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Thesis Preview  

The following PhD Thesis, titled ñThe Marine Carbonate System Dynamics in 

Fragile Environments: Insights from the North Atlantic and Mediterranean 

Basinsò was conducted at the Universidad de Las Palmas de Gran Canarias 

(ULPGC), in the Instituto de Oceanograf²a y Cambio Global (IOCAG), within the 

QUIMA research group, as part of the PhD Program in Oceanography and Global 

Change (DOYCAG). This PhD Thesis was funded by the PhD grant no. 

PIFULPGC-2020-2 ARTHUM-2 and supervised by Prof. Dr. Melchor Gonz§lez 

D§vila and Prof. Dr. J. Magdalena Santana Casiano. 

The PhD thesis is presented in the format of a compendium of research articles, in 

accordance with the Regulations 1/2023 on Doctoral Studies established by the 

ULPGC (BOULPGC. Art. 21-24, 27 January 2023). It starts with a comprehensive 

introduction in Chapter 1, in which key aspects of the Marine Carbonate System 

and its dynamics under anthropogenic forcing are detailed. Chapters 2 to 6 

encompass the research findings obtained and are published as five scientific 

research articles in JCR journals (Q1). The order of these chapters in the document 

was determined, primarily, based on the temporal scale constrained by the 

availability of observational data for each study (from shorter to larger), and 

secondarily, by the spatial distribution of the areas of interest (from south to north): 

¶ Chapter 2, titled ñThe carbonate system and air-sea CO2 fluxes in coastal 

and open-ocean waters of the Macaronesiaò (Frontiers in Marine Science, 

DOI: 10.3389/fmars.2023.1094250), focuses on the Macaronesia region 

(from Cape Verde to Madeira archipelagos). This research based on data 

collected during a single oceanographic cruise during late-winter 2019. 

¶ Chapter 3, titled ñCO2 fluxes in the Northeast Atlantic Ocean based on 

measurements from a surface ocean observation platformò (Science of The 

Total Environment, DOI: 10.1016/j.scitotenv.2021.145804), focuses on 

the Northwest African coastal transitional region (spanning from the 

easternmost part of the Canary Islands to the Atlantic entrance of the Strait 

of Gibraltar). This study is based on a seasonal-scale analysis using year-

round (2019-2020) high spatio-temporal resolution data collected by a 

volunteer observing ship (VOS). 

¶ Chapter 4, titled ñAir-Sea CO2 Exchange in the Strait of Gibraltarò 

(Frontiers in Marine Science, DOI: 10.3389/fmars.2021.745304), focuses 

on the Strait of Gibraltar. This study is based on a seasonal-scale analysis 

using two years (2019-2021) of high spatio-temporal resolution data 

collected by a VOS.  

¶ Chapter 5, titled ñSpatiotemporal variations in surface marine carbonate 

system properties across the western Mediterranean Sea using volunteer 

https://doi.org/10.3389/fmars.2023.1094250
https://doi.org/10.1016/j.scitotenv.2021.145804
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observing ship dataò (Biogeosciences, DOI: 10.5194/bg-22-3329-2025) 

focuses on the southern and eastern Iberian coastal region in the 

Mediterranean Sea. This study is based on a seasonal-to-interannual scale 

analysis using five years (2019-2024) of high spatio-temporal resolution 

data collected by a VOS. 

¶ Chapter 6, entitled ñOcean acidification trends and carbonate system 

dynamics across the North Atlantic subpolar gyre water masses during 

2009ï2019ò (Biogeosciences, DOI: 10.5194/bg-21-5561-2024) focuses 

on the subpolar North Atlantic. This research based on an interannual scale 

using data collected during eight summer oceanographic cruises (2009-

2019) across a transverse hydrographic section at 59.5ÁN. 

The PhD Thesis continues with an exposition of the main conclusion (Chapter 7) 

and potential avenues for future research (Chapter 8). A summary in Spanish with 

a general introduction, objectives, and conclusions is included at the end of this 

dissertation (Chapter 9), in accordance with Article 22 of the ULPGC Regulations 

1/2023 on Doctoral Studies (BOULPGC, 27 January 2023). 
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CA  Canary archipelago 

CA-E  Eastern zone of the Canary archipelago 

CA-W  Western zone of the Canary archipelago 

CC  Canary Current 

CRDS  Cavity ring-down spectrometer 

CTD  Conductivity ï Temperature ï Depth sensor 

CV  Cape Verde archipelago 

CV-N  Northern zone of the Cape Verde archipelago 
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CV-SE  Southeastern zone of the Cape Verde archipelago 

CVFZ  Cape Verde Frontal Zone 

CVOO  Cape Verde Ocean Observatory 

ȹfCO2,thermal Difference between observed and temperature-normalized 

fCO2,sw 

ȹpHthermal  Difference between observed and temperature-normalized 

pHT 

ENACW  Eastern North Atlantic Central Water 

ITCZ  Intertropical Convergence Zone 

MA  Madeira archipelago 

MMW  Madeira Mode Water 

MW  Mediterranean Water 

NEC  North Equatorial Current 

SACW  South Atlantic Central Water 

Specifics in Chapter 3: 

ASCAT  Advanced Scatterometer 

CERSAT  Satellite Research and Exploitation Center 

CI  Canary Islands 

GC  Gran Canaria island 

LNZ  Lanzarote island 

SG  Strait of Gibraltar 

TNF  Tenerife island 

Specifics in Chapter 4: 

AMI  Atlantic-Mediterranean interface layer 

CS  Camarinal Sill 

ES  Espartel Sill 

TN  Tarifa Narrow 

Specifics in Chapter 5: 

AJ Atlantic Jet 

EAG Eastern Anticyclonic Gyre 



Abbreviations 

 

17 

 

MAW Modified Atlantic Water 

MW Mediterranean Water 

OSR Copernicus Ocean State Reports  

WAG Western Anticyclonic Gyre 

 

Specifics in Chapter 6: 

CANYON-B  CArbonate system and Nutrients concentration from 

hYdrological properties and Oxygen using a Neural-

network 

CGFZ CharlieïGibbs Fracture Zone 

DSOW  Denmark Strait Overflow Water 

DWBC  Deep Western Boundary Current 

ENACW  Eastern North Atlantic Central Water 

ESPER_NN  Empirical Seawater Property Estimation Routine Neural-

network 

GB  George Bligh Bank 

GIR  GreenlandïIceland Ridge 

GSR  GreenlandïScotland Ridge 

GBB  George Bligh Bank 

HB  Hatton Bank 

IC  Irminger Current 

IS92a  Interim Scenarios 1992 ï (a refers to the reference 

scenario) 

ISOW  IcelandïScotland Overflow Water 

LSW  Labrador Sea Water 

NAC  North Atlantic Current 

NACW  North Atlantic Central Water 

NASPG  North Atlantic Subpolar Gyre 

RCPs  IPCC's Representative Concentration Pathways 

RR  Reykjanes Ridge 

SEANOE  Sea Scientific Open Data Publication 

SPMW  Subpolar Mode Water 

uLSW  upper Labrador Sea Water 
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WCRP  World Climate Research Programme 

WNACW  Western North Atlantic Central Water 
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1.1. The chemistry of carbon dioxide (CO2) in seawater 

The ocean is a major carbon reservoir containing approximately 37,700 Gt C (1 Gt  

= 1015 g), which represent about 43 times the amount estimated in the atmosphere 

(Friedlingstein et al., 2025). The largest fraction of carbon in the ocean is present 

as dissolved inorganic carbon within the Marine Carbonate System (MCS). This 

system plays a crucial role regulating the exchange of carbon dioxide (CO2) among 

the biosphere, lithosphere, atmosphere, and hydrosphere. The MCS has been 

widely described (i.e. Edmond and Gieskes, 1970; Millero, 1995, 1979, 2007; 

Dickson et al., 2007) and is also referred as to marine CO2 system or CO2-

carbonate system. It involves the dissolution of CO2 in seawater and its subsequent 

hydration to yield carbonic acid (H2CO3), following a series of chemical equilibria 

in seawater (Eq. 1.1 ï 1.4): 

ὅὕ Ὣ ᵶὅὕ ὥή     (1.1) 

ὅὕ ὥή  Ὄὕ ὰ ᵶὌὅὕ ὥή    (1.2) 

Ὄὅὕ ὥή ᵶὌ  ὥή  Ὄὅὕ ὥή    (1.3) 

Ὄὅὕ ὥή ᵶὌ  ὥή  ὅὕ ὥή    (1.4) 

The notations (g), (l) and (aq) refer to the state of the species (gas, liquid and 

aqueous solution, respectively). The species CO2(aq) and H2CO3(aq) are difficult 

to distinguish at equilibrium due to the low concentration of H2CO3(aq) relative to 

CO2(aq), together with its negligible role in the acid-base equilibrium (Butler, 

1998). Hence, both species are collectively combined and referred to as the 

hypothetical aqueous species #/ᶻ, which ionizes in seawater to yield bicarbonate 

(Ὄὅὕ) and carbonate (ὅὕ) ions. The redefined equilibria are shown in Eq. 1.5 

ï 1.7: 

ὅὕ Ὣ ᵶὅὕᶻ ὥή     (1.5) 

ὅὕᶻ ὥή  Ὄὕ ὰ ᵶὌ  ὥή  Ὄὅὕ ὥή  (1.6) 

Ὄὅὕ ὥή ᵶὌ  ὥή  ὅὕ ὥή   (1.7) 

The stoichiometric equilibrium constants for the solubility of CO2 and dissociation 

of carbonic acid depends on the physical seawater properties and have been 

measured in various studies as a function of temperature and salinity and at one 

atmosphere pressure (i. e. Dickson and Millero, 1987; Goyet and Poisson, 1989; 

Hansson, 1973; Lueker et al., 2000; Mehrbach et al., 1973a; Roy et al., 1993). 

Additionally, since the complexity of the seawater with various low-concentrated 

but reactive species (Millero et al., 2008), it is required to consider others acid-

base systems and know the concentration of the chemical species involved to fully 

characterize the MCS. The various equilibrium constant required to describe the 

acid-base chemistry in seawater, together with the expressions recommended for 

their calculation, were listed in previous studies (i. e. Millero, 2007; Dickson et al., 

2007).  
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1.1.1. Analytical parameters of the Marine Carbonate System 

Direct measurement of the individual concentrations of each acid-base species (Eq. 

1.5 ï 1.7) is typically not feasible for providing a detailed characterization of a 

given seawater sample. To achieve a comprehensive characterization of the MCS, 

concentrations are generally derived from analytical measurements of four 

parameters performed on the specific sample together with ancillary data. Those 

measurable parameters are described below: 

-Total inorganic carbon (CT, DIC or TCO2): The total dissolved inorganic 

carbon is defined in Eq. 1.8 and can be determined by potentiometry, 

coulometry, and spectrometry (see Millero, 2007; Dickson et al., 2007). For a 

given seawater sample with typical [H+], ~90% of the CT is present in the form 

of HCO3
- , ~9% as CO2

3-, and less than 1% as CO2*. 

ὅ ὅὕᶻ Ὄὅὕ ὅὕ   (1.8) 

-Total alkalinity (AT, TA or Alk): Total alkalinity represents a mass-

conservation expression of hydrogen ion concentration. Dickson (1981) 

provided an exact definition, characterizing total alkalinity as the cumulative 

concentration of all bases capable of accepting hydrogen ions during a titration 

with hydrochloric acid (HCl) to the carbonic acid end point. In a wide range of 

natural samples including seawater, total alkalinity can be approximated as 

follows (Eq. 1.9): 

ὃ Ὄὅὕ ςὅὕ ὄὕὌ ὕὌ Ὄὖὕ ςὖὕ
ὛὭὕὕὌ ὔὌ ὌὛ Ὄ ὌὛὕ ὌὊ Ὄὖὕ Ễ  

    (1.9) 

where ñéò represents additional acid-base species contributing to AT, 

including organic compounds, which typically occur in low concentrations or 

remain analytically unresolved. While conservative processes such as 

evaporationïprecipitation and water mass mixing play a major role in 

controlling AT, the riverine inputs and the production/remineralization of 

organic matter may exert a non-negligible influence in biogeochemically active 

coastal environments (Friis et al., 2003; Kerr et al., 2021; Song et al., 2023).  

-Hydrogen ion concentration (pH): The hydrogen ion concentration in 

seawater is collectively reported as pH (Eq. 1.10) and generally in total scale, 

although different pH scales have been used for seawater considering the 

different ion-pairings formed by hydrogen ion in seawater (Dickson, 1993, 

1984). The total hydrogen ion concentration in seawater is defined in Eq. 1.11, 

where [H+]F represent free hydrogen ion concentration.  

ὴὌ ÌÏÇὌ     (1.10) 

Ὄ Ὄ ὌὛὕ         (1.11) 

The pH of a seawater sample could be measured using potentiometry and 

spectrophotometry techniques (see Millero, 2007; Dickson et al., 2007), 
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following the early pH determination procedure introduced by Bates (1973). 

Measurements are normally performed at a fixed temperature and then 

calculated for in situ temperature using other MCS parameters and applying 

thermodynamics relationships. Inverse relationships between pH and 

temperature were calculated by Millero (1995, 1979) using different constant 

(Dickson and Millero, 1987; Goyet and Poisson, 1989; Hansson, 1973; 

Mehrbach et al., 1973; Roy et al., 1993) to estimate pH at in situ temperature 

(in a range of 0-35ÜC) in samples in which other MCS parameters were not 

measured (assuming a constant salinity of 35 and AT/CT ratio of 1.09; see Table 

7 in Millero, 2007). 

-Patial pressure of CO2 (pCO2): The partial pressure of CO2 is a measure of 

the degree of saturation of a seawater sample with CO2. It is given in Eq.1.12 

as the product of the mole fraction of CO2 (xCO2) in the gas phase (in air in 

equilibrium with the seawater sample at a specified temperature) with the total 

pressure (p). 

ὴὅὕ  ὼὅὕ ὴ    (1.12) 

Considering that xCO2 is frequently measured in dried air, it is also possible to 

calculate the fugacity of CO2 (fCO2), the corrected measure of pCO2, that 

accounts for the non-ideal behaviour of gases in seawater. The fCO2 which 

reflects the effective pressure or "escaping tendency" of CO2 gas in equilibrium 

with its dissolved phase (see Dickson et al., 2007). In oceanography, it is 

extensively used to provide a more accurate description of the air-sea CO2 

exchange, especially under variable environmental conditions (Takahashi et al., 

2009; Weiss, 1974). The fCO2 in seawater and low atmosphere is hereinafter 

referred to as fCO2,sw and fCO2,atm, respectively. 

The characterization of the MCS components (Park, 1969) requires the 

experimentally measuring of at least two of the four measurement parameters, 

together with temperature and salinity since the dependence of all equilibrium 

constants on these physical variables. This procedure is generally accepted due to 

the relative consistency of the chemical species in seawater, which allows the 

calculation of the rest of MCS parameters not measured. Internal consistency tests 

are typically applying to compare calculated and measured values and evaluate the 

reliability of the measurements. The choice of different pairs of MCS parameters 

results in varying errors in the calculated variables, with the smallest uncertainties 

in the calculated MCS parameters being of the same order of magnitude as 

experimental errors (see Millero, 2007). 

The recommended methods for measuring and calculating MCS parameters have 

been developed through various studies and are summarized in the Department of 

Energy (DOE) Handbook (Dickson and Goyet, 1994; Dickson et al., 2007). The 

computational procedures for calculating MCS components (based on measured 

data and including acid-base species and parameters together with ancillary data) 

are generally performed by using the CO2,SYS software designed by Lewis and 

Wallace, (1998). 
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1.2. Ocean Carbon Dynamics: Key Processes and Current Insights 

1.2.1. Air-sea CO2 exchange 

The air-sea CO2 exchange is a fundamental process in the global carbon cycle in 

which CO2 is transferred between the atmosphere and the ocean. The CO2 fluxes 

at the air-sea interface (commonly referred to as FCO2) can be calculated using the 

bulk formula (Broecker and Peng, 1983) expressed in terms of fugacity in Eq. 1.13: 

Ὂὅὕ ὑ Ὧ  ῳὪὅὕ    (1.13) 

where ȹfCO2 refers to the difference in fCO2 between surface ocean and low 

atmosphere (fCO2,sw-fCO2,atm), K0 refers to the solubility of CO2 in seawater1 (Weis, 

1974) and k660 refers to the gas transfer velocity. The k660 (Eq. 1.14) is given as a 

function of wind speed (w) and Schmidt number2 (Sc, defined as the ratio of 

kinematic viscosity of seawater to the gas diffusion coefficient). Several 

parametrizations have been proposed for addressing the relationship between k660 

and w with piecewise linear dependency (Liss and Merlivat, 1986), quadratic 

dependency (Broecker et al., 1986; Ho et al., 2006, Nightingale et al., 2000; 

Wanninkhof, 1992, 2014; Sweeney et al. 2007) and cubic dependency 

(Wanninkhof and McGillis, 1999; McGillis et al., 2001). Experimental studies, in 

agreement with theoretical considerations, have supported that a quadratic 

dependence offers the most accurate representation across a broader range of wind 

speeds (Ho et al., 2006, 2011). The most widely used relationship was provided by 

Wanninkhof, (2014), updated from Wanninkhof (1992). It is appropriate for 

regional-to-global FCO2 estimations at intermediate wind speed ranges (3-15 m s-

1) and has an uncertainty of Ñ20%. 

