM datasets have been used (see section 3.4). The CO2 sink increases 

with increasing pCO2
ATM values, as seen when using pCO2

ATM values from the 5 Av station 

(Fig.4, dotted line). It is worth noting that in this urbanised area, the pCO2
ATM daily variation 

is almost 38 µatm on average with some events exceeding 150 µatm. Thus, this study shows 

that high pCO2
ATM, as observed in coastal anthropised areas, may increase the sink of CO2 in 

the surrounding marine waters.  

 

Finally, the effect of the piston velocity on the CO2 exchanges is highly dependent on the 

wind speed. Indeed, at wind speeds above 7-10 m.s-1, the piston velocity increases 

considerably. At the SOLEMIO site, wind speeds ranging between 5 and 13 m.s-1 were 

detected during ca. 45 % of the time. In the BoM, the highest CO2 in-gasing value (November 

2017) is associated with the strongest daily wind episode (12 m.s-1) and low pCO2
SW (358 

µatm). This illustrates the potential importance of short scale events on the piston velocity of 

the air-sea exchanges variability (Ingrosso et al., 2016). At a windy site like SOLEMIO, the 

high pCO2
ATM and high wind periods could have a noticeable impact on the air-sea CO2 

fluxes. For example, Copin-Montégut et al. (2004) reported significant differences in the air-

sea CO2 fluxes in 1998 and 1999 because of strong winds during the autumn of 1999. 

However, Xueref-Remy et al. (2018) highlighted the fact that the amplitude of the 

atmospheric CO2 concentration range, and especially the maximum values, decrease 
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exponentially with wind speed because of the ventilation and dilution effects in the 

atmosphere. 

In general, at the SOLEMIO site, the time-series of the air-sea fluxes (Fig.4) displays seasonal 

changes, for both OHP and 5 Av series, with CO2 outgasing in summer, and ingasing in 

winter. This observation indicates that temperature, rather than biological processes, mostly 

drives the difference in pCO2 between the ocean and the atmosphere and is certainly the main 

contributor to the air-sea CO2 exchange variability. Nonetheless, episodic wind events, 

through the increase in the piston velocity, can significantly impact the air-sea CO2 fluxes 

over shorter time scales (daily to weekly).  

 

4.4. Is the biological contribution to the air-sea CO2 fluxes significant?  

 

In a given water mass, biological processes can modify the carbonate chemistry variables and 

thus affect the air-sea CO2 exchanges. In the conceptual working frame proposed by Borges et 

al. (2006), the relationship between air-sea CO2 fluxes and net ecosystem production (NEP) 

should be linear. In coastal environments, the physical forcing (such as coastal upwelling) and 

net ecosystem calcification (NEC) can also modulate the carbonate chemistry properties and 

therefore these subsequent fluxes, making the link between air-sea CO2 fluxes and the 

ecosystem metabolism increasingly complex. 

 

In the BoM, no direct measurements of ecosystem productivity were available during the 

period of this study. Oxygen derived estimations for ecosystem production based on Apparent 

Oxygen Utilisation are not relevant in the MLD due to the short equilibration time of pO2 at 

the air-sea interface. Based on the approach proposed in Oudot (1989), a mean equilibration 

time of pO2 of 2 days is estimated for this study. To accurately estimate in situ metabolic rates 

based on carbonate chemistry variations, high temporal resolution sampling over full dial 

cycles (24h) is required. Moreover, to derive such estimates, it is assumed that the studied 
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system is a closed system, or the residence times should be considered with respect to the high 

NEC estimates sensitivity to this parameter (Courtney and Andersson, 2019). No direct 

information on water mass residence time were available for the present study. Nevertheless, 

estimations of NEC and NEP are based on a simple assumption: the fortnightly temporal 

variations of AT and CT are driven by biological processes.  

Because the MLD constitutes one of the major factors controlling ocean primary production 

(Sverdrup, 1953), mean values for NEC, NEP and air-sea CO2 fluxes are reported for the two 

defined MLD seasons in Table 1 in the supplementary material. At the SOLEMIO site, the 

NEC daily mean value (2.9 ± 22.5 mmol C.m-2.d-1) suggests a net calcifying system, which is 

in accordance with the estimated calcite and aragonite saturation states. Also, estimated NEP 

mean values of 5.0 ± 116.8 mmol C.m-2.d-1 and 9.0 ± 29.2 mmol C.m-2.d-1 in winter and 

summer (with atmospheric pCO2 reference from the OHP site), respectively, suggest that the 

BoM is a system where autotrophic processes prevail over heterotrophic processes. Over the 

studied period, the daily NEP presents a mean value equal to 7.3 ± 77.1 mmol C.m-2.d-1.  

The CO2 fluxes and trophic status of the BoM are presented in Figure 7 within the conceptual 

frame proposed by Borges et al. (2006).  

