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Abstract 9 

The surface physical and Marine Carbonate System (MCS) properties were assessed 10 

along the western boundary of the Mediterranean Sea. An unprecedented high-resolution 11 

observation-based dataset spanning 5 years (2019-2024) was built through automatically 12 

underway monitoring by a Volunteer Observing Ship (VOS). The MCS dynamics were 13 

strongly modulated by physical-biological coupling dependent on the upper-layer 14 

circulation and mesoscale features. The variations in CO2 fugacity (fCO2,sw) were mainly 15 

driven by sea surface temperature (SST) changes. On a seasonal scale, SST explained 51-16 

71% of the increase in fCO2,sw from February to September, while total alkalinity (AT) 17 

and sea surface salinity (SSS) explained <20%. The processes controlling total inorganic 18 

carbon (CT) partially offset this increment and explained ~23-37% of the fCO2,sw seasonal 19 

change. On an interannual scale, the SST trends (0.26-0.43 ºC yr-1) have accelerated by 20 

78-88% in comparison with previous decades. The ongoing surface warming contributed 21 

by ~76-92% in increasing fCO2,sw (4.18 to 5.53 µatm yr-1) and, consequently, decreasing 22 

pH (-0.005 to -0.007 units yr-1) in the surface waters. The seasonal amplitude of SST, 23 

becoming larger due to progressively warmer summers, was the primary driver of the 24 

observed slope up of interannual trends. The evaluation of the air-sea CO2 exchange 25 

shows the area across the Alboran Sea (14,000 Km2) and the eastern Iberian margin 26 

(40,000 Km2) acting as an atmospheric CO2 sink of -1.57 ± 0.49 mol m-2 yr-1 (-0.97 ± 0.30 27 

Tg CO2 yr-1) and -0.70 ± 0.54 mol m-2 yr-1 (-1.22 ± 0.95 Tg CO2 yr-1), respectively. 28 

Considering the spatial variability of CO2 fluxes across the study area, a reduction of 29 

approximately 40–80% in the net annual CO2 sink is estimated since 2019, which is 30 

attributed to the persistent strengthening of the source status during summer and the 31 

weakening of the sink status during spring and autumn. 32 
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1. Introduction 39 

The semi-enclosed and marginal seas have a relevant role in the global biogeochemical 40 

cycles and are highly vulnerable to climate change (IPCC, 2023). These regions 41 

accomplish extensive coastal and continental shelf and slope areas occupied with multiple 42 

diverse ecosystems under anthropogenic pressure. Although these regions present 43 

enhanced biogeochemical activity and intensified air-sea CO2 exchange rates compared 44 

to the open ocean (Borges et al., 2005; Cai et al., 2006; Frankignoulle and Borges, 2001; 45 

Shadwick et al., 2010), its poorly monitoring and assessment have historically excluded 46 

them from global studies and models and underestimated in the Global Carbon Budget 47 

(Friedlingstein et al., 2023) 48 

The Mediterranean Sea is a dynamic semi-enclosed system potentially fragile to natural 49 

and anthropogenic forcing (e. g. Álvarez et al., 2014; Tanhua et al., 2013). The particular 50 

oceanography of the Mediterranean Sea, collectively described in several works (e.g. 51 

Nielsen, 1912; Robinson et al., 2001; Millot and Taupier-Letage, 2005; Bergamasco and 52 

Malanotte-Rizzoli, 2010; Schroeder et al., 2012), have rendered it a “miniature ocean” 53 

considered as “laboratory basin” to evaluate physico-chemical perturbations that can be 54 

extrapolated to larger scales in the global ocean (e.g. Robinson and Golnaraghi, 1994; 55 

Bergamasco and Malanotte-Rizzoli, 2010). These perturbations have accelerated since 56 

the second half of the 20th century, with temperature and salinity increasing at 57 

unprecedent rates of 0.04ºC and 0.015 per decade, respectively (Borghini et al., 2014), 58 

impacting the Marine Carbonate System (MCS). However, the availability of high-quality 59 

observation-based data and research in this basin is scarce due to spatial and temporal 60 

limitations in the monitoring and sampling techniques (Millero et al., 1979; Rivaro et al., 61 

2010). 62 

The MCS dynamics has been evaluated in the Northwestern Mediterranean basin 63 

(Bégovic and Copin-Montégut, 2002; Copin-Montégut and Bégovic, 2002, 2004; 64 

Coppola et al., 2020; Hood and Merlivat, 2001; Mémery et al., 2002; Merlivat et al., 2018; 65 

Touratier and Goyet, 2009; Ulses et al., 2023), mainly conducted at the time-series 66 

DYFAMED (43.42 ºN, 7.87 ºE; Marty, 2002) and BOUSSOLE sites (43.37° N, 7.90° E; 67 

Antoine et al., 2006, 2008a, 2008b). These investigations have shown the seasonal cycle 68 

of the surface CO2 is primarily governed by thermal fluctuations and the behaviour of the 69 

area as a relatively weak sink for atmospheric CO2 on an annual scale. Long-term changes 70 
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estimated by Merlivat et al., (2018) reported the increase in the surface CO2 fugacity 71 

(fCO2,sw) and pH of ~40 µatm and ~0.04 units, respectively, since the 90s decade. The 72 

interannual trends given for fCO2,sw (2.3 ± 0.23 µatm yr-1; Merlivat et al., 2018) and pH 73 

(0.002-0.003 units yr-1; Yao et al., 2016) were in agreement with those encountered in the 74 

Northeast Atlantic at the ESTOC site (2.1 ± 0.1 µatm yr-1 and 0.002 ± 0.0001  units yr-1, 75 

respectively; González-Dávila and Santana-Casiano, 2023). Long-term variations in 76 

MCS within the northwestern Mediterranean occur at rates exceeding those anticipated 77 

from chemical equilibrium with atmospheric CO2, which has been attributed to the 78 

intense deep-convection processes in this area (Copin-Montégut, 1993; D’Ortenzio et al., 79 

2008; Cossarini et al., 2021) and the substantial input of anthropogenic carbon from the 80 

North Atlantic (Merlivat et al., 2018; Palmiéri et al., 2015; Schneider et al., 2010; Ulses 81 

et al., 2023). Based on a high-resolution regional model, Palmiéri et al., (2015) estimated 82 

that ~25% of the anthropogenic carbon storage in the Mediterranean Sea comes from the 83 

Atlantic. The water exchange processes in the Strait of Gibraltar become the western 84 

boundary of the Mediterranean Sea in a crucial region for MCS variability which 85 

significantly modulates the basin-wide anthropogenic carbon inventory and ocean 86 

acidification trends in the Mediterranean basin and could affect significantly the general 87 

circulation and the composition of seawaters in the North Atlantic. Additionally, this 88 

region is subject to variability related with (1) the intense deep-water convection in the 89 

adjacent Northwestern area of the Mediterranean Sea and (2) the unique circulation 90 

patterns shaped to the irregular coastlines and islands, which forms quasi-permanent 91 

eddies and other (sub)mesoscale features (Alberola et al., 1995; Bosse et al., 2021; 2016; 92 

Bourg and Molcard, 2021). 93 

This research focus on the surface spatio-temporal variations of the MCS and air-sea CO2 94 

fluxes in the western boundary of the Mediterranean Sea. High-resolution and reliable 95 

data were obtained through autonomous underway monitoring of the surface ocean from 96 

February 2019 to February 2024 by a Volunteer Observing Ship (VOS). This systematic 97 

strategy represents a powerful tool to analyse the distribution and changes of physical and 98 

MCS properties in highly variable areas as coastal transitional zones where the 99 

availability of data has been historically scarce. The cruise track (Figure 1) followed the 100 

south and east geographically rugged coastline of the Iberian Peninsula and allowed the 101 

characterization of the Alboran Sea (~2-5.1ºW) separately from the eastern coastal and 102 

shelf area between Cape of Gata (Almería) and Barcelona (~36.5-41.3ºN). The changes 103 
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observed in the MCS on a seasonal and interannual timescales (even considering the 104 

limitations of 5 years of data), the mechanism controlling their variations and the changes 105 

in the air-sea CO2 exchange have been attended in this study.  106 

2. Material and methods 107 

2.1. Study area 108 

The Western boundary of the Mediterranean Sea encompasses the Alboran Sea, land-109 

loaded by the southern Iberian Peninsula coast and northern African coast, and the coastal 110 

transitional area along the eastern Iberian margin (Figure 1a). The classical surface 111 

circulation pattern in the Alboran Sea (e. g. Bormans and Garrett, 1989; Peliz et al., 2013; 112 

Sánchez-Garrido et al., 2013, 2022; Speich, 1996; Whitehead and Miller, 1979), with the 113 

Atlantic water jet (AJ) following wavelike path of the quasi-permanent Western 114 

Anticyclonic Gyre (WAG) and the Eastern Anticyclonic Gyre (EAG) and constituting the 115 

Modified Atlantic Water (MAW; Lopez-García et al., 1994; Viúdez et al., 1998), drive 116 

west-to-east variations in physical and biogeochemical terms. The intensity and direction 117 

of the AJ, depending primarily on sea level pressure and local wind fluctuations, variate 118 

on different timescales and govern the circulation patterns in the Alboran Sea influencing 119 

the biogeochemistry (Sánchez-Garrido and Nadal, 2022; Solé et al., 2016). On a seasonal 120 

scale, the AJ oscillate between two main circulation modes (García-Lafuente et al., 2002; 121 

Macías et al., 2008, 2016; Vargas-Yáez et al., 2002), detectable by reanalysis data-based 122 

SST signals (Figure 1b): a high-intense AJ flowing north-eastward during spring/summer 123 

and a lower-intense AJ flowing with more south-eastwardly direction during 124 

autumn/winter. The stronger AJ during the warm months feed the classical two-gyres 125 

configuration in the Alboran Sea, while the weak AJ only allows the existence of the 126 

WAG (Renault et al., 2012). The AJ forms a filament flowing from the Iberian coastal 127 

upwelling in the northwestern Alboran Sea and surrounding the eastern edge of the WAG, 128 

which is most frequently presented during summer (Gómez-jakobsen et al., 2019; Millot, 129 

1999). The westernmost part of the Alboran Sea is affected by the shallow position of the 130 

Atlantic-Meridional Interface layer (AMI; Bray et al., 1995; Lacombe and Richez, 1982), 131 

which promotes the injection of deep-water into the surface (Echevarría et al., 2002; 132 

Gómez-jakobsen et al., 2019; Minas et al., 1991). 133 

The eastern Iberian margin is influenced by the path of the Northern Current transporting 134 

Mediterranean Water (MW; Pinot et al., 1995), which is originated around the Gulf of 135 
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Lion where the forcing of the northeasterly winds is frequently strong and flows 136 

southward along the eastern coastline of the Iberian Peninsula (Conan and Millot, 1995; 137 

Millot, 1999; Sammari et al., 1995). The seasonality of the Northern Current (Millot, 138 

1999) infers meridional variations in the thermal signals between cold and warm months 139 

(Figure 1b). The enhanced wind-forcing during winter intensify the Northern Current, 140 

which fit to the Iberian continental slope and recirculate offshore at Cape of Nao (Millot, 141 

1999), while a low-intense branch progress southward Cape of Nao and reach the eastern 142 

Alboran Sea. During summer, the weakening in the wind-forcing forms a surface thermal 143 

front in the axis of the Pyrenees, which was detectable in the reanalysis-based SST map 144 

(Figure 1b). This front changes the path of the Northern Current further away from the 145 

Iberian coast (Lopez-García et al., 1994), which allow the MAW to reach its northern 146 

most spreading. The interaction of the Northern Current with the variety of mesoscale 147 

features (mainly meanders and eddies) and the variations in stratification within the 148 

annual cycle introduced spatio-temporal differences in the biogeochemical properties 149 

(Bosse et al., 2021; Millot, 1999). Additionally, although terrestrial and riverine inputs 150 

have a less pronounced impact on biogeochemistry compared to the eastern 151 

Mediterranean basin (Cossarini et al., 2015), they can act as a source of local variability. 152 

The most significant in this area is the Ebro river runoff, which peaks in March-May due 153 

to the combined action of precipitation during winter and snowmelt in the upper river 154 

basins during spring (Zambrano-Bigiarini et al., 2010). It feed the coastal area around the 155 