ὑ πȢςυρ ύ
Ȣ

   (1.14) 

FCO2 occurred in both directions: outgassing (sea-to-air) is collectively 

represented in the literature with positive FCO2 values, while ingassing (air-to-sea) 

is represented with negative FCO2 values. The ocean behaves as a source of CO2 

during outgassing and as a sink during ingassing. The direction of FCO2 is 

determined by ȹfCO2: outgassing occurs when fCO2,sw exceeds that of fCO2,atm 

(supersaturated conditions), while ingassing occurs in the opposite case 

(undersaturated conditions). 

The air-sea CO2 exchange depends on various factors, including primarily physical 

and biological processes inherent to the surface layer of the ocean (Huntsman and 

Barber, 1977; Jewell, 1994). From a physico-chemical perspective, changes in the 

 
1 The mathematical expression and coefficients for K0 calculation as a function of 

temperature and salinity (Weis, 1974) are also available in Table 2 in Wanninkhof, (2014). 
2ШSc is calculated using an empirical fourth-order polynomial relationship with temperature. 

The mathematical expression and coefficients for a temperature range of -2ÜC to 40ÜC are 

shown in Table 2 in Wanninkhof, (2014). 
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sea surface temperature (SST) and salinity (SSS) regulates the solubility CO2 in 

seawater (it is inversely proportional to temperature according to the extended 

version of Henry's law for non-ideal gases solubility; temperature also influence 

Sc), thus variating the air-sea CO2 exchange. Additionally, physical processes 

contribute to modulate fCO2,sw and thus the ȹfCO2: (1) the variations in SST 

directly impact on fCO2,sw due to their direct relationship, with a sensitivity of 

0.043 ÜC-1 determined for isochemical seawater by Takahashi et al., (1993), while 

(2) horizontal and vertical transport processes also introduce changes in fCO2,sw. 

From a biogeochemical perspective, net community production processes 

(photosynthesis/respiration and calcification/dissolution) further influence surface 

fCO2,sw (Buitenhuis et al., 2013). 

The atmospheric forcing also behaves as a source of variability. The wind stress 

plays a key role in generating turbulence by transferring momentum to surface 

waves and currents. The gas transfer velocity is strongly dependent on wind speed 

and modulates the intensity of FCO2. After years considering wind as the sole 

environmental forcing, rainfall has recently been identified as a factor influencing 

FCO  through two primary mechanisms: by increasing surface turbulence and 

altering the fCO2 gradient, and through the injection of CO2 absorbed by raindrops 

during their descent into the ocean via wet deposition (Parc et al., 2024). 

The air-sea CO2 exchange occurs on timescales of less than a year (Sarmiento and 

Gruber, 2006; Dong et al., 2022), exhibiting a pronounced seasonal pattern subject 

to spatial variability. The variations in FCO2 are strongly linked with the relatively 

large range of fluctuations in fCO2,sw in comparison to fCO2,atm. Global 

Figure 1.1. FCO2 climatology (means) for (a.1) Winter (DecemberïJanuaryïFebruary; 

DJF), (a.2) Summer (JuneïJulyï August; JJA) and (b) annual. The FCO2 were 

calculated by Fay et al., 2024 using SOCATv2022 data (Bakker et al., 2016, 2022) and 

the SeaFlux method (Fay et al., 2021). Positive values (warm colors) indicate 

outgassing and negative values (cool colors) indicate ingassing. This Figure was 

modified and compiled from Figures 5 and 6 in Fay et al., 2024. 
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climatologies are widely used to assess whether different ocean regions act as CO2 

sources or sinks through the annual cycle. Different versions of air-sea CO2 flux 

climatologies constructed from observation-based pCO2 datasets have been lead 

and published by Taro Takahashi (Takahashi et al., 1997, 2002, 2009, 2014). Fay 

et al., (2024) recently proposed an updated air-sea CO2 flux climatology across 

global open-ocean regions based on the Taro Takahashiôs framework (Figure 1.1). 

The findings allow to know the balance in the air-sea CO2 fluxes latitudinally 

across the different ocean basins. Overall, in subtropical regions, surface fCO2 

displays the highest seasonal amplitude mainly driven by temperature fluctuations, 

resulting in CO2 source behaviour during the warm season and CO2 sink behaviour 

during the cold season. In subpolar regions, the seasonal pattern of surface fCO2 is 

inverse to that of subtropical zones due to the enhanced relevance of biological 

drawdown during spring and summer. The subpolar North Pacific is supersaturated 

with CO2 during boreal winter, acting as a CO2 source, and undersaturated during 

spring and summer, acting as a CO2 sink. In contrast, the subpolar North Atlantic 

remains undersaturated with CO2 throughout the year, behaving as a persistent CO2 

sink. In the Southern Ocean, the seasonal amplitude of surface fCO2 increases 

significantly from subtropical-mid latitudes, which act as a CO2 sink year-round, 

to (sub)polar regions, which function as a CO2 sink for most of the year but 

approach a near-equilibrium state with the atmosphere during late austral winter 

and early austral spring. In equatorial regions, surface fCO2 exhibits the smallest 

seasonal amplitude exceeds atmospheric fCO2 year-round, driving a persistent CO2 

source with seasonal fluctuations in intensity. On an annual scale, the mean air-sea 

CO2 fluxes reveal that equatorial-to-tropical zones behaves as net CO2 sources 

while subtropical-to-mid latitudes and subpolar zones behaves as net CO2 sinks 

(Figure 1.1).   

1.2.2. Oceanic Carbon pumps 

The oceanic carbon cycle is regulated by ocean carbon pumps, which facilitate the 

storage and redistribution of carbon within the marine system including its 

exchange with atmosphere and seafloor. These pumps are broadly categorized into 

the physical, biological, and carbonate pumps:  

-The Physical Pump: The physical pump includes physico-chemical process 

of solubility of CO2 in seawater at the air-sea interface (also referred in the 

literature to as the solubility pump, and studied separately from the physical 

pump), regulating the air-sea CO2 exchange, and the redistribution of dissolved 

CO2 within the ocean through physical-driven horizontal and vertical transport 

processes. The solubility of CO2 in seawater depends on temperature and 

salinity (Weiss, 1974). The physical transport mechanism, such as convection 

and downwelling currents and thermohaline circulation, are strongly linked 

with density gradients. These processes drive the transport of CO2 absorbed at 

the surface to the deep ocean, where it can remain isolated from the atmosphere 

for centuries, contributing significantly to long-term carbon storage in the 

global ocean (Sarmiento and Gruber, 2006). 
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-The Biological Pump: The biological pump refers to the carbon transport 

mechanism driven by marine organisms, encompassing the production and 

remineralization of organic carbon. Carbon enters the biological pump through 

the autotrophic fixation of CO2 into organic matter by phytoplankton during 

photosynthesis in the sunlit euphotic zone (e.g., Passow and Carlson, 2012; 

Sigman and Hain, 2012). This process of carbon sequestration through primary 

production is responsible for the vast majority of carbon fixation on Earth (De 

La Rocha and Passow, 2007). The formed organic matter is subsequently 

incorporated into the marine food web, as phytoplankton serve as primary 

producers at the base of the trophic chain. At this state, organic carbon is either 

recycled into inorganic carbon through heterotrophic respiration, supporting 

further primary production (Guidi et al., 2015), or exported to deeper ocean 

layers. Downward export mechanisms include: (1) passive sinking (via 

gravitational flux) of particulate organic matter, such as fecal pellets and dead 

organisms (Passow and Carlson, 2012), (2) active transport through 

zooplankton vertical migration (feeding at the surface and defecating at depth), 

and (3) mixing and advection processes associated with the physical pump. A 

fraction of the particulate organic carbon that reaches the seafloor sediments is 

sequestered for millions of years, contributing to long-term carbon storage. 

-The Carbonate Pump: The carbonate pump is a process of ocean carbon 

sequestration driven by calcifying plankton such molluscs, foraminifera, 

coccolithophores, crustaceans, echinoderms, and corals (Zondervan et al., 

2001). These organisms use bicarbonate (HCO3
-) and calcium (Ca2+) ions to 

form calcium carbonate (CaCO3; Eq. 1.15), a structural compound used to build 

shells and skeletons. CaCO3 is downward transported through the dead of 

calcifying organism and subsequent sink to the seafloor (Smith and Key, 1975). 

Some of this material dissolves during transit, releasing carbon back into the 

water column, while the remainder built CaCO3 sediments, effectively acting 

as carbon sinks over large timescales. 

ὅὥ ςὌὅὕᵶὅὥὅὕὅὕ Ὄὕ    (1.15) 

1.2.3. Natural and anthropogenic CO2 

The air-sea CO2 exchange and CT content are collectively separated into natural 

and anthropogenic CO2 components for an improved understanding of the present-

day ocean carbon sink and storing (Figure 1.2).  

-Natural CO2 (Cnat): The natural CO2 component refers to the portion of CT that 

was present prior to industrialization. Cnat enters the ocean primarily through 

air-sea CO2 exchange and is supplemented by inputs from rivers, land runoff, 

and sediment interactions. Once in the ocean, it is redistributed through the 

physical, biological and carbonate pumps (described in section 1.1.4). Cnat can 

be removed from the ocean system either through permanent incorporation into 

marine sediments or through outgassing into the atmosphere. 
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-Anthropogenic CO2 (Cant): The anthropogenic CO2 component represents the 

fraction of CT resulting from the human-induced increase in atmospheric CO2 

levels (Sarmiento et al., 1992). Cant enters the ocean through air-sea CO2 

exchange and is redistributed vertically and horizontally exclusively via the 

physical pump, without directly interacting with Cnat (Sarmiento et al., 1992). 

Since both Cnat and Cant can not be directly and independently measured in the 

ocean, they are derived from CT and ancillary data under certain assumptions. 

Several studies have addressed the calculation of Cant based on observations during 

the last decades since the pioneering works of Brewer (1978) and Chen and Millero 

(1979). The most widely used observational data-based methods for calculating 

Cant include the ȹC* method (Gruber et al., 1996), the Transient Time Distribution 

(TTD) method (Hall et al., 2002), the TrOCA (Tracer combining Oxygen, 

inorganic Carbon, and total Alkalinity) method (Touratier and Goyet, 2004; 

Touratier et al., 2007), the CÜIPSL method (Lo Monaco et al., 2005), the ◖CTÜ 

method (P®rez et al., 2008; V§zquez-Rodr²guez et al., 2009), and the eMLR(C*) 

method (Friss et al., 2005; Clement and Gruber, 2018). Once derived Cant, Cnat is 

directly calculated by subtracting Cant from CT. 

1.3. The Marine Carbonate System under increasing anthropogenic 

CO2 emissions 

The atmospheric CO2 concentration has increased by ~52% compared to pre-

industrial levels, from approximately 278 ppm before 1750 (Gulev et al., 2021) to 

424.6 Ñ 0.1 ppm in 2024 (annual mean of measurements at Mauna Loa site, 

determined by the Global Monitoring Laboratory (GML) from the National 

Figure 1.2. Diagram of the main processes involved in the distribution of natural and 

anthropogenic CO2 within the ocean. This Figure is modified from Gruber et al., 2023. 
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Oceanic and Atmospheric Administration (NOAA)3 and the Scripps Institution of 

Oceanography4. Human activities have driven this increase, primarly through the 

burning of fossil fuels (Boden et al., 1999) and secondarily to land-use changes 

(Houghton and Nassikas, 2017). The Global Carbon Budget 2024 (GCB 2024; 

Friedlingstein et al., 2025) 5 quantified a cumulative emission since 1850 of 710 Ñ 

70 GtC, whose rates per year increased significantly from the 1960s (4.6 Ñ 0.7 GtC 

yr-1) to 2014-2023 decade (10.8 Ñ 0.9 GtC yr-1). This disruption of the natural state 

of the atmosphere has significantly impacted climate (Solomon et al., 2007), 

leading to a rise in global atmospheric temperature due to the critical role of CO2 

in the Greenhouse Effect (e. g. Cubash et al., 1992; Joos et al., 2001). 

The ocean plays a key role in mitigating climate change by absorbing 

approximately 26% of the CO2 produced by human activities (Friedlingstein et al., 

2025), as well as a fraction of solar energy entering the Earth system and the excess 

of heat generated from rising atmospheric CO2 (Cheng et al., 2022). However, the 

uptake of the excess of CO2 by the ocean causes major changes in the chemistry 

state of seawater and have significant consequence on marine life.  

1.3.1. Increase in the oceanic uptake and storage of CO2 

The ocean, along with terrestrial ecosystems, acts as a major sink for excess 

atmospheric CO2. The flux of Cant from the atmosphere to the ocean has disrupted 

the natural air-sea CO2 exchange, leading to increased oceanic CO2 levels. The 

oceanic uptake of anthropogenic CO2 has scaled proportionally with the quasi-

exponential rise in atmospheric CO2, closely linked to increasing fossil fuel 

emissions, as the land carbon sink is nearly equivalent to and effectively offsets 

land-use emissions (Friedlingstein et al., 2025). Consequently, the ocean CO2 sink 

has increased significantly (Figure 1.3), growing from approximately ï0.9 Pg C 

yr-1 (1 Pg = 1015 g) in the early 1960s to about ï3 Pg C yr-1 in 2020 (Friedlingstein 

et al., 2025; Hauck et al., 2020). Since 1990, net ingassing has risen from ï1.5 Pg 

C yr-1 at a decadal rate of ï0.4 Pg C yr-1 decade-1 (Fay et al., 2021). According to 

the updated air-sea CO2 flux climatology by Fay et al. (2024), the annual mean air-

sea CO2 flux for global open-ocean regions (covering 90% of the ocean surface) 

over the period 1980ï2021 is estimated at ï1.79 Ñ 0.7 Pg C yr-1. When considering 

the 1990ï2019 period, the average ocean CO2 uptake increased further to ï2.7 Ñ 

0.3 Pg C yr-1 (Gruber et al., 2023). A fraction of the increasing ocean uptake is 

expected to be offset by the outgassing of several petagrams of natural CO2 to the 

atmosphere due to ocean warming, which thermodynamically elevates surface 

fCO2 and reduces CO2 solubility. Gruber et al., 2019 obtained an approximately 

estimation of the net outgassing flux of natural CO2 during 1994-2007 of 5 Ñ 3 Pg 

C, based on the air-sea CO2 flux evaluation given by Landsch¿tzer et al., (2016), 

and consistent with the outgassing rate of 0.45 Pg C yr-1 given by Jacobson et al., 

 
3Шgml.noaa.gov/ccgg/trends/, last access: 22/04/2025 
4Шscrippsco2.ucsd.edu/, last access: 22/04/2025 
5Шhttps://globalcarbonbudget.org/gcb-2024/, last access: 09/06/2025 

https://globalcarbonbudget.org/gcb-2024/
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(2007). However, providing a reliable estimate of this natural CO2 evasion is 

challenging due to the limited availability of observational data. 

The oceanic circulation accumulates and redistributes the Cant throughout the water 

column. The relatively slow timescales of physical water circulation between the 

surface and the ocean interior, spanning decades to centuries (Holzer and Primeau, 

2008; Matsumoto, 2007), act as the primary limiting factor for the ingassing of 

CO2 from the atmosphere (Sarmiento et al., 1992). This fact allows atmospheric 

CO2 perturbations, closely reflected at the ocean surface due to direct contact, to 

be transferred to the ocean interior altering the carbon inventory in deep waters. 