 

 

Figure 7. Air-sea CO2 fluxes (mmol C.m-2.d-1) from the OHP site versus Net Ecosystem Production according to 

the Mixed Layer Depth at the SOLEMIO site from June 2016 to July 2018. By convention, positive and negative 
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NEP suggests an autotrophic status and a heterotrophic status, respectively. A negative FCO2 sign indicates a 

flux directed from the atmosphere to the ocean while a positive FCO2 sign indicates a flux directed from the 

ocean to the atmosphere. Data are divided into “winter” deep MLD (November to March; blue dot) and 

“summer” shallow MLD (April to October; red dot) in order to compare seasonal changes. 

 

The mean air-sea CO2 fluxes and NEP values are in good agreement with this conceptual 

frame with an ecosystem where autotrophic processes are associated to a sink of CO2. None-

theless, some of the results are in contradiction to this conceptual frame: in the BoM, negative 

NEP values (heterotrophic status) are associated with an atmospheric CO2 sink (particularly in 

winter).  

In order to explain this apparent contradiction, beside the errors associated to the NEP (and 

NEC) estimations, several reasons can be put forward: (1) In the Bay of Palma (NW MedSea), 

Gazeau et al. (2004) reported a similar observation which was related, at least partially, to the 

short residence time of the water mass in the bay (ca. 5 days). Water masses are then almost 

immediately flushed, and biological processes have a small impact on air-sea CO2 fluxes. In 

the BoM, Millet et al. (2018) have measured a 5 to 10 day time-lapse for some particles to 

reach different locations around the BoM after their release, which indicates a short residence 

time of the water. This could partially explain the observed discrepancy with the conceptual 

frame. (2) In addition to NEP biological contribution, calcification/dissolution can affect the 

air-sea CO2 fluxes. In the BoM, Bensoussan and Gattuso (2007) measured a NEC mean value 

of 8 mmol C.m-2.d-1. Despite this estimation being an order of magnitude lower in winter in 

this study, the importance of benthic communities in this shallow system could contribute, to 

some extent, to the air-sea CO2 fluxes. (3) Also, there is an order of magnitude between the 

air-sea CO2 exchanges and the metabolic flux intensity (Fig.7), undermining the biological 

signature on the in situ carbonate chemistry. (4) Finally, temperature changes will further 

modulate the exchange of CO2 through its impact on pCO2
SW. In the BoM, most of the pCO2 

changes are related to the thermal effects (see section 4.3) and are probably the main reason 
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for the apparent contradiction between the NEP and the air-sea CO2 exchange. Thus, the sink 

of atmospheric CO2 over the BoM seems to be impacted by the physical processes with a 

marginal contribution of biological processes. Nonetheless, considering the clear sampling 

limitations on NEP and NEC estimations, this work underlines the need for appropriate tem-

poral and spatial resolution in a dedicated biological study. 
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5. Conclusions 

 

Based on a two-year time-series, this paper presents the variability of the seawater carbonate 

system parameters in a Mediterranean coastal site close to the second largest city in France, 

Marseille. Based on sampling on a low temporal and spatial resolution, the air-sea CO2 flux 

estimations in the BoM are, on average, directed from the atmosphere to the ocean. 

Temperature is the main force driving pCO2
SW variability and it also has a major control on 

the air-sea CO2 fluxes. As a result, temperature is the main driving force of the carbonate 

system variability in the bay. In the case of a windy site like SOLEMIO, the high pCO2
ATM 

and high wind periods have a significant impact on the air-sea CO2 fluxes during episodic 

events through the wind effect on the gas transfer velocity. Episodic hydrodynamic events, 

such as the LSE processes, can also modify the biogeochemical composition of the BoM. 

However, this study shows the singularity of marine environments located at the border of 

highly urbanised areas characterised by high amplitudes of pCO2
ATM due to anthropogenic 

activity.  

In a coastal zone like the BoM, in addition to the hydrodynamic structure of the area, this 

manuscript highlights the need to sample concomitantly in situ atmospheric and oceanic 

reservoirs. Various physical forcing affects the bay (i.e. Rhone River water intrusion, 

atmospheric forcing with highly variable CO2 concentration) on a daily and hourly scale and 

this could not be resolved here. This study highlights the crucial need to develop integrated 

observation systems in order to measure the variability in carbon content at a high frequency 

in all reservoirs (ocean, atmosphere, biosphere). With an adapted temporal resolution of the 

physical forcing, the biological CO2 fluxes in this coastal ecosystem should also be estimated 

in order to better understand the link between the metabolic status and the air-sea CO2 

exchanges. Finally, to focus on the ecosystem functioning, dedicated studies should be carried 

out to monitor key species dynamics, with an emphasis on calcifying species (pelagic and 

benthic), to follow the potential effect of oceanic acidification on the biodiversity.
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