Ebro Delta with fresh and cool waters (see in minimum SST compared to adjacent waters 156 

in February; Figure 1b). 157 

2.2. Data collection 158 

A high spatio-temporal resolution dataset spanning 5 years was constructed based on 159 

weekly physico-chemical observations of the surface western boundary of the 160 

Mediterranean Sea between February 2019 and February 2024. Data was automatically 161 

collected by the Volunteer Observing Ship (VOS) MV JONA SOPHIE (IMO: 9144718, 162 

called RENATE P before November 2021), a container ship managed in Spain by Nisa 163 

Maritima which links the Canary Islands with Barcelona. This VOS line was designed 164 

and is maintained by the QUIMA research group at the IOCAG-ULPGC, and operates 165 

within the framework of the Integrated Carbon Observation System (ICOS; 166 

https://www.icos-cp.eu/; last assess: 15 May 2025) as a Ship-of-Oportunity (SOOP) 167 

Ocean Station (Station ID: ES-SOOP-CanOA) since 2021 (upgraded to an ICOS Class 1 168 

https://www.icos-cp.eu/
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Ocean Station in May, 2024). Therefore, the measurement equipment and underway data 169 

collection techniques verify the ICOS high-quality requirements and methodological 170 

recommendations. 171 

The ES-SOOP-CanOA station allows the monitoring of a coastal transitional zone 172 

transect across the western Mediterranean Sea (Figure 1), together with a northeast 173 

Atlantic subtropical area (Curbelo-Hernández et al., 2021a) and the Strait of Gibraltar 174 

(Curbelo-Hernández et al., 2021b). In the Alboran Sea, the vessel advanced eastward and 175 

longitudinally crossed the WAG through its northern part and followed the northern path 176 

of the EAG. The irregular southeast and east coastline of the Iberian Peninsula caused 177 

local differences in the oceanographic features and variances in the distance-to-land of 178 

the vessel track. 179 

The system operates fully unattended in underway mode, with biweekly (time required to 180 

complete a round trip) routine maintenance at the port of Las Palmas de Gran Canaria 181 

(28.13 ºN, 15.42 ºW). Data is automatically transferred to a server when the vessel docks 182 

at each of the port along the usual route (Las Palmas de Gran Canaria, Santa Cruz de 183 

Tenerife, Arrecife, Sagunto and Barcelona). A total of 92 routes were completed in the 184 

Mediterranean Sea (Figure 1). 185 

2.3.Monitoring routines 186 

The autonomous underway monitoring of CO2 in surface ocean (water intake placed at 5 187 

m depth) and low atmosphere (air intake placed at 8 m above sea level) and the data 188 

collection routines followed the recommendations described by Pierrot et al., (2009) to 189 

ensure comparable and high-quality datasets. An automated underway CO2 molar fraction 190 

(xCO2, ppm) measurement system, developed by Craig Nail and commercialized by 191 

General Oceanics™, was installed inside the engine room of the vessel and described by 192 

Curbelo et al. (2021a, 2021b).  193 

The xCO2 measurement system combines an air and seawater equilibrator, placed inside 194 

the wet box, with a non-dispersive infrared analyser for gas detection, placed inside the 195 

dry box. The analyser used for xCO2 detection was built by LICOR® (initially LI-6262 196 

model and after October 2019, LI-7000 model). The nominal accuracy of the LICOR  197 

infrared gas analyser given by the manufacturer is 1% for CO2 concentrations within the 198 

range of 0 to 3000 ppm. The system performs in-loop, at 3-minute intervals, five 199 
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measurements of atmospheric xCO2 (xCO2,atm) and eighty measurements of surface 200 

seawater xCO2 (xCO2,sw). The xCO2,atm data was consistent with daily xCO2,atm records 201 

from the Izaña Atmospheric Research Center (IZO site located in Tenerife, Canary 202 

Islands, Spain; 28.3090ºN, 16.499ºW, placed at 2372.9 m above sea level; 203 

https://gml.noaa.gov/dv/site/site.php?code=IZO, last access: 14 May 2025), which is 204 

operated by the Spanish Meteorological Agency (AEMET) and forms part of several 205 

major international atmospheric monitoring networks (Figure Sup1).  Daily xCO2,atm data 206 

from IZO are available through the National Ocean and Atmospheric Administration 207 

(NOAA) Global Monitoring Laboratory (GML) dataset 208 

(https://gml.noaa.gov/data/dataset.php?item=izo-co2-flask; last access: 14 May 2025). 209 

During 2019-2024, xCO2,atm measurements from ES-SOOP-CanOA station were, on 210 

average, 1.14 ppm higher than those recorded at IZO (Figure Sup1), which may be 211 

attributed to the fact that air sampling at IZO is conducted at approximately 2400 meters 212 

above sea level, in a remote location far from major urban or industrial areas and above 213 

the atmospheric inversion layer, which shields the station from surface-level pollution. In 214 

contrast, the ES-SOOP-CanOA measurements are conducted in the lower atmosphere, 215 

near the sea surface and closer to greenhouse gas emission sources (particularly when the 216 

vessel operates near the coast in the Mediterranean basin). 217 

The LICOR® analyser is automatically calibrated on departure and arrival at each port 218 

and periodically every three hours using four standard gases. Additionally, the system is 219 

zeroed and spanned (with standard gases 1 and 4, respectively) every twelve hours to 220 

properly interpolate the standard values and correct for instrument drift. The four standard 221 

gases, with an accuracy of ±0.02 ppm, were provided by the NOAA and traceable to the 222 

World Meteorological Organization (WMO). They were in the order of 0 ppm, 250 ppm, 223 

400 ppm and 550 ppm until January 2021, when the gas bottles for standard 2 to 4 were 224 

changed for a new set with concentrations in the order of 300 ppm, 500 ppm and 800 ppm 225 

provided by the ICOS central analytical laboratories.  226 

The sea surface temperature (SST, in ºC) was monitored by using a SBE38 thermometer 227 

placed at the primary seawater intake in the engine room, with a reported instrumental 228 

error of ±0.01ºC. The high sensitivity of xCO2 to temperature fluctuations required the 229 

monitoring of temperature at different locations across the system. A SBE45 230 

thermosalinograph and a Hart Scientific HT1523 Handheld Thermometer, with reported 231 

instrumental errors of ±0.01ºC, were used to monitor the seawater temperature at the 232 

https://gml.noaa.gov/dv/site/site.php?code=IZO
https://gml.noaa.gov/data/dataset.php?item=izo-co2-flask
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entrance of the wet box and inside the equilibrator, respectively. The measured SST was 233 

analysed in conjunction with SST reanalysis monthly data (0.042º x 0.042º; with dates 234 

spanning 24 years within 01/01/2000 and 01/03/2024) from the Med MFC physical 235 

multiyear product (Escudier et al., 2020; 2021; Nigam et al., 2021), available at 236 

Copernicus Marine Data Store (https://data.marine.copernicus.eu/products; last access: 237 

15 May 2025). The SST reanalysis data was interpolated to the coordinates of the ES-238 

SOOP-CanOA data to perform direct comparison in their dynamics. 239 

The Sea Surface Salinity (SSS) was measured by the SBE45 thermosalinograph, whose 240 

instrumental error fall in the order of ±0.005. Lastly, pressure is measured within ±0.0002 241 

atm at the deck box transducer close to the air intake (used as atmospheric pressure), in 242 

the wet box inside the equilibrator at the time of equilibration and in the dry box to be 243 

used by the LICOR analyser to correct the analog signal for any pressure effects.  244 

Discrete surface seawater samples were manually collected with in situ records of SST 245 

and SSS during three round trips in February 2020, March 2021 and October 2023 (a total 246 

of 102 were collected in the Mediterranean Sea). The discrete sampling was performed 247 

along the vessel track from the seawater supply line every 1-2 hours in borosilicate glass 248 

bottles, overfilled and preserved with 100 µl of saturated HgCl2. Samples were kept in 249 

dark and analysed just after arriving at port, in a period less than 2 weeks, for total 250 

alkalinity (AT, µmol kg-1).  251 

The underway observational dataset exhibits a gap of a year between September 2021 and 252 

2022 due to the temporary cessation of the measurement system for vessel maintenance 253 

in dry dock. During this period, the measurement system was sent for calibration and 254 

maintenance to General Oceanics enterprise, Miami, USA. There are also several gaps of 255 

less than a month related with different technical issues with the measurement equipment, 256 

which were addressed during the routine maintenance visits to the vessel (i. e. problems 257 

with the pump and seawater intake, with the LICOR analyser, depletion of gas bottles 258 

supplies, electrical issues in the engine room). Certain technical issues encountered 259 

during 2020 were delayed in being resolved due to the constraints imposed by COVID-260 

19. 261 

2.4. Calculation procedures 262 

2.4.1. CO2 system variables 263 

https://data.marine.copernicus.eu/products
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2.4.1.1.Data processing for fCO2 calculations 264 

The present investigation followed the data collection methodology, quality control and 265 

calculation procedures as published in the updated version of the DOE method manual 266 

for ocean CO2 analysis (Dickson et al., 2007). The correction of the measured xCO2 and 267 

calculation of the fugacity of CO2 (fCO2) in surface seawater (fCO2,sw) and atmosphere 268 

(fCO2,atm) followed the procedure described by Pierrot et al. (2009). This procedure avoids 269 

significant uncertainties in the determination of fCO2 arising from differences in pressure 270 

and temperature conditions between sampling (atmospheric pressure and SST) and 271 

equilibration (pressure and seawater temperature inside the equilibrator once 272 

equilibration is reached). By calibrating the instrument with standard gases ranging from 273 

0 to 800 ppm (which encompasses the measurement range of 300 to 600 ppm) and 274 

actively minimizing temperature and pressure drift through continuous monitoring (see 275 

Section 2.3 for standard gas, temperature, and pressure accuracies), the system achieved 276 

the target accuracy of ±0.2 µatm for fCO2,atm and ±2 µatm for fCO2,sw (Pierrot et al. 2009). 277 

The full set of standard gases was linearly interpolated to the time of observations to 278 

generate the calibration curve used for xCO2 correction before calculating fCO2.  279 

The raw output data was initially filtered removing data affected by the automatic sampler 280 

such as samples measured at low water rates (< 2.0 L min-1) and/or samples in which the 281 

difference in temperature between the seawater intake and the equilibrator was higher 282 

than 1.5ºC. The outliers, assumed as elements more than three local standard deviations 283 

from the local mean over a window length of fifty elements, were also removed from the 284 

dataset. The xCO2 measured values in low atmosphere after each calibration were 285 

averaged and interpolated at the times of each xCO2 observation in seawater by applying 286 

a piecewise polynomial-based smoothing spline. 287 

2.4.1.2. AT determination and reconstruction 288 

Discrete seawater samples were analysed for AT by using a VINDTA 3C and following 289 

the procedure detailed by Mintrop et al., (2000). The VINDTA 3C was calibrated through 290 

the titration of Certified Reference Material (CRMs; provided by A. Dickson at Scripps 291 

Institution of Oceanography), giving values with an accuracy of ±1.5 μmol kg-1.  292 
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An empirical salinity-based relationship was developed to reconstruct AT specifically for 294 

the monitored transect. The AT-SSS linear relationship (Eq. 1), derived from 46 discrete 295 

samples, is statistically significant at the 99% level of confidence (p-value < 0.01) and 296 

present a high degree of correlation (r2= 0.99) and a root mean square error (RMSE) of 297 

±5.6 µmol kg-1.  298 

𝐴𝑇 = 100.5 (±2.9) 𝑆𝑆𝑆 − 1271(±108) + 𝜀   (1) 299 

Although the reconstruction of AT from its linear relationship with SSS does not account 300 

for biological processes that cannot be traced with salinity (Wolf-Gladrow et al., 2007), 301 

nor the input of dissolved carbonate minerals and bicarbonate-carbonate species from 302 

river runoff, sediments, and water mixing, it has been widely used. It provides useful 303 

general approximation in regions with stable conditions and limited influence from these 304 

processes. The strong correlation of the AT-SSS linear relationship, and its consistency 305 

with those proposed for various regions of the Mediterranean Sea (Schneider et al., 2007; 306 