Efforts have been made to quantify the vertically-integrated inventory of Cant over 

the global open-ocean (Gruber et al., 2019; Khatiwala et al., 2009, 2013; Sabine et 

al., 2004). Their estimations, which include assumptions about Cant storing in 

coastal areas and marginal seas and in the Artic ocean due to limited data coverage, 

reflect the increase in the Cant inventories during the last decades. The estimated 

cumulative amounts of Cant (since pre-industrial times) have increased from 118 Ñ 

19 Pg C in 1994 (Sabine et al., 2004) to 155 Ñ 31 Pg C in 2010 (Khatiwala et al., 

2013).  

Figure 1.3.ШTemporal variation (1959ï2023) in global mean anthropogenic FCO2, 

calculated using Global Ocean Biogeochemical Models (GOBMs) and fCO2 products. 

The bar plot in the lower right corner represents the number of monthly values per year 

available in the SOCATv2024 dataset (Bakker et al., 2024), which were used for FCO2 

calculations. This figure was taken from the GCB 2024 (Friedlingstein et al., 2025). 
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The storage of Cant within the ocean is highly heterogeneous (Figure 1.4), driven 

by spatial variations in the efficiency of surface signal transport and mixing via 

large-scale overturning circulation (DeVries, 2014; Khatiwala et al., 2013; Sabine 

et al., 2004; Sarmiento et al., 1992). The vertical penetration of Cant enhances 

toward mid-to-high latitudes due to relatively rapid deep-water ventilation 

timescales in these zones (years to decades), compared to low-to-mid latitude 

regions (decades to centuries). The upwelling regions show weak vertical 

penetration since intermediate and deep waters with low Cant are transported 

toward the surface. The highest vertically integrated Cant inventory was found 

across mid-to-high latitudes in the North Atlantic, containing 23% of the global 

oceanic Cant although covering only the 15% of the global oceanic area (Sabine et 

al., 2004). These areas have experienced a more pronounced increase in their Cant 

inventories between 1994 and 2007, particularly in the Atlantic basin (Figure 1.4; 

Gruber et al., 2019). The entire Atlantic basin exhibited the largest increase in Cant 

inventory relative to its ocean surface area (11.9 Ñ 1.3 Pg C), accounting for nearly 

one-third of the global increase of 34 Ñ 4 Pg C during this period (Gruber et al., 

2019). 

1.3.2. Ocean Acidification and its implications on marine life 

The increasing uptake of anthropogenic CO2 by the ocean disrupts the natural 

chemical equilibrium of the contemporary MCS. This phenomenon increases [H ], 

thereby reducing pH, and reduces the availability of ὅὕ , crucial for the formation 

of CaCO3 structures by marine calcifying organisms. Since the preindustrial era, 

the [H+] in the global surface ocean has increased by 30-40% leading to a 

cumulative decrease in pH of 0.11 units (Caldeira and Wickett, 2003; Jiang et al., 

2019). Future projection suggest that the pH decline can reach values ranged 

between 0.2ï0.4 units by the end of the century (IPCC, 2013, 2021). This process 

has been termed as ñOcean Acidificationò (OA; Caldeira and Wickett, 2003; 

Figure 1.4. Map of variations in the vertically integrated (0-3000 m depth) inventory 

of Cant from 1994 to 2007. The Cant calculation was perfomed by Gruber et al., 2019 by 

applying the eMLR(C*) method (Friss et al., 2005; Clement and Gruber, 2018) to 

GLODAPv2 data (Olsen et al., 2016). This Figure was adapted from Figure 3 in Gruber 

et al., 2019.  
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Doney et al., 2009) and impact marine calcifying organism which uses biogenic 

forms of CaCO3 as structural compounds (Section 1.2.2). Additionally, it reduce 

the capacity of the ocean for absorbing additional CO2 from the atmosphere, since 

the amount of CO2 the ocean can accumulate is limited (Revelle and Suess, 1957)6. 

The buffer capacity of the ocean has reduced by 10-15% and is projected to 

continue declining as ὅὕ  is depleted (e. g. Bates et al., 2014; Fassbender 

et al., 2018; Gonz§lez-D§vila and Santana-Casiano, 2023; Jiang et al., 2019; 

Kwiatkowski and Orr, 2018). 

These impacts on marine calcifying organism are commonly assessed through the 

saturation state (ɋ) of CaCO3 minerals, such us calcite (ɋCa) and aragonite (ɋArag). 

The ɋ is defined by Eq. 1.16: 

ɱ ὅὥ ὅὕ Ⱦὑ    (1.16) 

where Ksp is the stoichiometry solubility product, which represents the product of 

[CO3
2ī] and [Ca2+] at equilibrium. It depends on temperature, salinity, and 

pressure, and varies among different CaCO3 mineral phases (Mucci, 1983). The ɋ 

is primarily governed by [ὅὕ ] and Ksp, since [Ca2+] in the open ocean remains 

relatively constant and is linked with salinity fluctuations (Riley and Tongudai, 

1967; Millero, 1995). Seawater reaches equilibrium with a specific CaCO3 mineral 

phase when ɋ = 1, becomes saturated when ɋ > 1, and is considered 

undersaturated when ɋ < 1 (e.g., Zeebe and Wolf-Gladrow, 2001). The saturated 

conditions favour calcification while undersaturated conditions favour dissolution.  

The global surface ɋCa and ɋArag distribution shows that surface waters are 

generally supersaturated with respect to CaCO3 (Feely et al., 2009a), with ɋCa 

exceeding ɋArag due to its lower solubility (Mucci, 1983). Feely et al., 2009a report 

latitudinal variations in surface ɋ, with higher values in the warm and saline 

(sub)tropical zones and lower values in the cool and fresh (sub)polar zones. The ɋ 

decreases toward the ocean interior due to the dependence of Ksp on pressure and 

temperature along with the downward reduction in [CO3
2-] and pH. CaCO3 

becomes thermodynamically unstable when undersaturated conditions are reached 

below the saturation horizon (ɋ = 1), although biological-driven dissolution is also 

possible under supersaturated conditions (Milliman et al., 1999). 

The surface ɋCa and ɋArag has reduced globally since 1950s at average rates of -

0.12 and -0.08 per decade, respectively (Feely et al., 2023), and are expected to 

decrease ~50% compared to preindustrial levels by the end of the century (Feely 

et al., 2009b). Undersaturated conditions with respect to aragonite in surface 

 
6ШThe capacity of the ocean for absorbing the excess of CO2 from the atmosphere (referred 

to also as buffer capacity of the ocean) is collectively represent as the fractional change in 

[CO2] relative to the fractional change in CT, and has been referred to as the Revelle factor 

(Revelle and Suess, 1957). See Egleston et al., 2010 for further details. 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GB003407#gbc1649-bib-0021
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023JC019892#jgrc25818-bib-0028
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2023JC019892#jgrc25818-bib-0055
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waters are projected to occur throughout the Arctic Ocean by 2050 and across the 

Southern Ocean and parts of the North Pacific by 2100. Most ocean basins are 

expected to remain saturated with respect to calcite (with levels lower than present-

day values) by 2100, except for the Arctic Ocean and certain subpolar North 

Pacific areas (Feely et al., 2009a). In the water column, deep layers undersaturated 

with respect to aragonite have expanded due to the shoaling of the aragonite 

saturation horizon (ASH) observed across all ocean basins (Feely and Chen, 1982; 

Feely et al., 2002; Sabine et al., 2002; Sarma et al., 2002). This shoaling is 

estimated to range from 30 to 400 m since preindustrial times (Ćlvarez et al., 2003; 

Feely et al., 2004; Gonz§lez-D§vila et al., 2010; Gonz§lez-D§vila and Santana-

Casiano, 2023; P®rez et al., 2013, 2018; Tanhua et al., 2007; Wallace, 2001), with 

significant spatial variability across different ocean biomes, and is projected to 

shoal by more than 2000 m by the end of the century (Orr et al., 2005). The calcite 

saturation horizon, located at greater depths, has also been observed to shoal by 

40ï100 m in certain regions of the North Pacific (Feely et al., 2004). 

The organisms reliant on aragonite are expected to experience relatively higher 

susceptibility to the effects of OA over shorter time scales (Raven et al., 2005). 

The planktonic aragonite-producers pteropods, which have high population 

densities in subpolar regions up 300 m depth (Bathmann et al., 1991; Urban-Rich 

et al., 2001), are expected to be highly vulnerable to the aragonite saturation 

horizon shoaling (Orr et al., 2005). The aragonite-based Cold-Water Coral (CWC) 

reef, which are biodiversity hotspot showing their highest diversity and population 

across the subpolar North Atlantic between 200 and 1000 m depth (Roberts et al., 

2009), are anticipated to be among the first deep-sea ecosystems to experience OA 

threats (Guinotte et al., 2006; Maier et al., 2009; Raven et al., 2005; Roberts et al., 

2009; Turley et al., 2007). Due to the rapid dissolution of aragonite-based 

structures under undersaturated conditions (Byrne et al., 1984; Guinotte et al., 

2006), and the inability to develop rapid adaptive strategies, these populations are 

expected to decline in subpolar latitudes as they migrate equatorward toward 

lower-latitude regions that remain saturated (Orr et al., 2005). These low-latitude 

regions, although susceptible over longer timescales, are projected to experience 

reduced calcification rates in their aragonite-based coral reefs (Gattuso et al., 1998; 

Kleypas et al., 1999; Langdon et al., 2003) and calcite-based plankton (Riebesell 

et al., 2000; Zondervan et al., 2001). The OA effects include indirect ecosystem-

level impacts on non-calcifying species by disrupting physiological processes such 

as acid-base regulation, respiration, reproduction, trophic dynamics and 

development (Pörtner et al., 2004, 2019; Hofmann et al., 2010). These changes 

may alter global biogeochemical cycles (Gehlen et al., 2014; Matear and Lenton, 

2014) and negatively affect socioeconomic ecosystem services, such as fisheries. 

1.4. The Marine Carbonate System in areas particularly vulnerable to 

the effects of Global Change 

The air-sea CO2 exchange and its horizontal and vertical redistribution are 

governed by processes that vary across the ocean, leading to significant spatial 
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variability in the MCS dynamics. Factors such as hydrography, ocean circulation, 

and biological processes modulate the surface-to-bottom distribution of MCS, 

creating spatial differences in resilience to the extreme events and future changes. 

Coastal or transitional regions, Eastern Boundary Upwelling Systems (EBUSs) 

and enclosed or semi-enclosed seas are unique areas which host multiple diverse 

ecosystems and are under constant human pressure (section 1.4.1). The high-

latitude regions also are of particular interest because disturbances occur on shorter 

time scales. Among them, the subpolar North Atlantic is one of the most relevant 

areas due to its implication on the global scale circulation (section 1.4.2). These 

regions represent critical hotspots for Global Change. 

1.4.1. Coastal regions and marginal seas 

Coastal and transition zones to the open ocean, including archipelagic regions and 

continental or island shelves, serve as critical interfaces linking terrestrial, oceanic, 

and atmospheric carbon reservoirs. They experience intensified biogeochemical 

processes driven by elevated inputs of carbon and nutrients compared to the open 

ocean, thereby acting as key components of the global carbon cycle despite 

covering only 7% of the surface ocean area (e.g. Borges et al., 2005; Gattuso et al., 

1998; Mackenzie et al., 1998;  Walsh, 1991). The EBUSs represent a specific case, 

influenced by the injection of cold, remineralized deeper water into the surface. 

They exhibit additional mesoscale variability associated with the formation of 

eddies and filaments, which extend offshore from the coast into the open ocean 

across different temporal scales. 

Marginal and (semi)-enclosed seas are land-locked seawater basins characterized 

by extensive coastal areas, shallower depths, and processes (relatively) isolated 

from those of major ocean basins. The hydrographic characteristics of some of 

these seas (i.e. the Mediterranean Sea) facilitate physical circulation and vertical 

mixing processes which resemble those in the open ocean, albeit on a smaller scale. 

Due to their rapid response to the effects induced by Global Change and thereby 

vulnerability (IPCC, 2007, 2021, 2023), these basins often serve as natural 

laboratories for studying variations in physical and biogeochemical processes 

under extreme conditions (e.g. Robinson and Golnaraghi, 1994; Bergamasco and 

Malanotte-Rizzoli, 2010). The knowledge gained from these systems can be 

extrapolated to larger oceanic scales, providing valuable insights for understanding 

and anticipating the future state of the ocean. 

The observed changes in MCS variables in these regions are primarily based on 

data collected from oceanic time-series stations located in archipelagic zones 

(Bates et al., 2014). Most of these stations are distributed in subtropical and 

archipelagic regions of the Northern Hemisphere, including the ñHawaii Ocean 

Time Seriesò (HOT; 22.75ÜN, 158.00ÜW; Dore et al., 2003, 2009), the ñBermuda 

Atlantic Time Series Studyò (BATS; 32.00ÜN, 64.00ÜW; Bates, 2007; Bates et al., 

1996; Bates and Johnson, 2023; Bates and Peters, 2007), and the ñEuropean Station 

for Time-Series in the Ocean of the Canary Islandsò (ESTOC; 29.04ÁN, 15.50ÁW; 

Gonz§lez-D§vila et al., 2010; Gonz§lez-D§vila and Santana-Casiano, 2023; 

Santana-Casiano et al., 2007). In the semi-enclosed Mediterranean basin, the 
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ñDynamics of Atmospheric Fluxes in the MEDiterranean seaò site (DYFAMED 

site; 43.42ÜN, 7.87ÜE; Marty, 2002) and the ñBOU®e pour lôacquiSition de S®ries 

Optiques ¨ Long termeò site (BOUSSOLE site; 43.37ÜN, 7.90ÜE; Antoine et al., 

2008; Bellacicco et al., 2019) serve as reference stations. However, the spatial 

coverage of observational data is limited due to the challenges of sampling and 

monitoring these areas, primarily driven by socio-political and economic factors. 

Consequently, they remain poorly understood in terms of MCS dynamics and have 

historically been ignored or under/overestimated in global studies and models 

concerning air-sea CO2 exchange and Cant storage. In the Canary archipelago, this 

challenge has been addressed since 2019 through an effort to autonomously 

acquire data by consolidating a pioneering ocean observation network within the 

CanBIO program (CanOA subprogram). This network currently includes two 

volunteer observing ships (VOS) and three moored coastal buoys, enabling 

monitoring across the oceanic region of the Canary Islands (Curbelo-Hern§ndez et 

al., 2021, Gonz§lez et al., 2024). 

1.4.2. Subpolar North Atlantic 

The subpolar North Atlantic is a key region for understanding the impacts of 

anthropogenic forcing on the global ocean. Its unique oceanography characteristics 

includes the circulation of heat, nutrients and carbon driven by the Atlantic 

Meridional Overturning Circulation (AMOC) along with significant ventilation 

rates of the interior ocean and deep-water formation. The AMOC transports warm 

surface waters northward via the Gulf Stream (GS), which cool and sink in the 

(sub)polar North and return southward at depth through the Deep Western 

Boundary Current (DWBC). This process increases ventilation rates in the 

subpolar North Atlantic, playing a key role in Cant sequestration by promoting the 

downward mixing and long-term storage of Cant-loaded waters within the ocean 

interior (Lazier et al., 2002; P®rez et al., 2008, 2013; Steinfeldt et al., 2009), as 

well as their southward export to the global deep ocean (P®rez et al., 2018). This 

mechanism explains the rapid rates of Cant uptake and storage observed in this 

region compared to other open-ocean areas (Section 1.3.1). It positions the Atlantic 

basin, particularly its northern part, as one of the oceanic areas most susceptible to 

short-term disturbances from Global Change, with long-term effects that can 

propagate to other ocean basins. 

Several efforts has been made to evaluate the variations in the physical and 

biogeochemical properties across the subpolar North Atlantic, primarily through 

observations at the Irminger Sea Time Series site (IRM-TS; 64.30ÜN, 28.00ÜW) 

and Iceland Sea Time Series site (IS-TS; 68.00ÜN, 12.66ÜW) (Olafsson et al., 2009, 

2010; P®rez et al., 2021) and along repeated hydrographic sections (i. e. Fontela et 

al., 2020; Garc²a-Ib§¶ez et al., 2021, 2016; Perez et al., 2018; P®rez et al., 2010, 

2008; V§zquez-Rodr²guez et al., 2012). Ongoing research on the subpolar North 

Atlantic are essential due to the significant variability of its properties across 

multiple time scales, as well as the heterogeneity in their distribution across the 

different basins and water masses it encompasses. 
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1.5. Motivation 

The study of the MCS is essential for understanding the ocean response to 

anthropogenic stress. Characterizing its dynamics across fragile marine 

environments (Section 1.4) is crucial for improving our knowledge of 

biogeochemical processes and their feedback mechanisms in the context of Global 

Change. As explicitly highlighted in recent IPCC reports (e.g., IPCC 2007, IPCC 

2021), there is a pressing need for a more comprehensive assessment of ocean 

carbon cycling, particularly in regions where observational data remain sparse. 

This PhD thesis attempts to contribute to this effort by expanding the 

spatiotemporal data coverage of the Northern Hemisphere, focusing on areas with 

heterogeneous oceanographic characteristics across the Atlantic and 

Mediterranean basins. By integrating novel high-resolution datasets and diverse 

methodological approaches, this research aims to enhance the understanding of 

both regional and global carbon cycles. 

Providing new insights into this ongoing discourse not only advances scientific 

knowledge but also addresses broader societal concerns. The significance of these 

regions in regulating climate and supporting marine-dependent communities, 

particularly in European and African coastal areas, including outermost territories 

such as the Macaronesia archipelagos, underscores the socio-economic relevance 

of this thesis. 

A deeper understanding of the MCS in these regions will strengthen our 

comprehension of the connections between oceanic processes and human societies 

in a rapidly changing world. Moreover, it can contribute to the development of 

sustainable management efforts and the design of effective mitigation and 

adaptation strategies, ultimately supporting community resilience and informing 

policy decisions at both regional and global scales. 

1.6. Objetives 

This PhD Thesis aims to provide new insight into MCS dynamics in regions with 

high importance in oceanographic and socioeconomic terms and potentially 

vulnerable to Global Change effects. To achieve this goal, ocean observations have 

been performed in the Eastern boundary of the North Atlantic Subtropical Gyre 

across the Macaronesia region, along the western boundary of the Mediterranean 

Sea including the Strait of Gibraltar and across the North Atlantic Subpolar Gyre. 

The overall objective has been subdivided into three specific objectives: 

-Objetive 1: Identify heterogeneities in air-sea CO2 exchange and in the 

distribution of MSC variables along the eastern boundary of the (sub)tropical 

North Atlantic. This objective includes the study of coastal and/or archipelagic 

areas within the Macaronesia region, along with coastal transitional zones 

influenced by variability induced by the Canary Upwelling System. 
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This objective is addressed in Chapters 2 and 3. Chapter 2 analyzes the 

distribution of MCS variables within the upper layers of the Macaronesia 

archipelagos, including Cape Verde, the Canary Islands, and Madeira. Chapter 

3 assesses the seasonal cycle of surface physical and MCS variables, as well as 

air-sea CO2 fluxes, across the Northwest African coastal transitional region, 

including the easternmost part of the Canary Archipelago. 

-Objetive 2: Develop a high spatio-temporal resolution characterization of the 

variability of surface physical and MCS properties and air-sea CO2 fluxes, 

along with the factors driving them, across the south-southeast Iberian margin. 

The achievement of this objective is addressed in Chapters 4 and 5. Chapter 4 

evaluates seasonal cycles along longitudinal vessel transects in the Strait of 

Gibraltar, identifying fluctuations associated with the exchange of Atlantic and 

Mediterranean waters, as well as the unique oceanographic characteristics of 

this region. Chapter 5 focuses on the western boundary of the Mediterranean 

Sea, assessing variability at seasonal and interannual scales across the Alboran 

Sea and the eastern Iberian coastal area. 

-Objective 3: Characterize variations of MCS properties and OA patterns on 

an interannual scale and identify their drivers across the subpolar North 

Atlantic. 

This objective is addressed in Chapter 5, which evaluates interannual trends in 

pH and Cant, along with other physical and MCS variables, across the different 

water masses spanning the longitudinal extent of the subpolar North Atlantic 

during the recent 2010s decade. 

The knowledge derived from achieving these objectives significantly contributes 

to the fulfilment of Sustainable Development Goals proposed by the Department 

of Economic and Social Affairs of the United Nations7. It is aligned with the Goal 

13 (ñClimate Actionò), by enhancing understanding of MCS dynamics which 

supports the development of effective climate change mitigation strategies, and 

Goal 14 (ñLife Below Waterò), by monitoring marine systems which host multiple 

diverse ecosystems particularly vulnerable to Global Change impacts. 

Additionally, it is indirectly related to Goal 15 (ñLife on Landò), due to the 

interconnection of the biogeochemical cycles between marine and terrestrial 

environments.  

Moreover, the objetives of this thesis support the achievement of Goal 7 

(ñAffordable and Clean Energyò) by highlighting the impacts of increasing CO2 

emissions on the marine environment and underscoring the urgent need to 

implement clean energy sources; Goal 11 (ñSustainable Cities and Communitiesò) 

by addressing the implications of ocean-atmosphere interactions and supporting 

the design of climate-resilient infrastructure, particularly in coastal and 

 
7Шhttps://sdgs.un.org/; last access: 25/04/2025 

https://sdgs.un.org/
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archipelagic regions; and Goal 12 (ñResponsible Consumption and Productionò) 

by enabling better assessment of the carbon footprint and promoting more 

sustainable use of marine resources.  Scientific collaborations through national and 

international research stays (8 months in total) have also aligned with Goal 17 

(ñPartnerships for the Goalsò), contributing to enhanced knowledge exchange and 

strengthened research capacity within the framework of MCS studies.  

At a regional level, the objectives are aligned with current challenges related to 

climate governance and blue carbon8 management in the Canary Islands. These 

objectives are consistent with the Blue Economy Canary Strategy (2021-2030)9, 

particularly through Vertical Axis E4 (ñMarine Environment and Climate 

Changeò), which focuses on advancing knowledge of the archipelagic waters to 

support the development of present and future socio-economic activities. 

Furthermore, they are also in line with the ñSmart Specialisation Canary Strategyò 

(RIS3, 2021-2027)10, particularly within the framework of the Blue Economy 

sector (sectoral priority) and sustainability (cross-cutting priority), drawing on 

Strategic Levers 1 (ñKnowledge Generation and Valorisation Perspectiveò), 3 

(ñInternationalisation Perspectiveò), and 4 (ñSpecialisation Perspectiveò). 

  

 
8ШThe term blue carbon is defined in the IPCC Special Report on the Ocean and Cryosphere 

in a Changing Climate (IPCC 2019) as ñall biologically-driven carbon fluxes and storage 

in marine systems that are amenable to managementò. 
9 https://www.gobiernodecanarias.org/economia/ocea/; last access: 02/06/2025 
10 https://www.gobiernodecanarias.org/conocimiento/temas/innovacion/RIS3ampliada/; 

last access: 02/06/2025 

https://www.gobiernodecanarias.org/economia/ocea/
https://www.gobiernodecanarias.org/conocimiento/temas/innovacion/RIS3ampliada/
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Graphical Abstract 

Abstract 

The CO2 system, anthropogenic carbon (Cant) inventory and air-sea CO2 fluxes 

(FCO2) were analysed in the archipelagic waters of the Macaronesian region. The 

(sub)surface data were collected during POS533 (February and March, 2019) in 

coastal areas leeward of Cape Verde (CV), Canary Islands (CA) and Madeira (MA) 

and through the vessel track. The CO2 variability was controlled by changes in 

temperature, biological activity and advection processes forced by spatial 

heterogeneities in the Canary Upwelling System, the mixed layer depth, the 

mesoscale activity and the circulation patterns. The surface fCO2,sw variability was 

driven by biological production and CO2-rich water injection in tropical waters and 

by temperature fluctuations in subtropical waters. The factors controlling the upper 

ocean changes in the total inorganic carbon normalized to a constant salinity (NCT) 

were assessed. The uptake and storage of anthropogenic carbon, calculated by 

using the TrOCA 2007 approach described, as an upper limit, > 60% (>90% above 

the MLD) of the NCT increase from preformed values. The organic carbon pump 

accounted 36.6-40.9% for tropical waters and lose importance for subtropical 

waters (7.5-11.6%), while the carbonate pump has a minimal contribution (<4.2%). 

The upper-ocean Cant inventory in coastal areas of CV (8,570 Km2 ), CA (7,960 

Km2) and MA (1,250 Km2) was 7.57 x 103, 9.26 x 103 and 8.86 x 103 Õmol kg-1, 

respectively (0.51, 0.58 and 0.09 Tg C, respectively). In terms of FCO2, the CV, 

CA and MA behaved as a winter CO2 sink (-4.74, -3.90 and -8.34 mmol m-2d-1, 

respectively) while a strong outgassing was detected over the Cape Blanc filament 

(20-25 mmol m-2d-1). The total average FCO2 for the ocean area of the three 

archipelagos (371,250 Km2) was -28.27 Gg CO2 d-1. The POS533 data were 

compared and compilated with SOCAT and GLODAP data and a new set of 

equations was provided to calculate the fCO2,sw, Cant and FCO2 in the Macaronesian 

region based on physical and biogeochemical properties.  

Keywords: CO2 system, air-sea CO2 fluxes, anthropogenic carbon, Macaronesian 

region. 
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2.1. Introduction 

The Eastern Boundaries Upwelling Systems, transitional areas to subtropical gyres 

waters and coastal regions play an important role in the global CO2 cycle because 

they have high nutrient inputs that lead to high primary production and high 

recycling/export rates of carbon (e. g. Huntsman and Barber, 1977; Jewell, 1994; 

Schulz, 1982). These regions are characterized by highly variable seawater 

properties but have received limited study and are poorly represented in global 

models. Thus, the field monitoring and development of new local and regional 

scale studies are required in these zones. 

The Macaronesian region (Figure 2.1) in the eastern boundary of the North Atlantic 

(sub)tropical circulation is a key zone in terms of upper ocean CO2 distribution, 

natural and anthropogenic carbon inventory and air-sea exchange. This area is 

influenced by the Canary Upwelling System following the equatorward Canary 

Current (e. g. Cropper et al., 2014; Mittelstaedt, 1991; Van Camp et al., 1991; 

Wooster et al., 1976) and the intense mesoscale activity mainly driven by 

upwelling filaments and both coastal and island generated eddies (e. g. Barton et 

al., 2004; Garc²a-Mu¶oz et al., 2004; Sangr¨ et al., 2009). The Cape Verde Frontal 

Zone (CVFZ) extended from Cape Blanc (21.5-22.5ÜN) and crossing the Cape 

Verde archipelago also represents an important source of latitudinal heterogeneity 

in the CO2 distribution by separating the low-nutrient content and oxygen-rich 

subtropical waters from the nutrient-rich and oxygen-depleted tropical waters 

(Pelegr² and Pe¶a-Izquierdo, 2015a), which is referred to as a subsurface oxygen 

minimum zone (OMZ) (Stramma et al., 2008, 2016).  

The temporal variability of the CO2 system in the Eastern boundary of the North 

Atlantic subtropical gyre has been studied north of the Canary archipelago at the 

European Station of Oceanic Time Series (ESTOC) (Bates et al., 2014; Gonz§lez-

D§vila et al., 2010, 2003; Santana-Casiano et al., 2007), located in a windward and 

open-ocean area not affected by islands generated eddies and which normally does 

not receive upwelling filaments (Davenport et al., 1999, 2002). The results 

obtained show the seasonality of fCO2 in the upper water-column, its interannual 

rate of increase linked with a decrease in pH and the net annual ocean CO2 sink 

behaviour explained by high ingassing rates during the cold months. In addition, 

the monitoring of physical and biogeochemical properties of the eastern tropical 

North Atlantic at the windward Cape Verde Ocean Observatory (CVOO) north of 

the Cape Verde archipelago has allowed the characterization of the oxygen-

depleted eddies and its contribution to the formation of the shallow OMZ in the 

coastal transitional area (Fiedler et al., 2016, 2013; Karstensen et al., 2015; Pietri 

and Karstensen, 2018; Sch¿tte et al., 2016b). The eddies also introduce spatio-

temporal variability in the biological processes and carbon cycles (e. g. Benitez-

Nelson, 2000; Fiedler et al., 2013; Romero et al., 2016).  

Several studies based on data collected aboard volunteer observing ships and 

research vessels have evaluated the effect of coastal upwelling in the CO2 

distribution and air-sea fluxes along the coastal transition region north of the 

Canary Islands (Curbelo-Hern§ndez et al., 2021; Padin et al., 2010; Pelegr² et al., 



Chapter 2 

46 

 

2005a). This zone has been reported as an annual CO2 sink driven by lower sea 

surface temperatures (Curbelo-Hern§ndez et al., 2021; Pelegr² et al., 2005a) and 

an enhanced biological CO2 uptake compared with the warmer and less biological 

productivity Mauritanian-Senegalese upwelling area (Cropper et al., 2014; 

Lachkar and Gruber, 2013) which acts as an annual CO2 source (Gonz§lez-D§vila 

et al., 2017). The evaluation of the island-generated eddies effect on the CO2 

system south of the Canary Islands shows that these mesoscale features drive an 

enhancement of nutrient supply and increase the inorganic carbon in the upper 

layers (Gonz§lez-D§vila et al., 2006; Ucha et al., 2010). However, the CO2 

distribution, anthropogenic carbon content and air-sea CO2 fluxes through the 

inter-islands, coastal and leeward regions of the Macaronesian archipelagos are 

poorly known. 

The present study analyses the upper water-column CO2 system and air-sea fluxes 

in the Macaronesian region and quantifies the anthropogenic carbon inventory and 

its spatio-temporal changes based on data collected during the POS533 cruise. The 

vertical profiles have been performed mainly in the leeward coastal regions of the 

islands close to the 100 m isoline, and at the ESTOC and CVOO sites. The surface 

underway sampling through the vessel track allows the monitoring of CO2 

properties over upwelling filaments and equatorward mesoscale eddies and 

through the inter-island routes. This study contributes to a better understanding of 

the CO2 cycle in coastal transitional regions of the (sub)tropical Northeast Atlantic.  

2.2. Study area 

The Macaronesian region (Figure 2.1) in the Northeast Atlantic is constituted by 

the Azores, Madeira, Canary and Cape Verde volcanic islands archipelagos, which 

are located at 100-750 km off the African coast in a coupling area between the 

Canary Upwelling System along the Northwest African coast and the oligotrophic 

open-ocean waters of the Northeast Atlantic subtropical gyre. The temperature-

salinity relationship provided by Mehlmann et al., (2020) during POS533 identifies 

the water masses in the Cape Verde, Canary and Madeira archipelagos up to 4000 

m depth as well as the mixed layer depths (MLDs), which were considered in this 

investigation. In the upper layers, a Surface Water mass (SW) up to ~250 m deep 

above the low saline South Atlantic Central Water (SACW) was found in Cape 

Verde, while surface waters around the Canary and Madeira archipelagos included 

the saltier Madeira Mode Water (MMW) above the Eastern North Atlantic Central 

Water (ENACW) and were influenced by Mediterranean Water (MW).  

The circulation pattern in this region has been widely studied (e. g. Meunier et al., 

2012; Mittelstaedt, 1983; P®rez-Rodr²guez et al., 2001; Stramma et al., 2005). The 

Canary Upwelling System follows equatorward the Canary Current, transporting 

surface waters with low temperatures above the ENACW. It leaves the coast at the 

latitude of Cape Blanc (21.5-22.5ÜN) and flows southwestward to become the 

North Equatorial Current (NEC), while a poleward current transporting warmer 

surface waters above the SACW recirculates cyclonically into the open ocean 

between the Cape Verde Archipelago and Cape Blanc. Hence, cooler surface 
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waters and the warmer, saltier and low-nutrient ENACW are separated from the 

warmer surface waters and the cooler, fresher and nutrient-rich SACW forming the 

CVFZ (e. g. Meunier et al., 2012; P®rez-Rodr²guez et al., 2001; Zenk et al., 1991). 

The CVFZ crosses southwestward the Cape Verde archipelago and is characterized 

by a strong thermohaline and gradients of both nutrients and oxygen (Pelegr² and 

Pe¶a-Izquierdo et al., 2015). It is a permanent front strongly influenced by the 

seasonal meridional migration of the Intertropical Convergence Zone (ITCZ; 

Mayer and Weisberg, 1993; Stramma and Schott, 1999), which reaches its 

northeastmost position in summer and fall (L§zaro et al., 2005).  The weak ocean 

ventilation and enhanced respiration in the Northeast tropical Atlantic deplete the 

Figure 2.1. (a.1) SST map of the Macaronesian region in the Northeast Atlantic with 

the location of the Cape Verde (CV), Canary (CA) and Madeira (MA) archipelagos. 