Copin-Montégut and Bégovic, 2002; Jiang et al., 2014; Cossarini et al., 2015), indicate a 307 

dominant control of salinity-driven processes over AT variability. In the western 308 

Mediterranean, these processes primarily include the conservative effects of evaporation-309 

precipitation balance and the inflow of cooler, less saline Atlantic waters (Jiang et al., 310 

2014). River runoff also causes local changes in SSS, but its role as a salinity-independent 311 

source of AT variability is minimal compared to the eastern Mediterranean basin (Jiang 312 

et al., 2014; Cossarini et al., 2015). With respect to biogeochemical processes, they cause 313 

negligible changes in salinity and induce small direct changes in AT.  314 

To account for minor variations in AT independent on salinity, a non-conservative term 315 

(ε) was included in the linear model (Eq. 1), representing the residuals (the difference 316 

between measured AT values and those predicted from SSS), capturing variability not 317 

explained by salinity alone. AT was calculated at the times of the SSS observations 318 

(Curbelo-Hernández et al., 2021a; 2021b; 2023) using Eq. 1. A Monte Carlo simulation 319 

was employed to propagate the uncertanties from both the linear model parameters (slope 320 

and intercept) and the ε term: 10,000 simulations were conducted for each SSS 321 

observation by generating random realizations of the regression parameters from normal 322 

distributions centered at their best-fit values with standard deviations equal to their 323 

respective standard errors. Similarly, random realizations of ε were performed from a 324 

normal distribution characterized by the mean and standard deviation of ε. This yielded a 325 
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full probability distribution of estimated AT values for each observed SSS, from which 345 

the ensemble mean, standard deviation, and 95% confidence intervals were computed. 346 

The propagated uncertainty in AT estimates, considering the errors in AT determination 347 

and SSS measurements (Section 2.3) and the linear model uncertainty, was approximately 348 

±5.7 µmol kg-1. This error in AT estimation falls within the accepted uncertainty range of 349 

±10 µmol kg⁻¹ for AT when used as an input variable alongside fCO2,sw (when its 350 

uncertainty is up to ±2 µatm) for the calculation of other MCS variables aligning with the 351 

criteria for the “weather goal” level of measurement quality (Steinhoff and Skjelvan, 352 

2020). This new AT-SSS relationship is applicable for estimating AT in surface seawaters 353 

within the western Mediterranean Sea that are predominantly influenced by conservative 354 

processes, and where non-salinity factors such as biological activity and fluvial inputs are 355 

limited. This includes waters with salinities in the range of 36 to 38.5. 356 

2.4.1.3. pH and CT calculation  357 

𝐴𝑇 = 100.5 (±2.9) 𝑆𝑆𝑆 − 1271(±108)The pH and CT were calculated at the times of 358 

the underway observations by using the CO2SYS programme developed by Lewis and 359 

Wallace, (1998) and run with the MATLAB software (van Heuven et al., 2011; Orr et al., 360 

2018; Sharp et al., 2023). The fCO2,sw and AT were used as input CO2 system variables. 361 

The set of constant used for computations includes the carbonic acid dissociation 362 

constants of Lueker et al., (2000), the HSO4 dissociation constant of Dickson, (1990), the 363 

HF dissociation constant of Perez and Fraga, (1987) and the value of [B]T determined by 364 

Lee et al., (2010). The effect of temperature on pH was removed by computation at a 365 

constant temperature of 19ºC, which is the mean temperature within the observational 366 

period (referred as pH19). Further data adjustments and statistical procedures are detailed 367 

in Appendix A. 368 

2.4.2. Thermal and non-thermal fCO2,sw 369 

The relative influence of the thermal and non-thermal processes on the variation of 370 

fCO2,sw has been addressed. The non-thermal processes mainly include the biological and 371 

carbonate pumps, circulation patterns and air-sea gas exchange (De Carlo et al., 2013). 372 

The collectively known methodology presented by Takahashi et al., (2002) with the 373 

experimentally-determined temperature effects on pCO2 for isochemical seawater of 374 

0.0423 ºC−1 (Takahashi et al., 1993) was used. This procedure has been previously applied 375 

Con formato: Subíndice 
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¶379 
This linear relationship aligns with those proposed in various 380 
zones of the Mediterranean Sea (Schneider et al., 2007, 381 
Copin-Montégut and Bégovic, 2002, Jiang et al., 2014, 382 
Cossarini et al., 2015). Although the reconstruction of AT 383 
from its linear relationship with SSS does not account for 384 
biological processes that cannot be traced with salinity (Wolf-385 
Gladrow et al., 2007), nor the input of dissolved carbonate 386 
minerals and bicarbonate-carbonate species from river runoff, 387 
sediments, and water mixing, it has been widely used and 388 
provides a useful general approximation in regions with 389 
stable conditions and less influenced by these processes. 390 
Considering that the influence of biological cycles on AT is 391 
reduced along the western boundary of the Mediterranean Sea 392 
due to the influx of cooler and nutrient-rich Atlantic waters, 393 
and that terrestrial and riverine contributions have minimal 394 
influence on AT distribution compared to marginal and 395 
coastal areas in the Eastern Mediterranean Basin (Cossarini et 396 
al. 2015), the AT was calculated at the times of the 397 
observations (Curbelo-Hernández et al., 2021a; 2021b; 2023) 398 
using Eq. 1. This new AT-SSS relationship can be used to 399 
calculate the AT content in surface seawaters subject to low 400 
influence of non-salinity factors in the western Mediterranean 401 
Sea, with salinities ranging between 36 and 38.5.¶402 

Movido hacia arriba[2]:  AT was calculated at the times of 403 
the observations (Curbelo-Hernández et al., 2021a; 2021b; 404 
2023) using Eq. 1405 
Movido hacia arriba[1]: 𝐴𝑇 = 100.5 (±2.9) 𝑆𝑆𝑆 −406 
1271(±108) (1)¶407 
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to ES-SOOP-CanOA data and detailed by Curbelo-Hernández et al., (2021a; 2021b). An 408 

alternative procedure recently introduced by Fassbender et al., (2022) and detailed by 409 

Rodgers et al., (2023), modified from the Takahashi et al., (2002, 1993) framework, was 410 

also applied in this investigation. This updated method addresses the slightly variations 411 

in the thermal sensitivity of fCO2,sw due to background chemistry (Wanninkhof et al., 412 

1999, 2022), which introduces slightly difference between the observed seasonal cycle of 413 

fCO2,sw and the calculated through the sum of its thermal and non-thermal components. 414 

The Takahashi et al. (2002) and Fassbender et al. (2022) procedures are referred 415 

hereinafter as T’02 and F’22, respectively. 416 

The new approach in F’22 for the thermal component of fCO2,sw (fCO2, T FASS) was 417 

computed from the annual means (denoted with the subscripts AM) of SSS, AT and CT at 418 

in situ temperature (Eq. 2) by using the CO2SYS programme (Lewis and Wallace, 1998) 419 

for MATLAB (van Heuven et al., 2011; Orr et al., 2018; Sharp et al., 2023). Then, the 420 

thermal-driven change in fCO2,sw (fCO2, T anom) can be calculated as the difference between 421 

the thermal component of fCO2,sw (fCO2, T FASS) and the annual mean of fCO2,sw (Eq. 3). 422 

𝑓𝐶𝑂2,   𝑇 𝐹𝐴𝑆𝑆 = 𝐶𝑂2,𝑆𝑌𝑆(𝐶𝑇,𝐴𝑀,  𝐴𝑇,𝐴𝑀,  𝑆𝑆𝑆𝐴𝑀, 𝑆𝑆𝑇)  (2) 423 

𝑓𝐶𝑂2,   𝑇 𝑎𝑛𝑜𝑚 = 𝑓𝐶𝑂2,   𝑇 𝐹𝐴𝑆𝑆 − 𝑓𝐶𝑂2,𝐴𝑀    (3) 424 

The new approach in F’22 for the non-thermal component (fCO2, NT FASS) is given by the 425 

difference between the fCO2,sw at the times of observations and the fCO2, T anom (Eq. 4). 426 

The difference among fCO2, NT FASS and the annual mean of fCO2,sw provides the change 427 

in fCO2,sw explained by non-thermal processes (fCO2, NT anom) (Eq. 5). 428 

𝑓𝐶𝑂2,   𝑁𝑇 𝐹𝐴𝑆𝑆 = 𝑓𝐶𝑂2,𝑠𝑤 − 𝑓𝐶𝑂2,   𝑇 𝑎𝑛𝑜𝑚    (4) 429 

𝑓𝐶𝑂2,   𝑁𝑇 𝑎𝑛𝑜𝑚 = 𝑓𝐶𝑂2,   𝑁𝑇 𝐹𝐴𝑆𝑆 − 𝑓𝐶𝑂2,   𝐴𝑀   (5) 430 

Considering the seasonal amplitudes of fCO2,T and fCO2,NT (dfCO2,T and dfCO2,NT), the 431 

relative importance of thermal and non-thermal processes was expressed by the T/B ratio 432 

(dfCO2,T/dfCO2,NT), with values greater than 1 indicating that the temperature effect 433 

govern the fCO2,sw variations. 434 

2.4.3. Factors controlling the seasonal amplitude of fCO2,sw 435 
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The changes in the surface fCO2,sw result from the combined variation in the physical and 436 

biochemical seawater properties. The seasonal variability of the surface fCO2,sw was 437 

addressed by attending the partial contribution of SST, SSS, CT and AT (e. g. Takahashi 438 

et al., 2014). The influence of each driver was quantified by assuming linearity and 439 

employing a first-order Taylor-series deconvolution (Sarmiento and Gruber, 2006) given 440 

in Eq. 6 and previously used for pCO2 (Doney et al., 2009; Lovenduski et al., 2007; 441 

Takahashi et al., 1993; Turi et al., 2014) and pH (Fröb et al., 2019; García-Ibáñez et al., 442 

2016; Pérez et al., 2021; Takahashi et al., 1993; Curbelo-Hernández et al., 2024).  443 

The seasonal changes of each driver (SST, SSS, CT and AT) in Eq. 7 (
𝑑𝑋

𝑑𝑡
) were assumed 444 

as their difference between the times of the year in which fCO2,sw was at its minimum and 445 

maximum (seasonal amplitudes) per months elapsed. Seasonal amplitudes were 446 

calculated between monthly means (based on observations and computed data) for 447 

February and September (where minimum and maximum fCO2,sw were observed). An 448 

error propagation based on standard deviations for February and September was 449 

performed to calculate the error of the seasonal change. 450 

Due to the high relevance of the evaporation/precipitation processes in the Mediterranean 451 

Sea and in order to avoid the influence of freshwater fluxes, the most recent equation (Eq. 452 

7) given by Pérez et al., (2021) with salinity-normalized CT and AT (NCT and NAT) was 453 

used. The normalization was performed to a reference salinity (SSS0) of 37.4 (NCT = 454 

SSS0 * CT / SSS; NAT = ((AT – 728.3) / SSS) * SSS0 + 728.3, following Friis et al., 2003), 455 

which is the average SSS for the entire monitored area.  456 

𝑑𝑓𝐶𝑂2

𝑑𝑡
=

𝜕𝑓𝐶𝑂2

𝜕𝑆𝑆𝑇

𝑑𝑆𝑆𝑇

𝑑𝑡
+

𝜕𝑓𝐶𝑂2

𝜕𝑆𝑆𝑆

𝑑𝑆𝑆𝑆

𝑑𝑡
+

𝜕𝑓𝐶𝑂2

𝜕𝐶𝑇

𝑑𝐶𝑇

𝑑𝑡
+

𝜕𝑓𝐶𝑂2

𝜕𝐴𝑇

𝑑𝐴𝑇

𝑑𝑡
    (6) 457 

𝑑𝑓𝐶𝑂2

𝑑𝑡
=

𝜕𝑓𝐶𝑂2

𝜕𝑆𝑆𝑇

𝑑𝑆𝑆𝑇

𝑑𝑡
+ (

𝜕𝑓𝐶𝑂2

𝜕𝑆𝑆𝑆
+

𝑁𝐶𝑇

𝑆𝑆𝑆0

𝜕𝑓𝐶𝑂2

𝜕𝐶𝑇
+

𝑁𝐴𝑇

𝑆𝑆𝑆0

𝜕𝑓𝐶𝑂2

𝜕𝐴𝑇
)

𝑑𝑆𝑆𝑆

𝑑𝑡
+

𝑆𝑆𝑆

𝑆𝑆𝑆0

𝜕𝑓𝐶𝑂2

𝜕𝐶𝑇

𝑑𝑁𝐶𝑇

𝑑𝑡
+

𝑆𝑆𝑆

𝑆𝑆𝑆0

𝜕𝑓𝐶𝑂2

𝜕𝐴𝑇

𝑑𝑁𝐴𝑇

𝑑𝑡
       458 

(7) 459 

It is important to remark that the changes in NAT and NCT are linked with biogeochemical 460 

processes which have different influences: the processes involved in the organic carbon 461 

pump contribute to strongly change the NCT weakly affecting the NAT, while those 462 

involved in the carbonate pump affect the NAT twice as much as NCT. The positive values 463 
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of 
𝑑𝑓𝐶𝑂2

𝑑𝑡
 and 

𝜕𝑓𝐶𝑂2

𝜕𝑋

𝑑𝑋

𝑑𝑡
 indicate an increase in fCO2,sw from February to September, while 468 

negative values the opposite. 469 

2.4.4. Air-sea CO2 fluxes 470 

The air-sea CO2 fluxes (FCO2) were determined using the bulk formula in Eq. 8:  471 

𝐹𝐶𝑂2 = 0.24 𝐾0 𝐾660 𝛥𝑓𝐶𝑂2     (8) 472 

where K0 is the solubility of CO2 in seawater, K660 is the gas transfer velocity and ΔfCO2 473 

represents the difference between fCO2,sw and fCO2,atm. A conversion factor of 0.24 was 474 

used to express FCO2 values in units of mmol m-2 d-1. K0 was calculated by using the 475 

equation and coefficients given by Weiss, (1974) and measured SST and SSS which fall 476 

within the valid application limits. Considering the fitting error from the original 477 

parameterization of K0 (±1×10−4 mol L-1 atm-1; Weiss, 1974) and the instrumental errors 478 

of SST and SSS measurements (section 2.3), the uncertainty associated with the solubility 479 

estimation had a negligible impact on the calculation of FCO2. K660 was calculated 480 

through its quadratic dependency with wind speed (Eq. 9) using the parametrization given 481 

by Wanninkhof (2014):  482 

𝐾660 = 0.251 · w2 · (
Sc

660
)

−0.5

    (9) 483 

where w is the wind speed and Sc is Schmidt number (cinematic viscosity of seawater, 484 

divided by the gas diffusion coefficient). ERA5 hourly wind speed reanalysis data at 10 485 

m above the sea level and with a spatial resolution of 0.25º x 0.25º (Hersbach et al., 2023) 486 

were used to calculate K660. The ERA5 reanalysis for the global climate and weather is 487 

available at Copernicus Climate Data Store (https://cds.climate.copernicus.eu/; last 488 

access: 15 May 2025). The uncertainty in K660 reported by Wanninkhof (2014) when 489 

using wind speeds ranging between 3 and 15 m s-1 is ±20%. The error in the determination 490 

of fCO2,sw and fCO2,atm (Section 2.4.1) propagates into the calculation of ΔfCO2 and 491 

constitutes an additional source of uncertainty. The statistical procedure used to quantify 492 

the uncertainty in the FCO2 arising from the uncertainty in ΔfCO2 is described in 493 

Appendix B. The mean absolute error in FCO2 due to the propagated uncertainty of ΔfCO2 494 

(±2.01 µatm) was ±0.14 mmol m-2 d-1, which in relative term is ±0.05%. Negative FCO2 495 

Eliminado:  (Broecker and Peng, 1983)496 
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values indicate that the ocean acts as an atmospheric CO2 sink, while the positive ones 497 

indicate that it behaves as a source. 498 

3. Results 499 

A total amount of 157,984 data for surface ocean xCO2 were collected during the study 500 

period (34,015 data during 2019, 28,590 data during 2020, 33,288 data during 2021, 501 

19,102 data during 2022, 39,738 data during 2023 and 3,251 data during January and 502 

February 2024). This amount exceeds the total number of data points available in the 503 

historical record for the Western Mediterranean (34.8-43.1ºN, 5.5ºW-4.7ºE) since 1999 504 

(146,094 data) available in SOCAT v2024 (Bakker et al., 2016, 2024). The total number 505 

of data points in this region included in the SOCAT v2024 database since 2019 is 44,520. 506 

Due to differences in the spatial distribution of observations, two subregions (referred to 507 

as sections) were identified along the vessel track (Figure 1): the longitudinally 508 

distributed southern section (hereinafter S section), accomplishing the Alboran Sea (~2-509 

5.1ºW), and the latitudinally distributed east section (hereinafter E section), following the 510 

eastern coastline of the Iberian Peninsula (~36.5-41.3ºN). The spatiotemporal distribution 511 

of fCO2,sw and the total number of data points available in each dataset for sections S and 512 

E is shown in Figure Sup2. In the S section, fCO2,sw values from ES-SOOP-CanOA station 513 

are consistent with those in SOCAT v2024, although the limited number of cruises 514 

covering this section in SOCAT v2024 difficult a direct comparison and prevent robust 515 

characterization of spatial and seasonal variability patterns. In the E section, some 516 

differences between the two datasets are observed (i. e. during spring–summer 2021, 517 

fCO2,sw was higher in SOCAT v2024 than in the ES-SOOP-CanOA dataset). These 518 

differences are mainly explained by the distinct sampling trajectories in SOCAT v2024, 519 

with some routes extending further eastward, including coastal areas around the Balearic 520 

Islands. 521 

The spatial distribution of the average values allowed to identify heterogeneity in the 522 

annual cycle of each variable along both sections (Figure 2 and Sup3). The standard 523 

deviation of the spatially-averaged variables is presented in Table Sup2. A strong west-524 

to-east increasing gradient in SST was observed in summer through the S section (~5.5ºC) 525 

which lead an increment in fCO2,sw of ~57.5 µatm and a depletion in pH of ~0.040 units 526 

eastward across the Alboran Sea. Despite the approximately constant SST through the S 527 
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section during the rest of the year (less than 1.5ºC of difference between the western and 528 

easternmost parts), an eastward decrease in fCO2,sw of less than 18 µatm accompanied by 529 

an increase in pH of less than 0.030 units was observed between October and March.  530 

The latitudinal gradient of SST through the E section was weaker throughout the year, 531 

keeping spatially stables the fCO2,sw and pH. The maximum change in SST occurs during 532 

winter, in which a northward decrease of less than 2ºC explained minimum seasonal 533 

average temperatures and fCO2,sw through the cruise track (14-15 ºC and 350-360 µatm, 534 

respectively). It contrasts with the maximum average temperatures and fCO2,sw 535 

encountered during summer (25.0-26.5 ºC and 450-470 µatm, respectively). These results 536 

reported that the maximum amplitude of the seasonal cycle of SST, fCO2,sw and pH occurs 537 

along the eastern coastline of the Iberian Peninsula and specially over the continental 538 

shelf between Valencia and Barcelona (northernmost part of E section), while the 539 

minimum seasonal amplitude occurs near the Strait of Gibraltar (westernmost part of the 540 

S section). 541 

The spatial variation in CT were significant throughout the year along both sections 542 

(Figure 2). The CT increases eastward in the order of 20-45 µmol kg-1 along the S section 543 

throughout the year. This increment accelerated along the E section from Cape of Gata to 544 

Cape of Nao and become approximately stable from Cape of Nao to Barcelona port. The 545 

spatial distribution of CT was highly influenced by the progressively salinification 546 

observed along the S section. The SSS increased during the entire annual cycle from 36.3-547 

36.5 around the eastern part of the Strait of Gibraltar to 37.7-38.1 around Cape of Nao 548 

(Figure Sup3). Removing the effect of salinity, the NCT (Figure Sup3) presents a weaker 549 

spatial variation through the vessel track mainly lead by biological and mixing processes.  550 

The surface physico-chemical properties show heterogeneities during some seasons of 551 

the year among several key locations along the sections (Figure 2 and Sup3). The 552 

heterogeneities in the temporal evolution of the SST, SSS and CO2 system variables was 553 

assessed by the strategic selection of 5 stations along the S section (stations S1-S5) and 6 554 

stations along the E section (stations E1-E6), geographically depicted in Figure 1. The S1 555 

(4.95 ± 0.05 ºW) occupied the easternmost part of the Strait of Gibraltar, the S2-S4 (4.35 556 

± 0.05 ºW, 3.85 ± 0.05 ºW and 2.95 ± 0.05ºW) were placed in the central Alboran Sea 557 

and the S5 (2.45 ± 0.05 ºW) located south of Cape of Gata. The stations along the E 558 

section include E1 (37.1 ± 0.2 ºN) in the Gulf of Mazarron, E2 (37.6 ± 0.2 ºN) to the east 559 
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of Cape of Palos, E3 (38.2 ± 0.2 ºN) in the Gulf of Alicante, E4 (38.7 ± 0.2 ºN) to the east 560 

of Cape of Nao, E5 (39.3 ± 0.2 ºN) in the Gulf of Valencia over the continental slope, and 561 

E6 (40.2 ± 0.2 ºN) near the Ebro estuary over the continental shelf. 562 

The temporal variations of each variable at S1-S5 and E1-E6 are depicted in Figure 3, 4, 563 

Sup4, Sup5 and Sup6. The seasonal amplitudes and interannual trends are summarized in 564 

Table 1. The seasonal amplitude of SST (minimum values in February-March around 14-565 

17 ºC and maximum values in August-September around 20-26ºC) increased eastward 566 

through the S section although the local decrease at S2 (Figure 3 and Sup4, Table 1). The 567 

seasonal changes were larger through the E section (~14 to ~28ºC) and show weaker 568 

spatial variations (Figure 4 and Sup5, Table 1). The SSS (Figure Sup6), do not exhibit a 569 

seasonal cycle well-correlated to the harmonic function in Eq. A.1 (r2 < 0.5; Table Sup2). 570 

The lower and more spatially stable SSS values were observed along the S section during 571 

the entire period (around 36.0-37.5), while increase with latitude through the E section 572 

(around 36.7-38.1). 573 

The seasonal amplitude of fCO2,sw (from ~340 to ~460 µatm in the S section and from 574 

~340 to ~470 µatm in the E section) and pH (from ~8.00 to ~8.12 units in the S section 575 

and from ~8.00 to ~7.98 to ~8.13 units in the E section) was strongly linked with those 576 

of SST. It exhibits a west-to-east increment through the S section with the exception at 577 

S2 (Figure 3 and Sup4, Table 1) and remained approximately constant through the E 578 

section (Figure 4 and Sup5, Table 1). These spatial heterogeneities in the seasonal cycles 579 

were found to be leaded by the different rise in SST during late summer along each section 580 

as minimal spatial differences were observed during the rest of the year.  581 

The CT (Figure Sup6) seasonally decreased from January-February to September-October 582 

(from ~2180 to ~2085 µmol kg-1 in the S section and from ~2260 to ~2105 µmol kg-1 in 583 

the E section) in phase with the enhancement biological production. The seasonal 584 

amplitude of CT increased eastward through the S section and northward through the E 585 

section, following the salinification gradient (Figure Sup6, Table 1). Once removed the 586 

effect of salinity, the seasonal cycle of NCT shows minimal differences in the S section 587 

between the western and the easternmost part, while in the E section the NCT and its 588 

seasonal amplitude increased northward (Figure Sup6, Table 1). The enhanced 589 

adjustment (correlation) of NCT with Eq. A.1 (0.47<r2<0.61 at S section and 0.70<r2<0.88 590 

at E section) compared to CT (0.28<r2<0.56 at S section and 0.45<r2<0.73 at E section) 591 
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emphasizes the relevance of the processes variating salinity. The lower correlations 592 

encountered through the S section shows the higher impact of eventual processes (i. e. 593 

changes in the evaporation/precipitation, river runoff, mesoscale features) locally 594 

modifying the surface carbon system in this area and introducing spatial heterogeneities 595 

in their seasonal cycles.   596 

4. Discussion 597 

4.1. Spatial characterization of the CO2 system and its seasonality 598 

4.1.1. The Alboran Sea 599 

The seasonal variability of the AJ (García-Lafuente et al., 2002; Macías et al., 2008, 2016; 600 