(a.2) Vessel track and graphical description of the oceanographic characteristics of the 

Macaronesian region which have a relevant role in the distribution of the 

biogeochemical properties. The Canary Current (CC) path and its recirculation to the 

southwest at Cape Blanc latitude to become the North Equatorial Current (NEC) and 

form the Cape Verde Frontal Zone (CVFZ) is represented (widely explained in section 

2). The location of the subregions of interest in Cape Verde (northern and southeastern 

zones; CV-N and CV-SE, respectively) and Canary Islands (western and eastern zones; 

CA-W and CA-E, respectilvey) are also shown. (b) Location of the stations along the 

vessel track in (1) Cape Verde, (2) Canary and (3) Madeira archipelagos. 
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oxygen content in both ENACW and SACW and result in an extended horizontal 

OMZ south of Cape Blanc, which is the strongest south and east of Cape Verde 

Islands in the depth range of  200-800 m (Karstensen et al., 2008; Stramma et al., 

2016, 2008a). 

The heterogeneous interaction of the Canary Current with the complex 

morphology of the Northwest African coastline and continental slope results in 

substantial latitudinal variability in terms of intensity and seasonality of the 

upwelling, circulation, nutrients supplies, biological production and carbon 

distribution (e. g. Bonino et al., 2021; Pelegr² et al., 2005a, 2005b; Pelegr² and 

Benazzouz, 2015b, Pelegr² and Pe¶a-Izquierdo, 2015a; Vald®s and D®niz-

Gonz§lez, 2015). These spatial differences separate the permanent coastal 

upwelling between Cape Blanc and the Strait of Gibraltar from the seasonal 

upwelling south of Cape Blanc occurred only in winter and identifies the more 

intense upwelling throughout the year between Cape Ghir (30.7ÜN) and Beddouza 

(32.5ÜN) and south of Cape Yubi (27.9ÜN) (e. g. Cropper et al., 2014; Mittelstaedt, 

1991; Van Camp et al., 1991; Wooster et al., 1976). The physical and 

biogeochemical seawater properties of the Macaronesian region are strongly 

linked with those of coastal upwelling due to the offshore transport hundreds of 

kilometres off the African coast, especially though the main upwelling filaments 

of Cape Ghir (Garc²a-Mu¶oz et al., 2005; Hagen et al., 1996; Laiz et al., 2012; 

Pelegr² et al., 2005a, 2005b) and Cape Blanc (Bonino et al., 2020; Gabric et al., 

1993; Lovecchio et al., 2017; Meunier et al., 2012; Ohde et al., 2015; Pastor et al., 

2008). The surface horizontal advection by filaments is combined with the 

upwelling/downwelling of water in the core of cyclonic/anticyclonic eddies 

throughout The Canary Eddy Corridor and the small zonal corridors south of 

Madeira and near Cape Blanc (Barton et al., 2004; Cardoso et al., 2020; Sangr¨ et 

al., 2009). The coupling of these processes represents a source of spatio-temporal 

heterogeneity in the physical and biogeochemical properties in the tropical and 

subtropical Northeast Atlantic coastal transitional area. 

2.3. Methodology 

2.3.1. Data collection 

The CO2 system was studied in the Macaronesian region based on data collected 

on board the RV Poseidon during the POS533 cruise (February 28 to March 19, 

2019). Both surface underway measurements and depth seawater samples were 

taken during the cruise mainly downwind in the archipelagos of Cape Verde (CV), 

Canary (CA) and Madeira (MA) and through the latitudinal transects that connect 

them (Figure 2.1). A detailed cruise overview is given by Mehlmann et al., (2020) 

and Arnone et al, (2022). 

The pH in total scale was underway monitored in surface waters along the vessel 

track by using a spectrophotometric pH sensor (SP101-SM) developed by the 

QUIMA group (IOCAG-ULPGC) and SensorLab (Gonz§lez-D§vila et al., 2014; 

2016) and based on the method described by Clayton and Byrne, (1993). The 

SP101-SM pH sensor uses 4 wavelengths analysis for the m-cresol purple, includes 
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auto-cleaning steps, performs a blank for pH calculation immediately after the dye 

injection and removes any dye effect in each pH reading (the accuracy concerning 

a TRIS seawater buffer was Ñ0.002 units). The spectrophotometric system was 

placed in the onboard lab and measured the pH of the seawater pumped from the 

main seawater intake of the vessel (at around 6 m depth) with a frequency of 5 

minutes. The change in temperature between the seawater intake and the multiple 

seawater outlets in the onboard lab (0.3 Ñ 0.1ÜC) was considered to correct the total 

scale pH values to the in situ conditions (~0.015 Ñ 0.001 units ÜC-1). A SeaCat 

SBE21 thermosalinograph placed at the same location of the seawater immersed 

pump was used to monitor at the main intake the sea surface temperature (SST) 

and salinity (SSS) with an accuracy of 0.01 ÜC and 0.001, respectively. The surface 

underway fluorescence was monitored by a not-calibrated Wetlabs ECO 

fluorometer and is given as chlorophyll a (Chl-a) data in arbitrary units. 

The characterization of the water column was carried out by selecting 58 sampling 

stations (Figure 2.1) ranging from the surface to around 250-300 meters deep. In 

the CV archipelago, 15 stations were selected leeward of the islands of Sao Antao, 

Sao Nicolau, Fogo, Santiago, Boa Vista and Sal. In the CA archipelago, 25 stations 

were selected around the islands of El Hierro, La Gomera, Tenerife and Gran 

Canaria, mainly on their lee side and followed eastward the coastlines. In the MA 

archipelago, 15 stations were selected leeward of Madeira at two sections and at 

the Ilhas Desertas. In addition, two windward stations were selected North of CV 

and CA at the CVOO and ESTOC sites, respectively.  

Depth water sampling and in situ measurements were performed using a bottle 

rosette sampler containing twelve 10 L Niskin bottles with a CTD and additional 

sensors of pressure, temperature, salinity, dissolved oxygen and not-calibrated 

fluorescence data given as Chl-a (Mehlmann et al., 2020).  

2.3.2. Variables determination 

2.3.2.1. CO2 system variables 

The Total Alkalinity (AT) and Total Inorganic Carbon (CT) in the water column 

were determined onboard from the depth water samples using a VINDTA 3C and 

following Mintrop et al., (2000). Samples were potentiometrically titrated with 

HCl to the carbonic acid endpoint for AT determination, while CT was 

coulometrically determined. Both AT and CT values were corrected using CRM 

bottles (batch #177, provided by A. Dickson at Scripps Institution of 

Oceanography), giving values with an accuracy of Ñ1.5 and Ñ1.0 Õmol kg-1, 

respectively. They were normalized (NAT and NCT, where NX= X/SĿ36.4) to a 

constant salinity of 36.4, which is the average salinity of the upper layer (0-250 m 

depth) in the entire Macaronesian region. 

The surface AT values was also calculated for the longitude and latitude of the 

surface underway data using the AT-SSS relationship obtained from the surface 

samples (Eq. 2.1, r2=0.94) (temperature was not found to improve the fitting). The 

average AT values calculated along the cruise tracks (2398.5 Ñ 20.0 Õmol kg-1) 
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agreed with those calculated according to the global relationship of AT with SSS 

and SST in surface waters of the Atlantic (sub)tropics (2401.6 Ñ 19.5 Õmol kg-1) 

given by Lee et al. (2006).  

ὃ χτȢπψ ὛὛὛσπωȢυψ    (2.1) 

The ocean values of CO2 fugacity (fCO2,sw) and pH were computed from the 

determined AT and CT. The surface values of fCO2,sw and CT throughout the cruise 

track were computed from the underway measured pH and determined AT. The 

Excel program CO2sys was used for computation, with the carbonic acid 

dissociation constants of Lueker et al. (2000), the HSO4
- dissociation constant of 

Dickson (1990) and the value of [B]T determined by Lee et al. (2010). The 

relevance of thermal and non-thermal processes on the variability of the fCO2,sw 

and pH was evaluated in this study. The fCO2,sw and pH explained by non-thermal 

processes (mainly biological activity and horizontal/vertical advection) were 

studied by removing the temperature effect through a normalization of the fCO2,sw 

and pH to 21ÜC (fCO2,T21 and pHT21). The changes in fCO2,sw and pH due to thermal 

processes (ȹfCO2,thermal and ȹpHthermal) were assumed as the differences between 

the observed and normalized values (ȹfCO2,thermal = fCO2,sw - fCO2,T21 and ȹpHthermal 

= pH - pHT21). 

2.3.2.2. Oxygen 

Seawater samples for dissolved oxygen determination were collected in pre-

calibrated glass wide-neck bottles (previously washed 3 times with the seawater 

sample) and avoiding bubbles formation. The temperature of the water was 

recorded during the sampling. The reagents 1 (MnCl +4H2O) and 2 (NaOH + NaI) 

were then added and thoroughly mixed with the seawater sample. The already 

mixed samples were kept in a dark box for 6 h to allow the precipitate to settle at 

the bottom of the bottles. 

The WINKLER method introduced by Winkler (1888) and optimized by Carpenter 

(1965) and Carrit and Carpenter (1966) was used to determine the dissolved 

oxygen of the seawater samples. A Metrohm 888 Titrando operated with the 

software Tiamo and an amperometric electrode to determine the endpoint was used 

for the titration (Culberson and Huang, 1987). The reagent 3 (H2SO4) was added 

immediately before starting the titration to acidify the sample. Thiosulfate 0.01N 

was used as a titrant and a solution of KIO3 0.01N as a standard solution. All the 

reagents and solutions used during the cruise for DO determination were prepared 

following the procedures described by Dickson and Goyet, (1994). Standardization 

of the thiosulphate was performed every two days. The possible impurities of the 

reagents were controlled by determining a blank every 2 days. 

2.3.2.3. Anthropogenic Carbon (Cant) 

There are several indirect-based methods for the calculation of the excess of carbon 

due to anthropogenic input (Cant) explained in detail by Sabine and Tanhua, (2010). 

The methods assumed that ocean circulation and the biological pump have 
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operated in a steady state in terms of seasonal and interannual variability of the 

natural carbon cycle since preindustrial times (before 1750) and considered that 

Cant could be estimated by removing the contribution of the biological and physical 

pumps and the preindustrial CT from the determined CT.  

In this study, the Cant was calculated by using the TrOCA back-calculation 

technique and the improved TrOCA 2007 approach (Touratier et al., 2007). The 

potential temperature (ɗ, ÜC) and the AT, CT and O2 concentrations (in Õmol kg-1) 

were considered (Eq. 2.2). The changes in Cant due to differences in air-sea CO2 

exchange rates and O2 content were reflected in the variation of this tracer. The 

TrOCA method provided overestimates Cant values by about a factor of 2, which 

were considered as upper limit values (Yool et al., 2010).  

ὅ
Ȣ  

Ȣ Ȣ   
Ȣ   

Ȣ
   (2.2) 

2.3.2.4. AT and CT components 

The general processes that control the vertical distribution of AT and CT were 

studied by applying the initial model proposed by Chen and Millero (1979) and 

previously used, in the Northeast Atlantic (Gonz§lez-D§vila et al., 2010) and the 

Pacific Subarctic (Andreev et al., 2009) (Eq. 2.3 and 2.4). This set of calculations 

provided the drivers of the observed AT and CT in the coastal waters of the three 

archipelagos. The model considers that the measured concentrations of AT and CT 

(ὃ  and ὅ ) result from the change in the preindustrial times values 

(referred as preformed values; ὃ  and ὅ ) due to the organic matter production 

and remineralization involved in the organic carbon pump (ὃ  and ὅ ) and the 

formation and dissolution of carbonates processes involved in the carbonate pump 

(ὃ  and ὅ ). The anthropogenic carbon component (ὅ ) was also 

considered in the study of the vertical distribution of CT (Eq. 2.4). Both AT and CT 

values and their respective terms were normalized to the average upper water-

column salinity of 36.4 (NAT and NCT). 

ὔὃ ὔὃ Ўὔὃ Ўὔὃ     (2.3) 

ὔὅ ὔὅ Ўὔὅ Ўὔὅ ὅ   (2.4) 

The ὃ  values were computed using the function given by Wanninkhof et al., 

(1999) and considered correct for the water masses in the North Atlantic by P®rez 

et al., (2002). This ὃ  model was reported with an uncertainty of Ñ5.2 Õmol kg-

1 and taken into consideration the salinity and the concentration of ὔὕ and O2 

(Eq. 2.5). The ὔὕ was spectrophotometrically determined (Grasshoff et al., 
1999) with a QuAAtro auto-analyser (SEAL Analytical, UK) by Kastriot Qelaj 

(GEOMAR). The Ўὃ  was estimated by using the apparent oxygen utilization 

(AOU) computed from the measured temperature, salinity and O2 and the 

stoichiometric coefficients for the change in nitrate (ȹN/ȹO2 = 16/170) given by 
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Anderson and Sarmiento, (1994) (Eq. 2.6). The Ўὃ  was directly calculated 

from Eq. 2.3. 

ὃ ςχψȢτ υχȢπρὛὥὰὭὲὭὸώπȢππχτρπȢφὔὕ ὕ    (2.5) 

Ўὃ ὃὕὟ    (2.6) 

The change in CT due to the biological contribution through the organic carbon and 

carbonate pumps was taken into consideration. The Ўὅ  was computed from the 

AOU and the stoichiometric coefficients for the change in carbon (ȹC/ȹO2 = 

117/170) given by Anderson and Sarmiento, (1994) (Eq. 2.7), while Ўὅ  is half 

of the contribution estimated for Ўὃ  according to Chen and Millero (1979) 

(Eq. 2.8). The ὅ  was directly calculated from Eq. 2.4. 

Ўὅ ὃὕὟ     (2.7) 

Ўὅ πȢυЎὃ      (2.8) 

2.3.2.5. Air-sea CO2 fluxes 

The air-sea CO2 fluxes (FCO2) were calculated from the surface underway data 

collected through the vessel tracks and using Eq. 2.9. The solubility (S), the 

difference between the surface seawater and low atmosphere fCO2 (ȹfCO2= fCO2,sw 
ï fCO2,atm) and a conversion factor of 0.24 mmol m-2 d-1 were considered in the 

calculation to express the FCO2 results in mmol m-2 d-1. Negative fluxes indicate 

that the ocean behaves as an atmospheric CO2 sink, while positive ones indicate 

that it behaves as a source.  

&#/ πȢςτ3Ὧ ɝὪ#/    (2.9) 

The parameterization of Wanninkhof (2014) was used in this study, with k being 

the gas transfer rate expressed in Eq. 2.10: 

  Ὧ πȢςυρ×
Ȣ

    (2.10) 

where w is the wind speed (m s-1) and Sc is the Schmidt number (kinematic 

viscosity of seawater, divided by the gas diffusion coefficient). The underway low 

atmospheric CO2 concentration and wind speed used for the calculation of FCO2 

were collected on board the vessel and provided by WeiÇ et al. (2020) in the World 

Data Center PANGAEAÈ. The low atmospheric CO2 concentration was measured 

with a cavity ring-down spectrometer (CRDS, Picarro G2301-f) and a GEOMARôs 

óAtmospheric Intake Systemô (AIS). The wind speed was continuously monitored 

by an onboard meteorological station. Both underway measurement systems were 

installed at 7.5 m above the sea surface.  

2.4. Results 

The distributions of temperature, salinity, fluorescence and CO2 system variables 
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were analysed up to 250 m depth in the CV (Figure 2.2 and Figure A.1), CA (Figure 

2.3 and Figure A.2) and MA (Figure 2.4 and Figure A.3). Several differences were 

found in CV between the northern islands (Sao Antao, Sao Vicente, Sao Nicolau 

and Sal; CV-N hereinafter) and the southeastern islands (Fogo, Santiago, Maio and 

Boa Vista; CV-SE hereinafter) as well as in the CA between the Western most area 

(El Hierro, La Gomera and the West coast of Tenerife; CA-W hereinafter) and the 

Eastern most area (the East coast of Tenerife and Gran Canaria; CA-E hereinafter). 

The longitudinal surface changes in the physical properties and surface CO2 were 

analysed in each archipelago along the cruise tracks (Figure 2.5) and the latitudinal 

surface gradients from CV to MA were also considered (Figure A.4). The regional 

averages of the study variables from the surface to 180 m depth are shown in Table 

2.1.  

2.4.1. Temperature, salinity and fluorescence 

Latitudinal temperature differences were found in the upper water column up to 

100 m depth, with maximum average values in the CV that decrease towards the 

North (Table  

2.1). The average salinity values in the first 100 m depth were highest in CA 

(36.75-36.85) followed by MA (36.66-36.70) and CV (35.94-36.41). The surface 

fluorescence signals (data not shown) reported that Chl-a was maximum in CA-

SE and ranged similar in CV-N, CA and MA, showing local differences along the 

coastal areas. An area with local minimum values of both SST (19.0-19.5ÜC) and 

SSS (36.0-36.2) and slightly higher surface fluorescence signals compared to 

adjacent waters was found at 21.5ÜN in the latitude of Cape Blanc along the CV-

CA route (Figure A.4).  

Decreasing West-to-East gradients of SST were observed in CV-N from Sao Antao 

(22.5-23.0ÜC) to Sal (21.5-22ÜC) and in CV-SE from Fogo (23.5-24ÜC) to Santiago 

(22.5-23.0ÜC) and Maio (23.0-23.5ÜC) (Figure 2.5 - a). The SSS also decreased 

toward the East in CV-N from Sao Vicente (~36.5) to Sal (36.3-36.4) and even 

more in CV-SE from the southeastern coast of Fogo (36.2-36.3) to Maio (~35.9) 

(Figure 2.5 ï a.1). These longitudinal differences were also detected in CA (Figure 

2.5 ï b.1), with SST and SSS values decreasing from El Hierro, La Gomera and 

the southwestern coast of Tenerife (19.5-20.5ÜC and 36.8-37.0, respectively) to the 

southeastern coast of Tenerife and the entire coastal area of Gran Canaria (18.5-

19.5ÜC and 36.6-36.8, respectively). A decrease in SST and SSS was detected 

through both the coastal and open-ocean transects in the downwind areas 

Southwest of La Gomera, Tenerife and Gran Canaria (Figure 2.5 ï b.1). The 

physical properties in MA (Figure 2.5 ï c.1) were similar to those of CA-E, with 

SST and SSS values of 18-19.5ÜC and 36.6-36.8 respectively. An eastward 

decrease was found from the South of Madeira at 17.1-17.2ÜW (19.0-19.5ÜC and 

36.75-36.8, respectively) to the South of Ilhas Desertas (~18.5ÜC and 36.65-36.7, 

respectively) through both the coastal and open-ocean transects.  
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The temperature and salinity signals in CV were approximately constant above the 

MLD located at around 50-60 m depth, with a minimum average variation range 

of Ñ0.16 ÜC and Ñ0.02 respectively (Figure 2.2 ï a,  and Figure A.1 ï a, 

respectively). The MLD increased northward and the temperature and salinity 

values were approximately constant up to 70-100 m depth in CA (Figure 2.3 ï a 

and Figure A.2 ï a) and MA (Figure 2.4 ï a and Figure A.3 ï a), where the average 

Figure 2.3. Same as Figure 2.2 but for the Canary Islands. Isolines were added in plots every 

1ÜC for temperature, 10 Õatm for fCO2,sw, 10 Õmol kg-1 for NCT and 0.01 units for pH. 

 

 

Figure 2.2. Longitudinal distribution of (a) temperature, (b) CO2 fugacity in seawater 

(fCO2,sw), (c) normalized total inorganic carbon (NCT) and (d) pH in the first 250 m 

depth leeward of Cape Verde archipelago. Isolines were added in plots every 1ÜC for 

temperature, 50 Õatm for fCO2,sw, 25 Õmol kg-1 for NCT and 0.05 units for pH. 
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variation range was Ñ0.27 and Ñ0.17 ÜC, respectively, for temperature and Ñ0.04 

and Ñ0.03, respectively, for salinity. Below the MLD up to 250 m depth, a decrease 

in temperature and salinity of more than 4.0 ÜC and 0.4 units, respectively, were 

observed in the entire region. The fluorescence profiles (Figure A.1 ï c, A.2 ï c 

and A.3 ï c) reported a rapid decrease of Chl-a concentration in the first 50-100 m 

depth and reached the highest average values in CV, followed by CA and MA 

(Table 2.1). 

2.4.2. Seawater CO2 fugacity (fCO2,sw) and pH 

The surface values of fCO2,sw (Figure 2.5 and Figure A.4) ranged similarly in CV 

(366.5-409.5 Õatm) and CA (364.6-410.0 Õatm), while lower values were found in 

the cooler MA region (352.3 and 378.4 Õatm). The surface pH values (given in 

total scale) changed with fCO2,sw by -0.001 units Õatm-1 (r2> 0.96) in the entire 

region and ranged between 8.04 and 8.08-8.09 units in both CV and CA and 

between 8.08 and 8.10 units in MA. The maximum fCO2,sw and minimum pH 

surface values in the Macaronesian region were detected in a cold and saline 

filament crossed by the ship between 21.5 and 22.5 ÜN near Cape Blanc (~440.0-

495.0 Õatm and 7.95-8.00 units) (Figures A.4 ï c and A.4 ï d) at a distance of 470 

Km away from the African coast. 

In CV (Figure 2.5 ï a.2 and a.3), the surface fCO2,sw values were higher around 

CV-N (~375.0-400.0 Õatm) and decreased with latitude from Sao Nicolau to Fogo 

and from Sal to Maio. Minimum surface values of fCO2,sw in CV were obtained in 

CV-SE leeward of Santiago, Maio and Boa Vista (~365.0-380.0 Õatm), leading pH 

values between 8.07 and 8.08. In CA (Figure 2.5 ï b.2 and 2.5 ï b.3), the surface 

fCO2,sw values were higher in CA-W coastal areas (~380-410 Õatm), followed by 

the CA-W open-ocean waters and East coast of Tenerife (~380-390 Õatm) and the  

Figure 2.4. Same as Figure 2.2 and 2.3 but for the Madeira. Isolines were added in plots 

every 1ÜC for temperature, 10 Õatm for fCO2,sw, 10 Õmol kg-1 for NCT and 0.01 units 

for pH. 
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CA-E area (~365.0-390.0 Õatm). The surface fCO2,sw reached maximum values 

East of La Gomera (~405.0-410.0 Õatm) and Southwest of Tenerife (~420.0-435.0 

Õatm) and decreased the pH to 8.035-8.040. Local decreases in the surface fCO2,sw 

and increases in pH were observed in the cooler and fresher downwind coastal and 

open-ocean waters southwest of La Gomera, Tenerife and Gran Canaria. The 

minimum surface values of fCO2,sw (~365-380 Õatm) and maximum pH values 

(8.070-8.090 units) of the CA region were recorded along the inter-island transect 
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between Tenerife and Gran Canaria. In MA (Figure 2.5 ï c.2 and 2.5 ï c.3), the 

surface fCO2,sw values were higher to the South of Madeira through the more 

coastal transect (~370.0-380.0 Õatm) followed by the Southwest of Madeira 

through the more open-ocean transect (~365.0-377.0 Õatm), leading pH values of 

~8.08. Outside the leeward area, the surface fCO2,sw values fell below 365.0 Õatm 

and drove pH values between 8.09 and 8.10.  

The surface fCO2,sw values decreased toward the East in CV-SE and CA following 

the West-to-East decrease of SST. The effect of SST over the changes in surface 

fCO2,sw was removed by normalizing the fCO2,sw to 21ÜC (fCO2,T21). The 

longitudinal change of fCO2,T21 was lower than those of fCO2,sw in CV-SE, while 

was minimal in CA. An inverse longitudinal gradient was detected in CV-N, with 

a westward decrease of surface fCO2,T21. These longitudinal differences were not 

observed in MA, where fCO2,T21 remained approximately constant through both 

the coastal and open-ocean transects (Figure 2.5).  

Both fCO2,sw and pH surface values kept approximately constant up to 40-50 and 

50-60 m depth in CV-SE and CV-N respectively (Figure 2.2), 60-75 m depth in CA 

(Figure 2.3) and 80-95 m depth in MA (Figure 2.4). In CV, the fCO2,sw values at 

the base of the MLD (390-420 Õatm) increased with depth and exceed 700 Õatm 

around 80-150 m depth. Maximum fCO2,sw values at these depths were found to 

the south of Fogo (773.2 and 819.4 Õatm) and Maio (842.3 Õatm) and at CVOO 

(685.2 Õatm), which coincided with the lowest oxygen values encountered 

throughout the region (<80 Õmol kg-1) and drove the strongest decrease in pH 

values (from ~8.00-8.06 at the base of the MLD to 7.765-7.860). A weaker increase 

in fCO2,sw with depth was obtained in CA and MA, where lower fCO2,sw (~390-465 

and ~380-440 Õatm, respectively) and higher pH values (~7.99-8.06 and ~8.01-

8.05, respectively) were obtained in deeper areas (150-250 m). Maximum fCO2,sw 

and minimum pH values of CA and MA (461.3 Õatm and 7.996 units, respectively) 

were obtained at the ESTOC site at 150 m depth. 

2.4.3. Total inorganic carbon (CT and NCT)  

The surface distribution of CT was linked to the SSS, with a higher concentration 

towards the north of Cape Blanc (Figure A.4). Maximum CT surface values were 

obtained in coastal CA-W areas (~2120-2140 Õmol kg-1) followed by CA-E 

(~2115-2130 Õmol kg-1) and MA (~2105-2120 Õmol kg-1), while the minimum 

values were found in CV (~2035-2095 Õmol kg-1) and especially leeward of Sao 

Antao and Sao Vicente (~2060-2075 Õmol kg-1) and throughout CV-SE (~2035-

2075 Õmol kg-1) (Figure 2.5). The surface and upper water column CT were 

normalized (NCT) to constant salinities of 36.6 and 36.4, the average salinities of 

the Macaronesian region for surface and first 250 m depth, respectively, to remove 

the effect of evaporation/precipitation, the horizontal/vertical advection and the 

influence of different water masses.  

The highest NCT surface values in the entire region were found around Cape Blanc 

(~2140-2165 Õmol kg-1) (Figure A.4 ï e), while a strong NCT depletion was 

observed south of Cape Blanc at CV (Figure 2.5 ï a.4). Minima NCT surface values 
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in CV were found southwest of Fogo and Maio (~2070-2080 Õmol kg-1), while 

maxima were observed through the Boa Vista-Sal-Sao Vicente northeast most 

transects (~2085-2105 Õmol kg-1). In CA (Figure 2.5 ï b.4), the surface NCT-rich 

waters were found on the East coast of El Hierro (~2133-2136 Õmol kg-1) and La 

Gomera (~2134-2139 Õmol kg-1), in more open-ocean waters between both islands 

(~2130-2136 Õmol kg-1) and at certain locations along the southwest and southeast 

coast of Tenerife (~2127-2142 Õmol kg-1). The lowest NCT surface values were 

obtained across the most oceanic transect south of La Gomera and El Hierro 

(~2106-2113 Õmol kg-1), in CA-E (~2105-2120 Õmol kg-1) and north of Gran 

Canaria around the ESTOC site (~2105-2112 Õmol kg-1). In MA, higher NCT 

surface concentrations were measured through the coastal transect compared with 

those of the open-ocean transect (Figure 2.5 ï c.4). The maximum values were 

observed East of Madeira and along the West coast of Ilhas Desertas (~2113-2115 

Õmol kg-1). 

The CT and NCT remained depleted in the most productive euphotic layer and 

increased toward the remineralized deep waters below the MLD (Table 2.1). The 

highest NCT values in the upper water column of the Macaronesian region were 

collected in CV-N (~2187-2246 Õmol kg-1) and CV-SE (~2263-2281 Õmol kg-1) 

around 125-150 m depth (Figure 2.2 ï c). These NCT values were ~100-150 Õmol 

kg-1 greater than the maximums of CA (~2127-2169 Õmol kg-1; Figure 2.3 ï c) and 

MA (2110-2160 Õmol kg-1; Figure 2.4 ï c) in deeper areas between 150 and 250 m 

depth. 

2.5. Discussion 

2.5.1. Spatial variability of fCO2 and pH in the Macaronesian region  

The distribution of fCO2,sw and pH through the first 250 m depth was assessed in 

the Macaronesian region based on 3385 surface data (Figure 2.5 and Figure A.4) 

and 334 upper-ocean data (Figure 2.2, 2.3 and 2.4) collected during POS533. Their 

spatial variability was found to be strongly linked with differences in the intensity 

of the coastal upwelling along the African coast, the intense mesoscale activity 

acting in this region, the influence of different circulation patterns and water 

masses and the effect of trade winds (e. g. Bonino et al., 2021; Pelegr² et al., 2005a, 

2005b; Pelegr² and Benazzouz, 2015b, Pelegr² and Pe¶a-Izquierdo, 2015a; Vald®s 

and D®niz-Gonz§lez, 2015). These processes drove horizontal and vertical 

transports which modified the observed temperature, salinity and Chl-a patterns 

and biogeochemical cycles. 

Minimal changes of surface fCO2,sw and pH with latitude given by linear 

relationships were observed between CV and CA (-0.4 Õatm (r2=0.02) and 0.001 

units (r2=0.15) per degree of latitude, respectively) despite the strong measured 

decrease of SST with latitude between both archipelagos (-0.33 ÜC per degree of 

latitude; r2=0.87) (Figure A.4). The fCO2,sw increased with SST by 7.93 Õatm ÜC-1 

(r2=0.31) between Cape Blanc and the south of CA along a permanent upwelling 

area (22.5-28.0ÜN), while an inverse relationship of -6.04 Õatm ÜC-1 (r2=0.23) was 

encountered between the north of CV and Cape Blanc along a winter upwelling 
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area (17.0-21.0ÜN). The highest decrease of fCO2,sw with SST was observed at 21.5-

22.5ÜN around Cape Blanc (-95.9 Õatm ÜC-1; r2=0.58). Latitudinal gradients were 

stronger from CA to MA (-3.2 Õatm (r2=0.49) and 0.003 units (r2=0.49) per degree 

of latitude, respectively), where the theoretical changes of fCO2,sw with SST were 

observed (14.26 Õatm ÜC-1; r2=0.35) (Figure A.4). These findings agreed with 

previous studies along the African coastal transitional region through the 

latitudinal ranges of 10-28ÜN (Gonz§lez-D§vila et al., 2017) and 28-36ÜN 

(Curbelo-Hern§ndez et al., 2021) and were explained by the seasonal and spatial 

variability of the Canary Upwelling System (Cropper et al., 2014; Mittelstaedt, 

1991).  

The maximum fCO2,sw and minimum pH values encountered around Cape Blanc 

at ~470 km away from the African coast (Figure A.4) were explained by the 

highest-intense offshore transport of CO2-rich upwelled water not compensated by 

biological uptake (Gonz§lez-D§vila et al., 2017) through the cold and fresh Cape 

Blanc giant filament (21.5-22.5 ÜN) (e. g. Bonino et al., 2020; Gabric et al., 1993; 

Lovecchio et al., 2017). The low intensity of the permanent annual upwelling in 

winter north of Cape Blanc weakened the injection in the euphotic zone of CO2 

and nutrient-rich water, which explained the increased relevance of SST 

fluctuations in the fCO2,sw changes from Cape Blanc to Madeira (Figure A.4). The 

highest average changes of fCO2,sw and pH were explained by thermal processes in 

this area (-24.64 Õatm and 0.023 units, respectively) compared with the area most 

influenced by non-thermal processes south of Cape Blanc (6.69 Õatm and -0.007 

units, respectively) (Figure A.4 ï c). The less intense offshore transport through 

the Cape Ghir filament (Garc²a-Mu¶oz et al., 2005; Hagen et al., 1996; Laiz et al., 

2012; Pelegr² et al., 2005a, 2005b), together with the dominance of respiration over 

primary production which compensates the decrease in fCO2,sw drove by the 

cooling of the water at this time of the year (Curbelo-Hern§ndez et al., 2021), 

explained a lower increase in surface fCO2,sw encountered at Cape Ghir latitude 

(30.7ÜN) at ~650 km away from the African coast (Figure A.4). 

The strong influence of the Canary Upwelling System through the easternmost 

parts of CV and CA introduced longitudinal differences in the surface distribution 

of fCO2,sw and pH (Figure 2.5). The low fCO2,T21 values in CV-SE showed that the 

biological production actively reduced the excess of CO2 in the upwelled waters. 