Vargas-Yáez et al., 2002) modified the SST signature in the S section, thus influencing 601 

fCO2,sw and pH. The maximum intensity of the AJ during summer (Peliz et al., 2013; 602 

Renault et al., 2012) caused a more intense warming and salinification of MAW while 603 

advancing into the Mediterranean Sea and mixing with the fraction of MW which 604 

surround the Cape of Gata and recirculate westward (Millot, 1999; Sánchez-Garrido et 605 

al., 2013). It explained the eastward increase in fCO2,sw and decrease in pH at this time of 606 

the year (Figure 2; Section 3.1).  607 

The relatively low SST and fCO2,sw around S1 (20.68 ± 2.20 ºC and 401.68 ± 27.13 µatm) 608 

and S3 (21.15 ± 2.11 ºC and 407.30 ± 26.20 µatm) were mainly due to the highest 609 

intensity of the wind-induced upwelling along the northern coast of the western Alboran 610 

Sea during the warm season. It cooled the surface and enhanced the biological drawdown 611 

(e. g. Bolado-Penagos et al., 2020; Folkard et al., 1997; Gómez-Jakobsen et al., 2019; 612 

Peliz et al., 2009; Richez and Kergomard, 1990; Stanichny et al., 2005), while favouring 613 

the formation of the cold and nutrient-rich filament separating the WAG and EAG 614 

(Gómez-Jakobsen et al., 2019; Millot, 1999). Differences in the influence and strength of 615 

this filament may contributed to the observed heterogeneities in SST, fCO2,sw, and pH at 616 

S1 during the warm seasons (Figure 3), which in turn account for reducing the model 617 

fitting performance. Additionally, the shallowest position of the AMI during late-winter 618 

(De La Paz et al., 2009; Echevarría et al., 2002; Gómez-Jakobsen et al., 2019; Minas et 619 

al., 1991) feed the surface with CO2-rich waters coming from deeper areas in the 620 

Mediterranean Sea (De La Paz et al., 2009; Echevarría et al., 2002; Gómez-Jakobsen et 621 

al., 2019; Minas et al., 1991), elevating fCO2,sw around S1. The increase in CT and NCT 622 

during summer around S3 (Figure 2 and Sup3), which contributed to reduce their seasonal 623 
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amplitudes in this area (Figure Sup6, Table 1), suggests that the upwelled waters 624 

transported by the filament at this time of the year were not enough remineralized to 625 

compensate the SST-driven decrease in fCO2,sw. In consequence, the western and eastern 626 

edges of the WAG presented the shortest seasonal amplitudes along the S section for SST, 627 

fCO2,sw and pH (Figure 3; Table 1).  628 

Conversely, the increase in SST and fCO2,sw during summer around S2 (22.63 ± 2.05 ºC 629 

and 429.98 ± 24.86 µatm), S4 (23.89 ± 2.03 ºC and 438.25 ± 25.22 µatm) and S5 (24.05 630 

± 1.61 ºC and 441.67 ± 16.22 µatm) contributed to extend their seasonal amplitudes in 631 

these zones (Figure 2 and 3; Table 1). It suggest that, during the warm season, the increase 632 

in fCO2,sw leaded by the surface warming near the core of the gyres was not compensated 633 

by the biological drawdown occurring at this time of the years (which caused a weak 634 

decrement in CT and NCT at S2; Figure 2 and Sup3). 635 

4.1.2. The Eastern Iberian margin 636 

The eastern coastal transitional area of the Iberian Peninsula was subject to variability 637 

related with changes in the intensity, morphology and path of the Northern Current 638 

(Figure 1b). The SST decreased in the northernmost part of the E section from Sagunto 639 

to Barcelona throughout the year (north of S5; Figure 2). The cooling of this area 640 

intensified during the cold season due to the mixing of warm waters in the wind-shielded 641 

area North of Cape of Nao with cool and salty MW transported by the Northern Current. 642 

However, it weakened during the warm season due to the northward spreading of MAW 643 

favoured by the formation of the thermal front in the axis of the Pyrenees, changing the 644 

path of the Northern Current (López-García et al., 1994). In the southernmost part of the 645 

section, the enhanced northward spreading of MAW and less wind stress during summer 646 

drives the warming observed from Cape of Gata (at S5) to Cape of Nao (at E4), while a 647 

low intense branch of the Northern Current transporting MW and progressing southward 648 

Cape of Nao weakly cool the area during winter (López-García et al., 1994; López-Jurado 649 

et al., 1995).  650 

The local decrease in SST and fCO2,sw observed during the warm seasons at E4 traced the 651 

offshore recirculation of the Northern Current at Cape of Nao (Millot, 1999) and 652 

separating the E section within its northern and southernmost areas. This division was 653 

also evidenced based on the CT and NCT signatures (Figure 2 and Sup6): the northernmost 654 
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part of the section receives remineralized MW transported by the Northern Current which 655 

elevates CT and NCT, while the southernmost part was supplied with recent MAW with 656 

relatively low CT and NCT. Additionally, Ulses et al. (2023) recently suggested that the 657 

convective area in the Gulf of Lion behaves as a source of natural and anthropogenic 658 

carbon to the intermediate waters of the western Mediterranean, which can enter the 659 

surface through vertical mixing and account for the observed high amount of CT and NCT.  660 

Although the spatial heterogeneities and the northward cooling during the cold season 661 

(Figure 1) increasing seasonal changes in SST, the seasonal amplitudes of fCO2,sw keep 662 

approximately constant within E1-E6 (Figure 3 and Sup5; Table 1). The location of 663 

station E5, away from the influence of the Northern Current during the warm months, 664 

explained its locally lower seasonal amplitudes compared to adjacent waters in the 665 

northernmost part of E section. Nevertheless, these heterogeneities were minimal and do 666 

not caused differences in the seasonal amplitude of pH (Table 1).  667 

In the case of CT and NCT (Figure Sup6, Table 1), the enhancement in the mixing of 668 

MAW with MW during winter increased northward the seasonality from E1 to E4. In the 669 

northernmost part, the seasonal variations in CT and NCT become shorter due to their 670 

increment during the cold season. It was caused by the combined action of the enhanced 671 

arrival of remineralized MW at this time of the year and the mesoscale structures locally 672 

favouring injections of CO2-rich deeper waters into the surface (Bosse et al., 2021; Millot, 673 

1999). The Ebro River runoff peaking among late-winter and spring (Zambrano-Bigiarini 674 

et al., 2010) can also behaves as a source of variability around E5-E6. 675 

4.2.Warming and interannual trends of MCS variables 676 

The monitoring of the surface Western Mediterranean Basin allowed the identification of 677 

interannual trends for physical and MCS properties (Table 1 and 2). The SST increased 678 

at a rate of 0.38 ± 0.05 ºC yr-1 in the S section and 0.30 ± 0.04 ºC yr-1 in the E section. 679 

The rate of increase in SST locally intensified at S2 (0.50 ± 0.09 ºC yr-1) may be due to 680 

the transport and accumulation of surface waters toward the core of the WAG. Its 681 

variability, migration and progressively collapse can also account for the rapid warming 682 

of the area (Sánchez-Garrido et al., 2013; Viúdez et al., 1998; Vélez-Belchí et al., 2005). 683 
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The SST trends based on ES-SOOP-CanOA data were of the same order of magnitude as 684 

those derived from reanalysis data for the period 2019–2024, but were one order of 685 

magnitude higher than the reanalysis-based trends for 2000–2019, indicating a 686 

reinforcement of sea surface warming by approximately 80–90% (Table 1). The ES-687 

SOOP-CanOA data-based interannual SST trends were found to be reinforced during 688 

summer by 55.2% in the S section and by 32.4% in the E section compared to winter. The 689 

Northern Current cooling the northernmost part of the E section accounted to decelerate 690 

the warming in comparison to the S section. The ES-SOOP-CanOA data-based trends 691 

reported a cumulative increase in SST from 2019 to 2024 of 1.91 ± 0.26 ºC in the Alboran 692 

Sea (S section) and 1.52 ± 0.22 ºC along the eastern Iberian margin (E section). These 693 

cumulative increments were 48.3% and 34.94% respectively higher than those estimated 694 

for the global surface ocean from 1850-1900 to 2001-2020 (0.99 ± 0.12 ºC; IPCC, 2023). 695 

It aligns with projections from climate models for both terrestrial and marine 696 

environments in the mid latitudes, particularly within the Mediterranean region, in 697 

consequence of human-induced global warming, which was detailed by Hoegh-Guldberg 698 

et al., (2018) in the AR6 Synthesis Report (IPCC, 2023). 699 

The warming contributes to modify the MCS dynamics, mainly accelerating the increase 700 

in fCO2,sw and acidification. The interannual trends of fCO2,sw and pH (Table 1) were more 701 

than twice (except for trends at S1) than those reported for the Northwestern 702 

Mediterranean at the DYFAMED site based on the difference between average 703 

observation-based data for the periods 1995-1997 and 2013-2015 (2.30 ± 0.23 µatm yr-1 704 

and -0.0022 ± 0.0002 units yr-1; Merlivat et al., 2018) and for the Northeast Atlantic at 705 

the ESTOC site based on in situ measurements since 1995 (2.1 ± 0.1 µatm yr-1 and 0.002 706 

± 0.0001  units yr-1, respectively; González-Dávila and Santana-Casiano, 2023). The 707 

interannual rates accelerated eastward along the S section and northward along the E 708 

section (Table 1). The stronger trends at S3 compared to adjacent waters (S2 and S4) may 709 

be due to the transport of CO2-rich waters from the southern Iberian coast through the 710 

filament. The trends in the S section were conducted by the larger rates of change 711 

encountered during the warm season compared to the cold season. The opposite occurred 712 

in the E section, where an intense increase in fCO2,sw accompanied by a drawdown in pH 713 

occurred during winter and trends were reversed during summer (Table 1).  714 
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These spatial differences among the cold and warm seasons were mainly linked with 715 

variations in the biological production/remineralization and mixing and were independent 716 

of the surface ocean warming. Hence, they were required to be assessed together with the 717 

NCT trends for a better understanding. The NCT interannually decreases throughout the 718 

region (Table 2). The rapid depletion in the S section during winter in comparison to 719 

summer could be due to, first, an interannual weakening in remineralization processes 720 

and/or inputs of CO2-rich water to the area during the cold months, and second, an 721 

interannual strengthened in the biological uptake during the warm months. However, 722 

these variations resulted insufficient to compensate the increase in fCO2,sw and subsequent 723 

fall down in pH induced by warming during the cold and even more during the warm 724 

months. Conversely, in the E section, the variations in lateral/vertical advection, primary 725 

driven variations in the (sub)mesoscale structures (Alberola et al., 1995; Bosse et al., 726 

2021; 2016; Bourg and Molcard, 2021), were of high-relevance and introduced 727 

differences in the annual cycle of NCT. The interannual variations during winter  were 728 

minimal (Table 1, Figure Sup6), likely due to not significant changes in remineralization 729 

and in the dissolved CO2 concentration of waters transported into the area. The decrease 730 

in NCT intensified during summer (Table 1, Figure Sup6) likely caused by the 731 

enhancement in biological production together with the dismissing lateral advection (this 732 

may be related with a reinforcement in the front formed in the axis of the Pyrenees due 733 

to the increasingly higher SST of the MAW).  734 

Once removed the effects of temperature, the interannual pH19 trends overturned to 735 

negligible and were not statistically significant in the S section (<-0.001 units yr-1; p-736 

values > 0.1). It suggests that warming is directly driving the acidification (and indirectly 737 

by rising  fCO2,sw) while the progressively enhancing in biological productivity partially 738 

compensates for the expected fall down in pH. In the E section, pH19 were reduced by 739 