The fCO2,sw and fCO2,T21 decreasing eastward with the SST and SSS indicated that 

both the enhancement of the biological activity and the cooling of the water due to 

the influence of the African coastal upwelling accounted for the formation of the 

longitudinal physical and biogeochemical gradient in CV-SE. The minimal 

longitudinal changes in fCO2,T21 and pHT21 in CA indicated that the West-to-East 

decrease of fCO2,sw and increase in pH was mainly controlled by the cooling of the 

upwelled waters around the closer islands to the African coast (Figure 2.5). The 

weaker influence of the coastal upwelling in MA due to its greater distance from 

the African coast and the low intensity of the offshore transport by the Cape Ghir 

filament at this time of the year explains the minimal observed longitudinal 

changes of fCO2,sw and pH (Figure 2.5).  
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Several differences in the surface distribution of fCO2,sw and pH were encountered 

between CV-N and CV-SE (Figure 2.5) and explained by the influence of the 

CVFZ, which reaches its southernmost position in winter (P®rez-Rodr²guez et al., 

2001; Zenk et al., 1991). The high surface fCO2,sw values encountered in CV-N can 

be explained by the influence of cold but low-productive and CO2-rich surface 

waters transported by the NEC. Although the upwelling-driven eastward decrease 

of SST was observed in CV-N, the fCO2,sw and fCO2,T21 values were higher in the 

eastern part (Figure 2.5). It indicated that the CO2 enrichment of these waters 

through the injection of deep and remineralized waters in the closest area to the 

coastal upwelling was the main factor controlling the fCO2,sw and pH distributions. 

In contrast, minimum fCO2,sw values in the easternmost part of CV-SE around 

Santiago, Maio and Boa Vista (Figure 2.5) indicated that the CO2 enrichment was 

weaker and that the fCO2,sw distribution was controlled by the enhancement of the 

biological uptake in warmer but higher-productive surface water transported 

through the NECC and recirculated in the cyclonic Guinea Dome (Faye et al., 

2015; Siedler et al., 1992).  

The horizontal advection processes can be coupled with divergent/convergent 

movements of water in mesoscale eddies (Barton et al., 2004; Cardoso et al., 2020; 

Sangr¨ et al., 2009), which introduces local increases/decreases in surface fCO2,sw, 

as it was observed leeward of the islands (Figure 2.5) and through the CV-CA-MA 

track (Figure A.4). Higher surface fCO2,sw values compared with adjacent waters 

were encountered at 18.02ÜN (404.30 Õatm), 18.37ÜN (417.70 Õatm), 19.64ÜN 

(403.5 Õatm) and 20.33ÜN (414.70 Õatm) and coincided with lower signals of SST 

(21.65, 21.22, 20.67 and 19.87 ÜC, respectively) (Figure A.4 ï a and c). The 

opposite occurred at 18.97ÜN (374.5 Õatm and 21.55ÜC, respectively). These local 

changes were explained by the upwelling of cold and CO2-rich deep-water in the 

core of cyclonic eddies and downwelling of surface waters in anticyclonic eddies, 

which has been previously detected south of Cape Blanc (e. g. Karstensen et al., 

2017; Sch¿tte et al., 2016a; Cardoso et al., 2020). Mesoscale islands-generated 

eddies were most frequently observed from Cape Blanc to the southern part of CA 

through The Canary Eddy Corridor (Sangr¨ et al., 2009) and introduced stronger 

local differences in the physical and biogeochemical seawater properties which 

modified the fCO2,sw and pH through the CV-CA track (Figure A.4). The highest 

local increase in surface fCO2,sw occurred at 23.79ÜN (Figure A.4 ï c) and coincided 

with a major low signal of SST and a high signal of Chl-a associated with a 

cyclonic eddy (Figure A.4 ï a and b). The mesoscale variability and its effect on 

the local changes in surface fCO2,sw weakened through the CA-MA track, where 

cyclonic eddies detected by Couvelard et al., (2012) south of Madeira were only 

observed in minimal decreases in SST and SSS between 31.3 and 32.8ÜN (Figure 

A.4 ï a and c). 

The shallowest position of the MLD in the tropical CV area enhanced the vertical 

mixing processes and deep-water injection in surface layers, which contributed to 

change strongly the fCO2,sw and pH in the first 250 m depth (Figure 2.2). These 

changes were lower in CA (Figure 2.3) and MA (Figure 2.4) due to the deepening 

of the MLD. Several heterogeneities in the upper-ocean distribution were found 
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between the leeward coastal areas, the inter-island waters and the windward open-

ocean waters. The trade winds drove intense vertical mixing processes and raised 

the MLD in the windward areas of each archipelago, while the suppression of the 

wind effect in the leeward areas weakened the vertical mixing and decreased the 

MLD. These differences were observed at inter-islands windward stations 

compared to CV and CA downwind stations (Figure 2.2 and 2.3). The effect of 

trade winds cools the upper water column in the windward areas, while the leeward 

coast show higher temperature values. However, the increase in surface fCO2,sw 

with temperature in leeward coastal upper-ocean waters was compensated by the 

enhancement of biological production, as was observed with higher Chl-a values 

(data not shown).  

The high spatial variability of fCO2,sw in the study area has a great influence on the 

distribution of ocean CO2 along the African coastal transitional zone and should be 

studied on a regional scale. Thus, the fCO2,sw data during POS533 were compared 

and compilated with 52328 surface fCO2,sw winter data in the Macaronesian region 

available in the Surface Ocean CO2 Atlas database (SOCAT v2022; Bakker et al., 

2016) and 2120 fCO2,sw upper water-column data (first 250 m depth) in the 

Northeast Atlantic available in the GLODAP database (GLODAP v2022; Olsen et 

al., 2016; Key et al., 2015). The location of the sampled stations for SOCAT and 

GLODAP data is shown in Figure A.5. 

The spatio-temporal changes in surface fCO2,sw were analysed in CV, CA, MA and 

for the entire Macaronesian region using POS533 and SOCAT data. These changes 

were also assessed from 10 to 100 m depth and compared with the changes 

observed between 100 and 250 m depth using POS533 and GLODAP data. 

Multiparametric regressions were applied to the compilated datasets 

(POS533+GLODAP datasets and POS533+SOCAT datasets) to analyse the 

distribution of fCO2,sw based on changes in the seawater physical properties (SST 

and SSS). The combination of the POS533 with the SOCAT and GLODAP datasets 

provided a set of equations statistically significant at the 95% level (ɟ value < 0.05) 

that can be used to estimate the fCO2,sw in the upper layers of the entire region by 

considering temperature and salinity fluctuations and both temporal (seasonal and 

interannual) and longitudinal changes (Table 2.2). The interannual increase of 

surface fCO2,sw in CA (2.01 Ñ 0.01 Õatm yr-1) and MA (2.11 Ñ 0.01 Õatm yr-1) was 

similar to the observed rate at the ESTOC site (1.92 Õatm yr-1; Bates et al., 2014). 

The highest interannual increase around CV (2.36 Ñ 0.02 Õatm yr-1) coincided with 

those obtained at the subpolar Irminguer Sea sites (2.37 Õatm yr-1; Bates et al., 

2014), where vertical mixing processes were enhanced and contributed to the 

increased observed trend. The lower change of surface fCO2,sw with SST in CV 

compared to CA and MA (Table 2.2) was indicative of the relevance of thermal 

processes in the change of fCO2,sw north of Cape Blanc while non-thermal 

processes (mainly the horizontal and vertical advection of CO2-rich water) played 

a key role in the distribution of surface fCO2,sw south of Cape Blanc. This set of 

equations improved the understanding of the carbon cycle along the African 

coastal transition area in the Northeast Atlantic.  
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2.5.2. Upper water column distribution of CT components. 

The shallow ocean CT content was studied leeward of each archipelago by 

considering the non-conservative factors controlling its vertical distribution. The 

variations of NCT from preformed NCT values (NCTpre) were explained by 

fluctuations in the organic carbon pump (biological production/respiration 

processes), the carbonate pump (carbonate dissolution/formation) and the uptake 

of anthropogenic carbon (Andreev et al., 2009; Chen and Millero, 1979; Chou et 

al., 2007; Feely et al., 2002) and were described at any given depth by Eq. 2.4. The 

results allow to quantify the relative contribution of each term involved in the 

temporal evolution of NCT from NCT
pre values above and below the MLD (up to 

250 m depth) (Figure 2.6, Table 2.3).  

The increase in NCT from NCT
pre above the MLD was around 75-90 Õmol kg-1 

throughout the region. The increment below the MLD was approximately twice in 

CV than in CA and MA (Table 2.3). The highest increase with depth of NCT below 

the MLD occurred in CV-N and CV-SE (1.4 Ñ 0.8 and 1.9 Ñ 1.3 Õmol kg-1 m-1, 

respectively) and was explained by the maximum NCT
pre values (2051.1 Ñ 25.3 and 

2050.4 Ñ 29.2 Õmol kg-1, respectively) and organic carbon pump contribution 

(52.3% and 57.43%, respectively) encountered throughout the study region. Minor 

changes of NCT with depth below the MLD were observed in CA-W (0.5 Ñ 0.3 

Õmol kg-1 m-1), CA-E (0.4 Ñ 0.2 Õmol kg-1 m-1) and MA (0.4 Ñ 0.1 Õmol kg-1 m-1) 

due to the lower NCT
pre values (2025.1 Ñ 3.8, 2028.2 Ñ 3.1 and 2036.3 Ñ 7.4 Õmol 

kg-1, respectively) and the weakened of the biological contribution (16.2%, 18.93% 

and 16.9%, respectively). These differences were mainly explained by spatial 

Figure 2.6. Upper ocean distribution (up to 250 m depth) of preformed NCT (NCTpre), 

its changes explained by the anthropogenic carbon (Cant) and both the organic and 

carbonate pumps (NCT
org and NCT

carb, respectively) and the determined NCT values in 

(a) CV-N, (b) CV-SE, (c) CA-W, (d) CA-E and (e) MA. 

 

 



Chapter 2 

65 

 

heterogeneities in the ventilation and remineralization rates through the Northeast 

Atlantic ITCZ. The longer residence time of tropical waters south of Cape Blanc 

originated in the South Atlantic compared with the well-ventilated subtropical 

waters that originated in the high-latitude of the North Atlantic enhanced 

remineralization (Pelegr² and Pe¶a-Izquierdo, 2015a) and led a higher NCT 

increase in (sub)surface waters around CV compared with CA and MA. The high 

primary production through the coastal Mauritania-Senegalese upwelling at this 

time of the year and the upwelling of water in the Guinea Dome also accounted for 

the increase of remineralization rates south of Cape Blanc (Karstensen et al., 2008; 

Stramma et al., 2008b). This fact was observed in a slightly higher contribution of 

the organic carbon pump above the MLD in CV-N and CV-SE (6.11% and 12.75%, 

respectively) compared with CA-W, CA-E and MA (4.4%, 2.6% and 1.9%, 

respectively).  

The change in NCT from NCT
pre in the entire region was mainly controlled by the 

anthropogenic carbon input and storage, which increased the NCT content 

throughout the region around 72-80 and 68-74 Õmol kg-1 above and below the 

MLD, respectively. The uptake of Cant in surface waters contributed more than 90% 

of the NCT change above the MLD. The Cant storage below the MLD account for 

79.1% in CA-W, 78.2% in CA-E and 80.8% in MA of the NCT increase, while its 

contribution fell to 47.4% in CV-N and 42.35% in CV-SE. It is related to the 

weakening of mixed-down processes due to higher vertical stratification and the 

enhancement of remineralization processes in the ITCZ (Mayer and Weisberg, 

1993; Stramma and Schott, 1999). 

Table 2.3. Average content of calculated NCT
pre and determined NCT above and below 

the MLD in CV-N, CV-SE, CA-W, CA-E and MA and relative contribution of the 

organic carbon pump (ȹNCTorg), carbonate pump (ȹNCTcarb) and Cant in the observed 

increase of NCT from NCT
pre. All the values are given in Õmol kg-1. 
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The relevance of the carbonate pump in the change of NCT through the upper layers 

was considerably lower in the entire region, coinciding with previous observations 

in the first 500 depths at the ESTOC site (Gonz§lez-D§vila et al., 2010). The 

dissolution of CaCO3 in (sub)surface waters increased the NCT by 3.7-4.8% and 

1.4-3.1% in CA and MA, respectively. The decrease in CaCO3 solubility toward 

warm tropical waters (Feely et al., 2004) explained the minimal contribution of 

NCTcarb on the increase of NCT below the MLD in CV-N (0.3%) and CV-SE (0.2%). 

Negative ȹNCTcarb values above the MLD in CV (Table 2.3) indicated that the 

formation processes of CaCO3 exceed those of dissolution and accounted for the 

depletion of NCT by 2.9-3.0%. 

2.5.3. Cant inventories. 

The coastal regions and marginal seas have been found to store more Cant than the 

open oceans in proportion to their areas (Olsen et al., 2010; Park et al., 2006; 

Sabine and Tanhua, 2010; Schneider et al., 2010), but have been largely ignored in 

global ocean studies of the Cant storage due to the limited data available (Khatiwala 

et al., 2013). This study provides a new analysis of the vertical distribution and 

inventory of Cant in shallow coastal and inter-islands waters of the Macaronesian 

region (Figure 2.7 ï a). The upper-ocean profiles of Cant were evaluated in CV, CA 

and MA by applying a smoothing spline with a smoothing parameter p=0.999 to 

the total of Cant values calculated from POS533 data in each archipelago (Figure 

2.7 ï a). The smoothing spline provided vertical profiles well-fitted to the 

calculated Cant values (r2>0.98) and with standard error of estimate of 0.12 Õmol 

kg-1 for CV, 0.03 Õmol kg-1 for CA and 0.06 Õmol kg-1 for MA. The entry of Cant 

into the ocean through air-sea exchange and the large time scales of mixing 

processes explained the highest Cant values in near-surface waters and its 

decrement with depth (Sabine et al., 2004a). The range of variation of Cant in the 

first 250 depths was lower in CA and MA (between 65 and 83 Õmol kg-1) compared 

with CV (40-87 Õmol kg-1). These differences in the upper water column 

distribution of Cant were related to differences in the exposition time of waters to 

the atmosphere and to the Revelle factor (Revelle and Suess, 1957; Takahashi et 

al., 1993), which value is inversely proportional to the capacity of oceans to uptake 

atmospheric CO2. The lower ventilation rates of the ocean interior in the tropical 

Northeast Atlantic (Karstensen et al., 2008; Stramma et al., 2008b) and slightly 

higher (in average) Revelle factors in CV-N and CV-SE (10.77 Ñ 1.76 and 11.06 Ñ 

2.02, respectively) compared to CA-W, CA-E and MA (10.14 Ñ 0.23, 10.28 Ñ 0.42 

and 10.34 Ñ 0.42, respectively) explained the strongest decrease of Cant with depth 

in CV (Figure 2.7 ï a).  

The upper water-column inventory of Cant in the sampled stations was calculated 

by integrating its vertical distribution through the first 250 m depth. The Cant 

storage in the subsurface waters of CV, CA and MA was 7.57 x 103, 9.26 x 103 and 

8.86 x 103 Õmol kg-1, respectively. The Cant storage downwind of each archipelago 

was calculated by considering the leeward area that encloses all the stations of CV 

(8,570 Km2), CA (7,960 Km2) and MA (1,250 Km2) and the neutral density of 26.0 

kg m-3 for (sub)surface waters (Sabine et al., 2004a). The total amount of Cant stored 
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in the upper water column leeward of CV, CA and MA was 0.51, 0.58 and 0.09 Tg 

C (1 Tg = 1012 g), respectively.  

These results were compared with Cant values calculated from 9,870 GLODAP data 

available for the Macaronesian region during the period 1989-2020. The vertical 

distribution in subsurface waters of both POS533 and GLODAP Cant values was 

analysed by averaging the data every 25 m depth (Figure 2.7 ï b).  The GLODAP 

Cant values in the first 250 m depth of the Macaronesian region increased on 

average by 10.47 Ñ 3.38 Õmol kg-1 from 1989-1999 to 2000-2009 and by 8.08 Ñ 

1.68 Õmol kg-1 from 2000-2009 to 2010-2020, which were in agreement with those 

of CT and Cant in the subtropical North Atlantic during the periods 1992-1998 (8.8 

Ñ 0.5 and 8.0 Ñ 0.2 Õmol kg-1, respectively) and 1998-2004 (8.6 Ñ 0.5 and 6.8 Ñ 

0.3 Õmol kg-1, respectively) (Brown et al., 2010) and in the ESTOC site between 

1995 and 2004 (9.4 and 8.1 Õmol kg-1 over a decade in surface and 200 m depth 

waters, respectively) (Gonz§lez-D§vila et al., 2010). It indicated that the physical 

and biological conditions could be assumed as constants and that the increase in 

CT in the Macaronesian region is mainly driven by the rate of Cant uptake by the 

ocean (Gonz§lez-D§vila et al., 2010).  