63% (-0.002 ± 0.001 units yr-1; p-values < 0.01) in comparison to the pH trends, which 740 

explains that the increase in SST is contributing more than half on the acidification due 741 

to only the atmospheric fCO2 increase. The negative pH19 trends reinforced in the E 742 

section by 47% during the cold season due to the enhancement in remineralization. The 743 

pH19 trends reversed to positive during the warm season due to the important role of 744 

biological production actively reducing fCO2,sw and rising pH at this time of the year.  745 
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However, despite the high statistical confidence in the trends and the consistency found 746 

with reanalysis products, the acceleration in surface warming and consequent changes in 747 

fCO2,sw and pH observed may be linked to isolated extreme events such as marine heat 748 

waves and are not necessarily indicative of prolonged behaviours over time. The globally 749 

increased frequency and magnitude in marine heat waves in phase with warming (Oliver 750 

et al., 2018; Hoegh-Guldberg et al., 2018; Frölicher et al., 2018; Smale et al., 2019) could 751 

feedback and hence continue expediting the surface ocean warming. The influence of 752 

these extreme events is especially relevant in semi-enclosed seas as the Mediterranean, 753 

recognized as one of the most affected marine areas in the yearly Copernicus Ocean State 754 

Reports (OSR; EU Copernicus Marine Service; https://marine.copernicus.eu/access-755 

data/ocean-state-report; last access: 15 May 2025) since 2016 (OSR1-OSR7).  756 

4.3. The relative contribution of thermal and non-thermal processes on the 757 

surface fCO2,sw 758 

The temporal evolution of fCO2,sw due to thermal and non-thermal effect (fCO2,T and 759 

fCO2,NT, respectively) showed a high degree of agreement between the T'02 and F'22 760 

methodologies (Figures 3 and 4). The average fCO2,T and fCO2,NT values differed by less 761 

than 5 µatm between the two methodologies. The consistency with the widely employed 762 

T’02 engenders confidence in the validity and reliability of the most updated F’22 763 

method.  764 

The seasonal variations in fCO2,sw were close to twice in the E section compared to the S 765 

section (Table 1). The thermal-driven seasonal changes (dfCO2,T) were found to 766 

approximately double those independent of temperature (dfCO2,NT) throughout the region 767 

(Table 2). The T/B ratios demonstrated the control of thermal processes over the 768 

seasonality of fCO2,sw throughout the region (Table 2). The T/B ratios in the westernmost 769 

part of the S section (ranged between 1 and 2) were consistent with previous studies in 770 

the Strait of Gibraltar (Curbelo-Hernández et al., 2021b; De La Paz et al., 2009). The T/B 771 

ratios increased eastward as the AJ advanced in the Alboran Sea and caused by the intense 772 

increase in dfCO2,T compared to dfCO2,NT. They exceeded 2 in S4-S5 and E1-E6, which 773 

demonstrated the larger control of SST over fCO2,sw in areas less influenced by the input 774 

of surface Atlantic water. 775 

https://marine.copernicus.eu/access-data/ocean-state-report
https://marine.copernicus.eu/access-data/ocean-state-report
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The interannual trends show the control of thermal processes over the increase in fCO2,sw 776 

during 2019-2024 (Figure 3 and 4; Table 2). The strong and statistically significant 777 

interannual fCO2,T trends show the important role of warming in elevating fCO2,sw. The 778 

weak and non-significant fCO2,NT trends suggest that spatio-temporal variations in the 779 

biological processes, circulations patterns and air-sea gas exchange introduced local 780 

differences in the distribution of fCO2,sw. It difficult to assess the impact of the non-781 

thermal processes on an interannual scale at each of the stations. The interannual trends 782 

of fCO2,T and fCO2,NT for the entire S and E sections (Table 2) were statistically significant 783 

at more than the 95% level of confidence and its coupling described, with less than 0.3 784 

µatm yr-1 of difference (<1%), the interannual rates of fCO2,sw during 2019-2024 (Table 785 

1; section 4.2).  786 

The thermal processes govern the changes in fCO2,sw on an interannual scale with a 787 

contribution ranged between ~76-92% in the S section and ~73-83% in the E section. The 788 

contributions for fCO2,NT were between ~8-25% and ~17-27%, respectively. The decrease 789 

in fCO2,NT compensated by ~6-30% the increase in fCO2,sw at S1-S5 and E1-E2, while its 790 

increase contributed by ~24-53% to rise fCO2,sw at E3-E6. The negative fCO2,NT trends in 791 

the S section were related to progressive enhancement in the biological uptake (mainly 792 

during spring/summer) not compensated by remineralization and/or vertical/lateral 793 

advections of remineralized waters (mainly during autumn/winter) in areas influenced by 794 

recent MAW. Conversely, the interannual increase in fCO2,NT in the E section suggest that 795 

the supply of cool and remineralized MW along the path of the high-intense Northern 796 

Current surpasses the biological drawdown of surface CO2 and is accounting to accelerate 797 

the increase in fCO2,sw on an interannual scale.  798 

4.4.Mechanism controlling the seasonal cycle of fCO2,sw  799 

To infer the causes of variations in the seasonal cycle of fCO2,sw among the study period, 800 

the seasonal rates of change in fCO2,sw (
d𝑓CO2,sw

dt
, hereinafter dfCO2) were decomposed 801 

into their individual components (
∂𝑓CO2,sw

∂X

∂X

dt
, hereinafter dfCO2

X) as described in section 802 

2.4.3 (Eq. 6 and 7). The results of solved Eq. 7 for each year at S1-S5 and E1-E6 are 803 

depicted in Figure 5. The uncertainty associated with the difference between the monthly 804 

means for each term and year was obtained through error propagation considering their 805 

individual standard errors and presented in Table Sup 3. The dfCO2 resulted from the 806 
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cumulative sum of the individual terms in Eq. 7 (indicated with subscript “sum”) matched 807 

the dfCO2 directly calculated from observations between both seasons (indicated with the 808 

subscript “obs”), which renders confidence to the methodology (Figure 5). 809 

The SST was identified as the main driver of dfCO2 throughout the stations, accounting 810 

on average for 51-71% of its values over the study period. In some stations and specific 811 

years, this contribution occasionally dropped to ~45% or increased up to ~83%. In the S 812 

section (Figure 5a), dfCO2
SST increased westward as MAW get warmed in the Alboran 813 

Sea, while the incursion of the filament locally cooled the surface and decreased dfCO2
SST 814 

at S3. In the E section (Figure 5b), dfCO2
SST increased northward and reach its maximum 815 

north of Cape of Nao (at E4-E6), particularly during 2021-2022 (32.0-32.5 µatm month-816 
1), due the higher influence of warmed MW. 817 

The AT described on average < 18% of dfCO2 in the entire region, ocassionally increased 818 

up to 22%. As the fCO2,sw inversely changes with AT, the weakly negative dfCO2
AT found 819 

for some years along the S section show fluctuations in the periods of increment and 820 

decrement of AT likely related with changes in the mixing processes. The AT contribution 821 

becomes negligible at E6 (<2% throughout the study period) due to the minimal seasonal 822 

amplitude of AT and NAT (Figure Sup6). The approximately constant AT and NAT levels 823 

throughout the year may be due to the bicarbonate and carbonate content from the Ebro 824 

River runoff being neutralized by those in MW and MAW, which spread into the area 825 

during winter and summer, respectively. dfCO2
AT tend to decrease since 2020-2021 in S1-826 

S3, S5 and E1 due to the progressively weakening in the NAT depletion from February to 827 

September. The opposite occurred north of Cape of Palos, where the seasonal cycle of 828 

NAT reaches its maximum amplitude (20-28 µmol kg-1 at E3 and E4). The interannual 829 

dealkalinization in S and E sections (Table 1) behaves as a source of heterogeneities: the 830 

interannual negative NAT trends during the cold months (p-values < 0.01) were stronger 831 

than during the warm months (p-values > 0.1) and consistent in both sections. The spatial 832 

differences in the summer trends (weaker in the S compared to E section) account for an 833 

enhanced reduction of the seasonal amplitude of NAT in the S section. 834 

The dfCO2
SSS were minimal in both the S and E sections (<0.6 and < 1.9 µatm month-1, 835 

respectively) and show the weak impact of SSS over dfCO2 (<3.5%). The entrance of 836 

MAW and its mixing with saltier MW in the Alboran Sea do not allow to identify a 837 

seasonal pattern in SSS (Figure Sup6), thus explained the negligible contribution of SSS 838 
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in the S section (~2.0 % at S1 which fall down to <0.7% at S2-S5). The larger seasonal 849 

amplitudes of SSS at E2-E5 (Figure Sup6) led a relatively major influence of SSS (~1.0-850 

2.3% during most of the years). The low seasonal amplitude of SSS and AT at E6, likely 851 

related with an approximately constant influence of the Northern Current at this location 852 

throughout the annual cycle, caused a negligible variation in dfCO2 (<0.4%).  853 

The depletion in CT, mainly drove by the increased biological production from February 854 

to September, had a significant inverse impact on dfCO2 (23-37%). In 2019, at stations 855 

S1–S3 (and in 2020 only at S1), the inverse contribution of CT reached for 39–47%. This 856 

suggests that the influence of the CT cycle on dfCO2 in the westernmost Alboran Sea is 857 

increasingly resembling that observed in the rest of the Mediterranean. These findings 858 

indicate that the seasonal drawdown of CT offsets between one-quarter and one-half of 859 

the expected increase in dfCO2 driven by SST and slightly prompt by AT. In the S section 860 

(Figure 5a), the lower increase observed from 2019 to 2023 in dfCO2
CT (4-6 µatm month-861 

1) compared to dfCO2
SST (6-9 µatm month-1) demonstrated that fluctuations in CT were 862 

increasingly insufficient to counterbalance the warming-driven increase in dfCO2, even 863 

at S2-S4 where the biological production enhanced and hence the dfCO2
CT reinforced 864 

since 2020. In the westernmost part of the S section, the influence of CT offsetting dfCO2 865 

was maximum during 2019-2020 at S1 (>84%), S2 (67.3%) and S3 (86.1%) and 866 

diminished toward 2023 (37.1%, 38.3% and 45.1%, respectively). In the easternmost part, 867 

this compensation was around 33-44% at S4-S5 throughout the period (as at S2 and S3 868 

since 2020) except for 2023 at S5, in which dfCO2
CT weakened and offset only the 22.8%. 869 

In the E section (Figure 5b), the progressively strength in the processes depleting CT 870 

throughout the period at E1-E4 and since 2020 at E5-E6 compensated by 33-46% the 871 

dfCO2
SST, which changes inversely to dfCO2

CT. The lowest compensation found in 2019 872 

at E5 (28.8%) and E6 (18.4%) was likely related with eventual injections of remineralized 873 

waters along the Northern Current path, which offset the biological uptake of CT and 874 

elevated the dfCO2
CT. 875 

4.5. Air-sea CO2 exchange across the Western Boundary of the Mediterranean 876 

Sea 877 

The continuous observation of MCS variables enabled the calculation of FCO2 at an 878 

unprecedented high spatiotemporal resolution in the Western Mediterranean Sea. The 879 

FCO2 was found to be governed by fluctuations in ΔfCO2 (Figure 6), mainly controlled 880 
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by the broader variability of fCO2,sw (325-500 µatm) compared to fCO2,atm (390-425 894 

µatm). The SST fluctuations has a relevant role by primary controlling fCO2,sw (section 895 

4.3) and modulating the solubility of CO2 at the air-sea interface. The entire monitored 896 

area was undersaturated for CO2 respect to the low atmosphere between late October and 897 

June (ΔfCO2= -35.30 ± 8.97 µatm), acting as an atmospheric CO2 sink (-2.56 ± 0.55 mmol 898 

m-2 d-1) which peaks in winter (-4.53 ± 0.44 and -3.29 ± 0.31 mmol m-2 d-1 in S and E 899 

sections, respectively). During summer, the area was supersaturated for CO2 (ΔfCO2= 900 

36.43 ± 0.35 µatm) and acted as a source, which was about three times more intense along 901 

the E section (1.70 ± 0.43 mmol m-2 d-1) compared to the S section (0.57 ± 0.35 mmol m-902 
2 d-1).  903 

The spatial differences in SST during warm months introduced heterogeneities in the 904 

seasonal outgassing among both sections: the higher SST during summer in the E section 905 

reduced the solubility and contributed to a higher increase in fCO2,sw respect to fCO2,atm 906 

(ΔfCO2= 49.83 ± 0.32 µatm) compared to the cooler S sectiom (ΔfCO2= 16.35 ± 0.14 907 

µatm). The seasonality in the formation of the CO2 sink and source in the Alboran Sea 908 

was consistent with previous studies in the Strait of Gibraltar (Curbelo-Hernández et al., 909 

2021b; de la Paz et al., 2011, 2009) and Northwest African coastal transitional area in the 910 

Northeast Atlantic (Curbelo-Hernández et al., 2021a; Padin et al., 2010) and agreed with 911 

the seasonal pattern characteristic for tropical and subtropical regions (Bates et al., 2014; 912 

Takahashi et al., 2002). The warming during summer at S1 was insufficient to led 913 

supersaturated conditions (ΔfCO2= -5.56 ± 0.26 µatm) and thus acted as a CO2 sink 914 

throughout the year (-2.83 ± 1.77 mmol m-2 d-1 during cold months and -0.52 ± 0.02 mmol 915 

m-2 d-1 during the warm months), which coincided with the behaviour observed in the 916 

Strait of Gibraltar during 2019 (Curbelo-Hernández et al., 2021b). The sink and source 917 

status during cold and warm months encountered in the Eastern Iberian Margin agreed 918 

with FCO2 evaluations based on observations in the Mediterranean basin through its 919 

northwestern (Wimart-Rousseau et al., 2023, 2021, 2020) and eastern parts (Sisma-920 

Ventura et al., 2017), and confirms previous estimations based on satellite data and 921 

models (D’Ortenzio et al., 2008; Taillandier et al., 2012). 922 

The variations in FCO2 during the period of study were addressed by averaging the data 923 

across seasons and years at each of the selected stations (Figure 7). The same procedure 924 

was applied to ΔfCO2 and wind speed (Figure Sup7 and Sup8). The evolution of the 925 
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seasonal ingassing and outgassing was evaluated by computing interannual trends for 926 

average FCO2 and ΔfCO2 (Figure 7). The interannual FCO2 trends evidenced the 927 

progressively strength of the summer source in the S section, which was accelerated at 928 

S2 in response to the enhanced warming around the WAG (detailed in section 4.2) and at 929 

S4-E1 due to their exposition to increasing wind forcing (Figure Sup7 and Sup8). It was 930 

caused by the increase in fCO2,sw during the warm months not offset by biological 931 

drawdown which elevated ΔfCO2. In contrary, the localization of E2-E6 over the eastern 932 

Iberian continental shelf and slope allowed the relevant biological uptake at this time of 933 

the year to compensate for the influx of CO2-rich water. It introduced heterogeneities in 934 

ΔfCO2 between years which do not allow to identify statistically significant trends. 935 

During spring and autumn, the increase in ΔfCO2, mainly driven by warming, 936 

accompanied by the decreasing wind stress (Figure Sup7 and Sup8), led the positive 937 

interannual FCO2 trends at S2-S5 and E1-E6 (Figure 7). They show the weakening in the 938 

ingassing during autumn and the achievement of a near-equilibrium state with the 939 

atmosphere during spring by the end of the study period. The FCO2 reversed to weakly 940 

positive during spring 2023 in the E section, which prolonged the seasonal source period 941 

having a relevant impact on the net annual FCO2. During winter, the increasing wind 942 

forcing compensated the reduction in the ingassing expected by the rise in ΔfCO2 (Figure 943 

Sup7 and Sup8). However, the variability in the wind speed and other processes involved 944 

in the non-thermal change of fCO2,sw between years does not allowed the identification of 945 

statistically significant rates of change in the CO2 sink status. Particularly, the relatively 946 

high wind speed during winter 2021 may have contributed to accelerated horizontal 947 

transports, increasing fCO2,sw and hence ΔfCO2 (Figure Sup7 and Sup8).  948 

The predominantly negative FCO2 during most of the year led a net annual CO2 sink 949 

behaviour. The positive FCO2 trends during summer, spring and autumn have forced the 950 

annual average CO2 invasion to decrease by 44-65% at S2-S5 (ranging from -0.66 ± 0.06 951 

and -0.84 ± 0.04 mol m-2 during 2019 to -0.27 ± 0.09 and -0.47 ± 0.09 mol m-2 during 952 

2023) and by 60-80% at E1-E6 (ranging from -0.32 ± 0.09 and -0.53 ± 0.09 mol m-2 953 

during 2019 to -0.11 ± 0.10 and -0.13 ± 0.09 mol m-2 during 2023). The unique 954 

hydrodynamic of the Strait of Gibraltar strongly influenced the air-sea CO2 exchange at 955 

S1: the ingassing during summer partially compensated for the reduction of the annual 956 
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influx and resulted in a lower increase in FCO2 (23%) from 2019 (-0.77 ± 0.02 mol m-2 957 

yr-1) to 2023 (-0.60 ± 0.06 mol m-2 yr-1).  958 

Considering the annual average FCO2 for the S and E section, the net ingassing have 959 

decreased at a rate of 0.11 ± 0.02 mol m-2 yr-1 yr-1 (p-value<0.01) in the Alboran Sea and 960 

by 0.08 ± 0.02 mol m-2 yr-1 yr-1 (p-value<0.01) in the Eastern Iberian Margin. It contrast 961 

with the strength of the CO2 sink across the western Mediterranean basin recently reported 962 

by Zarghamipour et al., (2024) for 1984-2019 based on a combination of observational 963 

data and model simulations (0.007 ± 0.001 mol m-2 yr-1 yr-1). Additionally, Zarghamipour 964 

et al., (2024) noted the reduction of the annual net CO2 source behaviour of the Central 965 

Mediterranean basin at an estimated rate of 0.003 ± 0.001 mol m-2 yr-1. The findings 966 

suggest that the acceleration in the increase in fCO2,sw induced by the rapid warming, 967 

together with the progressive reduction in solubility, is reversing the interannual FCO2 968 

trends compared to previous decades, may be causing the study area to be resemble the 969 

Central and Eastern Mediterranean basin in terms of air-sea CO2 exchange. The reduction 970 

of the net annual invasion was consistent with previous estimations in such coastal and 971 

shelf environments across the eastern tropical and subtropical South Atlantic during 972 

2002-2018 (between 0.03 ± 0.01 and 0.09 ± 0.02 mol m-2 yr-1 yr-1; Ford et al., 2022) and 973 

toward mid-latitudes over the Scotian Shelf (with average FCO2 ranging from -1.7 mol 974 

m-2 yr-1 yr-1 in 2002 to -0.02 mol m-2 yr-1 yr-1 in 2006; Sisma-Ventura et al., 2017). The 975 

continuation of this decreasing rate for net annual ingassing would imply the reversion of 976 

the study area to a net annual CO2 source behaviour before 2030. 977 

The net CO2 invasion was calculated by integrating the annual cycle of FCO2 during 978 

2019-2023. The net FCO2 in the Alboran Sea was -1.57 ± 0.49 mol m-2 yr-1, which 979 

represented a strength in the CO2 sink in comparison with adjacent surface areas across 980 

the Strait of Gibraltar (between -0.82 and -1.01 mol m-2 yr-1 during 2019-2021; Curbelo-981 

Hernández et al., 2021) and the Eastern Iberian Upwelling (-1.33 mol m-2 yr-1; Chen et 982 

al., 2013). The net FCO2 along the Eastern Iberian margin was -0.70 ± 0.54 mol m-2 yr-1, 983 

which fall within the range of those modelled for the deep-convection area around the 984 

Bay of Marseille (Northwestern Mediterranean Basin) during 2012-2013 (-0.5 mol m-2 985 

yr-1; Ulses et al., 2023) and estimated based on observations during 2017-2018 (between 986 

-0.26 and -0.81 mol m-2 yr-1; Wimart-Rousseau et al., 2020). However, it was opposite to 987 

the net outgassing across the Easten Mediterranean basin (0.85 ± 0.27 mol m-2 yr-1 during 988 



31 
 

2009-2015; Sisma-Ventura et al., 2017). The net CO2 sink for the monitored area across 989 

the Alboran Sea (14,000 Km2) and eastern Iberian margin (40,000 Km2) was -0.97 ± 0.30 990 

Tg CO2 yr-1 (-0.26 ± 0.08 Tg C yr-1) and -1.22 ± 0.95 Tg CO2 yr-1 (-0.33 ± 0.25 Tg C yr-991 
1). These findings powerfully contributed to the assessment of the air-sea CO2 exchange 992 

in the Mediterranean basin and global coastal and shelf areas. 993 

5. Conclusion 994 

The five years of automatically underway observations at the ES-SOOP-CanOA Ocean 995 

Station provided a high spatio-temporal resolution dataset which includes the surface 996 

physical and MCS properties across the western margin of the Mediterranean Sea. It 997 

allowed the characterization, with an improved degree of certainty, of mechanisms 998 

involved in the MCS dynamics in the  Alboran Sea and Eastern Iberian coastal transitional 999 

area on seasonal and interannual timescales.  1000 

The variations in fCO2,sw were found to be strongly controlled by temperature 1001 

fluctuations. On a seasonal scale, the thermal-driven variations intensified as AJ advanced 1002 

eastward in the Alboran Sea and MAW is formed, moved northward along the eastern 1003 

Iberian margin and mixed with MW. In the Alboran Sea, the high intensity of the AJ 1004 

during summer warms the surface layer toward the core of the WAG and EAG, driving 1005 

larger seasonal changes in SST, fCO2,sw and pH which increased during the study period. 1006 

The eastern Iberian margin was meridionally separated at Cape of Nao by the path of the 1007 

Northern Current: the northernmost part, fed with cool, salty and remineralized MW 1008 

during the cold season and influenced by the northward spreading of MAW during the 1009 

warm season, show the largest seasonal amplitudes for SST, fCO2,sw, and pH compared 1010 

to the southernmost part, supplied with recent MAW during most of the year and by a 1011 

weak and relatively warmed branch of the Northern Current during winter. The driver 1012 

analysis has identified that 51-71% of the increase in fCO2,sw from February to September 1013 

within the entire monitored area was explained by SST and <20% by AT and SSS, while 1014 

the processes controlling CT offset this increment, contributing by 23-37%. 1015 

The changes in the seasonal cycles were driven, in first term, by the increasing 1016 

contribution of temperature (due to the seasonal amplitude of SST is becoming larger) 1017 

and, in second term, by the decreasing contribution of CT (due to the dismissing 1018 

remineralization/production ratio). On an interannual scale, the SST increased at rates 1019 

Eliminado: 45-831020 
Eliminado: %1021 
Eliminado: 151022 

Con formato: Subíndice 

Eliminado: offsets 25-38% of this increment.1023 
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ranging between 0.26 and 0.43 ºC yr-1 and drove a rapid increase in fCO2,sw within 4.18 1024 

and 5.53 µatm yr-1 and a decrease in pH within -0.0049 and -0.0065 units yr-1. The ~76-1025 

92% of the interannual increase in fCO2,sw was described by warming. In the Alboran Sea 1026 

and extending northward to Cape of Palos, non-thermal processes, primarily biological 1027 

drawdown during spring blooms, compensated for up to one-third of the expected 1028 

increase in fCO2,sw due to warming. The opposite occurred north of Cape of Palos, where 1029 

non-thermal processes, mainly the inflow of CO2-rich MW during the cold season, 1030 

accounted for the increase in fCO2,sw.   1031 

The assessment of the air-sea CO2 exchange shows the Western boundary of the 1032 

Mediterranean basin undersaturated and acting as a significant sink for atmospheric CO2 1033 

during most of the year, while presented supersaturated conditions which led a CO2 1034 

source status during the warm months. The entire monitored area acted as a net annual 1035 

CO2 sink, which is weakening at statistically significant rates ranging between 0.06 and 1036 

0.13 mol m-2 yr-1 yr-1 (40-80% since 2019). These trends would lead the area to shift 1037 

towards becoming a net annual CO2 source before 2030 if the current climate conditions 1038 

persist. The weakening in the net annual CO2 sink was driven by the ongoing strength of 1039 

the summer outgassing (mainly in the Alboran Sea) and the weakening in the autumn and 1040 

spring ingassing (throughout the region). Integrating the annual cycle of FCO2 during the 1041 

entire study period, the net CO2 ingassing calculated for the Alboran Sea and Eastern 1042 

Iberian Margin was -1.57 ± 0.49 and -0.70 ± 0.54 mol m-2 yr-1.  1043 

This study highlights the need for systematic observation strategies to characterize the 1044 

physico-chemical properties of seawater in the Mediterranean, an effort that has been 1045 

required by the scientific community for the last decades. It demonstrates the 1046 

effectiveness of SOOP/VOS for monitoring surface physical and biogeochemical 1047 

variables, especially in highly variable and anthropogenically pressured areas such as 1048 

coastal and semi-enclosed seas. The findings enhance our understanding of MSC 1049 

dynamics in a key coastal transitional area of the Western Mediterranean, which is of high 1050 

environmental and socio-economic importance and with implications for regional 1051 

climate. Likewise, they contribute to a more accurate understanding of the role of coastal 1052 

areas in the context of Global Change at both basin and global scales. Despite the 1053 

relatively short study period, this research captured shifts likely driven by isolated events 1054 

feedbacked by climate change, offering insights into future ocean conditions. 1055 

Appendix A: Data adjustments and statistical procedures 1056 
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The temporal evolution of the physico-chemical data was analysed by weekly averaging 1057 

(time required by the vessel to complete a trip) at different locations along the vessel 1058 

track. The average values (y) were fitted to Eq. A.1 as a function of time (year fraction). 1059 

This equation update the one used to study seasonal cycles by Curbelo-Hernández et al., 1060 

(2021a; 2021b) through the addition of the 𝑏 (𝑦𝑒𝑎𝑟 − 2019) term, which provides the 1061 

interannual rate of change of each seasonally-detrended variable between 2019 and 2024. 1062 

The coefficients a-f and the standard errors of estimate given by Eq. A.1 for the variables 1063 

considered are available in Table Sup1.  1064 

y = a + 𝑏 (𝑦𝑒𝑎𝑟 − 2019) + c · cos(2π year) + d · sin(2π year) + e · cos(4π year) +1065 

f · sin(4π year)              1066 

(A.1) 1067 

The errors in the weekly averages were determined by dividing the Standard Deviation 1068 

by the square root of the number of data points used to calculate the means 1069 

(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛/√𝑛). The coefficient b in Eq. A.1 represented the interannual 1070 

variation rates for each variable, which coincided with the slope derived from linear 1071 

regressions of the detrended average values over time. The standard errors of these slopes 1072 

were calculated by propagating the errors from the annual mean values. 1073 

The strength and direction of the linear regressions and the significance of the interannual 1074 

trends was evaluated through the Pearson correlation test. This test yielded correlation 1075 

coefficients (r2) and corresponding p-values to determine statistical significance. Trends 1076 

with p-values ≤ 0.01 were statistically significant at the 99% confidence level, those with 1077 

p-values ≤ 0.05 were significant at the 95% confidence level, and trends with p-values ≤ 1078 

0.1 were significant at the 90% confidence level. Trends with p-values > 0.1 were not 1079 

statistically significant but still provided an estimate of the temporal evolution of the 1080 

variables within their respective layers. 1081 

Appendix B: Uncertainty in FCO2 explained by the propagated error in ΔfCO2 1082 

The uncertainty in ΔfCO2 was calculated by applying standard error propagation rules for 1083 

the difference of two independent measurements with associated uncertainties (Eq. B.1): 1084 

𝜎∆𝑓𝐶𝑂2
= √𝜎𝑓𝐶𝑂2,𝑠𝑤

2 + 𝜎𝑓𝐶𝑂2,𝑎𝑡𝑚

2     B.1 1085 
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where 𝜎𝑓𝐶𝑂2,𝑠𝑤
 and 𝜎𝑓𝐶𝑂2,𝑠𝑤

 are the uncertainties for fCO2,sw and fCO2,atm, respectively (see 1086 

section 2.4.1). The absolute error in FCO2 (𝜎𝐹𝐶𝑂2
; mmol m-2 d-1) associated solely with 1087 

uncertainty in ΔfCO2 was estimated for each data point using Eq. B.2: 1088 

𝜎𝐹𝐶𝑂2
= 𝐾660 𝐾0 𝜎∆𝑓𝐶𝑂2

     B.2 1089 

To represent the average magnitude of uncertainty in the estimated FCO2 over the entire 1090 

dataset (with n being the total number of data), the mean absolute FCO2 error was 1091 

calculated using Eq. B.3 and the mean relative FCO2 was estimated with Eq. B.4: 1092 

𝜎𝐹𝐶𝑂2
̅̅ ̅̅ ̅̅ ̅ =

1

𝑛
∑ 𝜎𝐹𝐶𝑂2,𝑖

𝑛
𝑖=1      B.3 1093 

𝜎𝐹𝐶𝑂2

𝐹𝐶𝑂2

̅̅ ̅̅ ̅̅
=

1

𝑛
∑ |

𝜎𝐹𝐶𝑂2,𝑖

𝐹𝐶𝑂2
|

𝑛
𝑖=1 ∗ 100     B.4 1094 
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ERA5 hourly wind speed reanalysis data at 10 m above the sea level used to calculate air-1106 
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Legend for Figures 1132 

Figure 1. (a) Map of the Western boundary of the Mediterranean Sea with the ES-SOOP-1133 

CanOA tracks between February 2019 and February 2024 (red) and the location of the 1134 

stations of interest along the southern (S1-S5) and eastern (E1-E6) sections. The main 1135 

Capes and Gulf along the geographically rugged Iberian coastline are shown. The 1136 

schematic diagram summarized the classical circulation patterns: in the Alboran Sea 1137 

(blue), the Atlantic Jet (AJ) surrounds the Western and Eastern Anticyclonic Gyres (WAG 1138 

and EAG, respectively) and forms Modified Atlantic Water (MAW), while along the 1139 

Eastern Iberian margin (purple), the Mediterranean Water (MW) is transported from the 1140 

Northwestern Mediterranean basin along the path of the Northern Current. The northward 1141 

spreading of MAW during summer and southward spreading MW during winter is 1142 

depicted with dashed arrows. The thermal front formed in the axis of the Pyrenees during 1143 

summer is depicted with a black dashed line. (b) SST maps built with reanalysis monthly 1144 

data (0.042º x 0.042º) for February and September 2023 from the Med MFC physical 1145 

multiyear product (Escudier et al., 2020; 2021; Nigam et al., 2021), available at 1146 

Copernicus Marine Data Store (https://data.marine.copernicus.eu/products; last access: 1147 

15 May 2025). 1148 

Figure 2. Spatial distribution of the average SST, fCO2,sw, pH, and CT calculated on a 1149 

seasonal and annual basis every 0.1º longitude along the S section (left panels) and every 1150 

0.25º latitude along the E section (right panels). The 3-months periods January-March, 1151 

April-June, July-September and October-December were considered as winter, spring, 1152 

summer and autumn, respectively. Note the different scales used for CT due to significant 1153 

variations between the S and E sections. Standard deviations are provided in Table Sup1 1154 

and indicate the range of variability among the study period. 1155 

Figure 3. Time-series of SST, fCO2,sw and pH at S1, S3 and S5 along the eastern Iberian 1156 

margin within the five years of observations. The weekly average data was fitted to 1157 

harmonic Eq. A.1. The thermal and non-thermal terms of the average fCO2,sw calculated 1158 

by following the procedures of Takahashi et al., 2002 (T’02) and Fassbender et al., 2022 1159 

(F’22) and the pH19 are depicted. The coefficients a-f, standard errors of estimate and r2 1160 

given by Eq. A.1 are presented in Table Sup1. 1161 

Figure 4. Time-series of SST, fCO2,sw and pH at E1, E4 and E5 in the Alboran Sea within 1162 

the five years of observations. The weekly average data was fitted to harmonic Eq. A.1. 1163 

https://data.marine.copernicus.eu/products
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The thermal and non-thermal terms of the average fCO2,sw calculated by following the 1164 

procedures of Takahashi et al., 2002 (T,02) and Fassbender et al., 2022 (F’22) and the 1165 

pH19 are depicted. The coefficients a-f, standard errors of estimate and r2 given by Eq. 1166 

A.1 are presented in Table Sup1. 1167 

Figure 5. Temporal evolution of the seasonal rates of fCO2,sw explained by each of its 1168 

drivers within the five years of observation. The differences between monthly average 1169 

data for February and September (where minimum and maximum SST and fCO2,sw were 1170 

encountered) was considered to compute the seasonal trends. The standard deviation of 1171 

the monthly average data was considered in the calculation of the seasonal changes and 1172 

infers errors in the computation of fCO2,sw, which are summarized in Table Sup3. The 1173 

cumulative fCO2,sw change (
d𝑓CO2,sw

dt
 (sum)) resulting from the distinct drivers were 1174 

consistent with the observed seasonal fCO2,sw trends (
d𝑓CO2,sw

dt
 (obs)), thereby instilling 1175 

confidence in the methodology.  1176 

Figure 6. Temporal variations of FCO2 (blue; left axis), ΔfCO2 (orange; right axis) and 1177 

wind speed (gray; left axis) at (a) S1-S5 and (b) E1-E6. A piecewise polynomial-based 1178 

smoothing spline was applied to the weekly average data (represented with dots). Gaps 1179 

were covered by the harmonic fitting (Eq. A.1; dash line). The black lines represent the 1180 

interannual increase in FCO2. The seasonally-detrended interannual rates of change of 1181 

FCO2 and ΔfCO2 are shown in each panel. *** denotes that the trends are statistically 1182 

significant at the 99% level of confidence, ** at the 95% level of confidence and * at the 1183 

90% level of confidence. The wind speed does not show statistically significant 1184 

interannual trends (p-values > 0.1). 1185 

Figure 7. Temporal evolution of average FCO2 calculated on a seasonal and annual basis 1186 

for each year (2019-2023) at S1-S5 and E1-E6. Same representation for ΔfCO2 and wind 1187 

speed is available in Figure Sup5 and Sup6. The 3-months periods January-March, April-1188 

June, July-September and October-December were considered as winter, spring, summer 1189 

and autumn, respectively. The legend includes the interannual trends for FCO2 (mol m-2 1190 

yr-1) based on linear regression of the seasonal and annual means. *** denotes that the 1191 

trends are statistically significant at the 99% level of confidence, ** at the 95% level of 1192 

confidence and * at the 90% level of confidence. Standard deviations are presented in 1193 

Table Sup4. 1194 
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Legend for Tables 1195 

Table 1. Seasonal amplitudes and interannual trends of SST, SSS, fCO2,sw, pH, pH19, CT 1196 

and NCT. The seasonal changes were calculated as the amplitude of Eq. A.1 fitted to the 1197 

weekly average data at each station. The error of the seasonal amplitudes was assumed as 1198 

the product of the standard error of estimate given by the harmonic function by 2. The 1199 

interannual changes were based on linear regressions and given for each station and for 1200 

the entire S and E sections (considering the total amount of average data at S1-S5 and E1-1201 

E6, respectively) during the cold and warm season. The interannual trends of SST during 1202 

2000-2019 (based on reanalysis monthly data from the Med MFC physical multiyear 1203 

product [Escudier et al., 2020; 2021; Nigam et al., 2021]; detailed in section 4.2) was 1204 

included for comparison. The trends were obtained by the linear regressions of the 1205 

seasonally-detrended weekly average data and include their standard error of estimate. 1206 

*** denotes that the trends are statistically significant at the 99% level of confidence, ** 1207 

at the 95% level of confidence and * at the 90% level of confidence. 1208 

Table 2. Means, seasonal amplitudes and interannual rates of change of thermal and non-1209 

thermal components of fCO2,sw (fCO2,T and fCO2,NT, respectively) calculated by following 1210 

Takahashi et al., 2002 and Fassbender et al., 2022 (T’02 and F’22, respectively). The 1211 

seasonal changes were calculated as the amplitude of Eq. A.1 fitted to the weekly average 1212 

data at each station. The error of the seasonal amplitudes was assumed as twice the 1213 

standard error of estimate given by the harmonic function. The trends were obtained by 1214 

the linear regressions of the seasonally-detrended weekly average data and include their 1215 

standard error of estimate. *** denotes that the trends are statistically significant at the 1216 

99% level of confidence, ** at the 95% level of confidence and * at the 90% level of 1217 

confidence. 1218 

1219 
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