Figure 2.7. (a) Vertical upper-ocean profiles (10-250 m depth) of Cant in CV (blue), CA 

(orange) and MA (green) given by a smoothing spline (smoothing parameter: p=0.999)  

applied to the total of Cant values calculated from POS533 data in each archipelago. 

Due to the high quantity of Cant data at several depth levels, only average data per Ñ4 

m depth were plotted as marker points. (b) Vertical upper-ocean distribution (10-250 m 

depth) of average Cant values in the entire Macaronesia region based on GLODAP data 

for the decades 1989-1999 (green), 2000-2009 (orange) and 2010-2020 (yellow). The 

vertical profiles of average Cant based on GLODAP data for these three decades were 

plotted together with average Cant values for the three archipelagos of study during 

POS533 (blue) for the three archipelagos. The GLODAP and POS533 datasets were 

compilated to estimate the Cant for the year 2050 (black dotted line) by using Eq. 2.11 

with a standard error of estimate of 6.60 Õmol kg-1. All the average Cant values, its 

standard deviation and the estimated values for the year 2050 at each level depth are 

shown in Table A.1.  
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The average Cant inventory in the first 250 m depth of the Macaronesian open-

ocean waters based on GLODAP data was 5.78 x 103 Õmol kg-1 for 1989-1999, 

7.03 x 103 Õmol kg-1 for 2000-2009 and 7.99 x 103 Õmol kg-1 for 2010-2020. A 

higher Cant inventory was encountered during POS533 around the CV, CA and MA 

archipelagos (8.74 x 103 Õmol kg-1), which proves the relevance of shallow coastal 

waters in Cant storing. The interannual change of Cant in the subsurface 

Macaronesian region was assessed at any given depth by compilating the POS533 

(2019) and the GLODAP (1989-2020) databases and applying a multiparametric 

regression statistically significance at 95% level (ɟ value < 0.05) with a standard 

error of estimate of 6.60 Õmol kg-1 (Eq. 2.11; r2=0.68). An increase in Cant of ~57% 

is expected for the year 2050 (Figure 2.7 ï b), with total storage between 10 and 

250 m depth in the Macaronesian region of 1.25 x 103 Õmol     kg-1.  

ὅ ρωωσρȢπσώὩὥὶπȢπψὨὩὴὸὬ ρȢπω ὼ ρπ ὨὩὴὸὬ       (2.11) 

An area in the subtropical Northeast Atlantic of 5.4 x 103 km2 was considered to 

calculate the total amount of Cant in the first 250 m depth of the entire Macaronesian 

region.  The Cant inventories in this parcel of water were 0.24 Pg C (1 Pg = 1015 g) 

for the period 1989-1999, 0.30 Pg C for the period 2000-2009 and 0.34 Pg C for 

the period 2010-2020. The Cant inventory estimated for the year 2050 was 0.53 Pg 

C.  

2.5.3. Air-sea CO2 fluxes in the Macaronesian region. 

The spatial distribution of FCO2 was analysed based on changes in the ȹfCO2, the 

wind speed and the solubility (linked with temperature) to evaluate the air-sea CO2 

exchange in the Macaronesian region during winter (Figure 2.8 and 2.9). The 

atmospheric CO2 uptake was found to dominate over outgassing processes at this 

time of the year, coinciding with the CO2 sink behaviour encountered in the 

Northeast Atlantic during the cold months (Curbelo-Hern§ndez et al., 2021; 

Gonz§lez-D§vila et al., 2003).  

The wind forcing has an important role in the variability of the surface physical 

and biogeochemical properties by controlling the spatio-temporal changes in the 

intensity of the African coastal upwelling and contributing to the formation of 

mesoscale eddies. The intense trade winds run the injection of cold deep-water in 

the surface layers favouring the solubility of the atmospheric CO2. It explained the 

high ingassing rates encountered in areas most exposed to wind stress between Sao 

Antao and Sao Vicente in CV-N, in inter-island waters of CA and southwest of 

Madeira (Figure 2.8), where the wind speed reached 15-20 m s-1. It shows the 

relevance of the climatology on the air-sea exchange. However, the wind speed is 

only directly involved in the CO2 gas transfer and influences the intensity of the 

ingassing/outgassing processes, while the formation of CO2 source/sink is 

controlled by changes in ȹfCO2 throughout the Macaronesian region (Figure 2.8 

and 2.9).  
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The average winter ingassing rate in MA (-8.34 mmol m-2d-1) was twice that of CV 

(-4.74 mmol m-2d-1) and CA (-3.90 mmol m-2d-1), which could be explained by its 

colder  

surface waters favouring CO2 solubility and by the lower influence of both the 

coastal upwelling and the arrival of CO2-rich surface filaments due to its furthest 

location from the African coast. However, the leeward side of the MA region 

showed the strongest spatial variability in the air-sea CO2 exchange (Figure 2.8 ï 

c) due to the highly heterogeneous interaction between the atmosphere and the 

surface ocean in this area (Pullen et al., 2017), with FCO2 ranged between 0 and -

28 mmol m-2d-1. These spatial differences were weaker south of CA (between 3 

and -15 mmol m-2d-1; Figure 2.8 ï b) and CV (between 0 and -15 mmol m-2d-1; 

Figure 2.8 ï a), where the vertical movement of water in the core of the island-

induced eddies influenced the changes of the ingassing/outgassing rates. The 

upwelling of deep CO2-rich water in cyclonic eddies decreases the absolute value 

of ȹfCO2 and weakened the ingassing, while the opposite occurs in anticyclonic 

eddies through the Canary Eddy Corridor (Sangr¨ et al., 2009) and downwind of 

Cape Verde (Cardoso et al., 2020). These deep-water rise movements caused 

surface fCO2,sw to exceed fCO2,atm (the ȹfCO2 became positive), which indicate  in 

several locations between CV and Cape Blanc and south of CA that behaved as a 

CO2 source. The maximum outgassing was detected at the Cape Blanc latitude (20-

25 mmol m-2d-1) (Figure 2.9) and was explained by the offshore transport of cold 

but high CO2-saturated waters through the giant Cape Blanc filament (Bonino et 

al., 2020; Gabric et al., 1993; Lovecchio et al., 2017).  

The FCO2 coastal values during POS533 were compared with FCO2 calculated for 

the entire Macaronesian region (13-36ÜN, 6-30ÜW) by using winter SOCAT fCO2,sw 

data referred to 2019 (an interannual increase of 1.8 Õatm per elapsed year was 

considered; Bates et al., 2014). The fCO2,atm data used in this calculation were 

Figure 2.9. Latitudinal changes in FCO2, ȹfCO2 and wind speed along the CV-CA-MA 

transect 
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collected at the Iza¶a Atmospheric Research Center (Tenerife, Canary Islands) and 

provided by the Agencia Estatal de Meteorolog²a (AEMET). The satellite surface 

ocean 6-hourly and 0.25Ü grid wind speed data are derived from the Advanced 

Scatterometer (ASCAT) and provided by the IFREMER-CERSAT. The average 

FCO2 and ȹfCO2 through the monitored vessel track during POS533 were -4.40 

mmol m-2 d-1 and -19.5 Õatm, respectively. This ingassing rate was considerably 

higher than that obtained throughout the entire Macaronesian region based on 

SOCAT data (-0.53 mmol m-2 d-1 and -5.6 Õatm, respectively). It is indicative of a 

stronger winter CO2 sink in island shelves compared to open-ocean areas in the 

Northeast Atlantic (Figure 2.8 and 2.9). Similar behaviour was determined in 

previous studies of the air-sea exchange in other coastal regions and continental 

shelves (e. g. Borges et al., 2006, 2005; Cai, 2011; Cai et al., 2006; Chen et al., 

2013; Chen and Borges, 2009; Laruelle et al., 2018, 2013, 2010). The POS533 and 

SOCAT databases were compilated to analyse the air-sea CO2 exchange in each 

archipelago and in the entire Macaronesian region. The total FCO2 data available 

was well-fitted (r2= 0.76) to a multiparametric regression statistically significance 

at 95% level (ɟ value < 0.05) given by Eq. 2.12 to assess the variability of the air-

sea CO2 exchange and the different factors involved in it. The latitudinal and 

longitudinal distribution of FCO2 and the changes in the physical properties of the 

surface ocean (SST and SSS), in the climatology (wind speed) and in the ȹfCO2 

were considered. This equation fits the winter air-sea exchange in the 

Macaronesian region and can be used to estimate the FCO2 with a standard error 

of estimate of 1.80 mmol m-2 d-1. 

Ὂὅὕ πȢσσπȢπρzὒὥὸὭὸόὨὩπȢπςzὒέὲὫὭὸόὨὩπȢπυzὛὛὝπȢπψz
ὛὛὛπȢςτzὡὭὲὨ ὛὴὩὩὨπȢπωzЎὪὅὕ     

 (2.12) 

The winter average FCO2 for the ocean area of CV (186,000 Km2), CA (145,000 

Km2) and MA (40,250 Km2) were -11.42, -12.40 and -4.45 Gg CO2 d-1 (1 Gg = 109 

g), respectively. The entire ocean area of the Macaronesian region (4,190,000 Km2) 

acted as a CO2 sink during the cold months, with an average FCO2 of -107.30 Gg 

CO2 d-1. Thus, the winter ingassing rate of the archipelagic ocean waters of CV, 

CA and MA represented 26.4% of the atmospheric CO2 absorbed by the ocean in 

the Macaronesian region despite occupying only 8.9% of its total ocean area. These 

results highlighted the relevance of coastal regions and inter-island waters on 

atmospheric CO2 uptake as well as the importance of their incorporation in 

regional and global-scale biogeochemical studies. The assessment of the FCO2 in 

this study improved the knowledge of the air-sea exchange in the Northeast 

Atlantic. 

2.6. Conclusion 

The CO2 cycle was evaluated in (sub)surface coastal transitional, archipelagic and 

open-ocean waters of the Macaronesian region. The spatial heterogeneity in the 

intensity of the Canary Upwelling System and the southernmost position of the 

CVFZ in winter introduced latitudinal differences in the physical and 
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biogeochemical properties. The non-thermal processes were found to have high 

relevance in tropical waters south of Cape Blanc, where the MLD reaches its 

shallowest position and the African coastal upwelling shows its maximum intensity 

at this time of the year. The biological uptake in this region decreased the high 

surface CO2 content expected in this warm area and controlled the fCO2,sw 

distribution. The opposite occurred north of Cape Blanc where the non-thermal 

processes do not compensate the northward decrease of fCO2,sw drove by the 

cooling of the surface water. The advective processes were found to have high 

relevance in the spatial distribution of CO2 through the area of maximum intensity 

of the coastal upwelling and represent an important source of local variability in 

the core of mesoscale eddies generated leeward of each archipelago. The strongest 

injection of deep CO2-rich and low-productive waters in surface layers near Cape 

Blanc and its offshore recirculation through the NEC explained the maximum 

surface fCO2,sw and minimum pH values in the entire Macaronesian region. The 

contribution of these horizontal and vertical transports were lower north of Cape 

Blanc due to the weakening in the intensity of the coastal upwelling and filaments 

(Figure A.4). The vertical mixing processes were also an important source of local 

variability in the core of mesoscale eddies generated leeward of each archipelago. 

The high spatial variability of fCO2,sw in the Macaronesian region was evaluated 

by compilating the POS533 collected data with the SOCAT and GLODAP 

databases. A new set of equations was provided in this study to describe the 

temporal and longitudinal variability of fCO2,sw based on temperature and salinity 

fluctuations (Table 2.2). 

The input and storage of Cant in the (sub)surface archipelagic waters was the main 

driver of the average increase in NCT from NCT
pre accounting for 60.0% in CV-N, 

64.2% in CV-SE, 88.2% in CA-W, 84.7% in CA-E and 86.4% in MA. The 

contribution of the Cant uptake was higher than 90% above the MLD throughout 

leeward coastal areas of the three archipelagos and higher than 78% below the 

MLD in CA and MA. The lowest changes in NCT explained by Cant storing below 

the MLD were found in CV (42.3-47.4%), where the capacity of the ocean interior 

to sequestrate Cant was lower and the contribution of the organic carbon pump was 

higher (52.3-57.4%). The maximum average contribution of the organic carbon 

pump was encountered in CV-N and CV-SE (36.6 and 40.9%, respectively) and 

explained the high stratification and low ventilation of the tropical waters 

weakening the mixed down processes and enhancing remineralization. The 

average contribution of the organic carbon pump fell to 7.5-11.6% toward the low-

stratified and well-ventilated subtropical waters around CA and MA. The role of 

the carbonate pump in the change of NCT was found to be minimal in the entire 

Macaronesian region (0.8-4.2% on average). 

The Cant inventory in coastal waters leeward of the Macaronesian archipelagos was 

analysed for the first-time in this study and compared with Northeast Atlantic 

open-ocean data available in the GLODAP database. The important role of coastal 

areas in the Cant storing was shown in higher average Cant values obtained leeward 

of the islands based on POS533 data (8.74 x 103 Õmol kg-1) than in open-ocean 

waters based on GLODAP data between 2010 and 2020 (7.99 x 103 Õmol kg-1). 



Chapter 2 

73 

 

The POS533 and GLODAP databases were compilated to consider the coastal 

areas in the calculation of the average upper-ocean Cant inventory in an area of 5.4 

x 103 km2 in the Macaronesian region (0.34 Pg C). The amount of Cant was 

described by a new polynomial equation which described its distribution as a 

function of time and depth changes and that can be used to estimate the Cant values 

between 10 and 250 m depth in the Macaronesia region with a standard error of 

estimate of 6.60 Õmol kg-1. 

The analysis of the air-sea CO2 exchange showed that the CO2 sink behaviour 

dominated the outgassing processes in the entire study region at this time of the 

year. The average FCO2 calculated for the monitored transect based on POS533 

data (-4.40 mmol m-2 d-1) and for the entire Macaronesian region based on SOCAT 

data referred to 2019 (-0.53 mmol m-2 d-1) showed the higher-intense ingassing rate 

in island shelves compared to open-ocean areas and proved the need of include 

coastal regions in air-sea CO2 exchange evaluations. The winter average FCO2 

calculated for the total ocean area of the three archipelagos (371,250 Km2) was -

28.27 Gg CO2 d-1, which represented the 26.4% of the winter ingassing rate 

calculated for the ocean area of the Macaronesian region (4,190,000 Km2, -107.30 

Gg CO2 d-1). 

The analysis of the CO2 distribution, the Cant inventory and the air-sea CO2 

exchange developed in this investigation allows a better understanding of the role 

in the climate change of archipelagic waters, coastal regions and island/continental 

shelves. The high relevance of these areas in the ingassing/outgassing processes, 

Cant uptake and storing and (sub)surface distribution of the CO2 system variables 

of the entire Macaronesian region were evaluated and highlighted the importance 

of developing new regional scale studies to include these areas in global models. 

The monitoring and assessment of the CO2 variability in these biogeochemical 

active and exposed to human-pressure areas, especially in ultraperipherical 

populated territories with large areas covered by the ocean such as the archipelagos 

of the Macaronesia, powerfully contributes to the achievement of the goals 

indicated in the most recent IPCC reports 2007 and 2021 (IPCC, 2007; 2021).  
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Data availability 

The data collected during POS533 and used in this investigation are available in 

the PANGAEAÈ data repository (https://www.pangaea.de/): 

Gonz§lez-D§vila, Melchor; Santana-Casiano, Juana Magdalena; Curbelo-

Hern§ndez, David (2023): Surface underway pH and thermosalinograph 

measurements in the Macaronesia region during POS533 

[dataset]. PANGAEA, https://doi.org/10.1594/PANGAEA.956520 

Gonz§lez-D§vila, Melchor; Santana-Casiano, Juana Magdalena; Curbelo-

Hern§ndez, David (2023): Surface-to-bottom total alkalinity, inorganic carbon 

and CTD data in coastal areas leeward of the Macaronesia archipelagos during 

POS533. [dataset]. PANGAEA. https://doi.org/10.1594/PANGAEA.956272 
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Graphical Abstract 

Abstract 

The seasonal and spatial variability of the CO2 system parameters and CO2 air-sea 

exchange were studied in the Northeast Atlantic Ocean between the northwest 

African coastal upwelling and the oligotrophic open-ocean waters of the North 

Atlantic subtropical gyre. Data was collected aboard a volunteer observing ship 

(VOS) from February 2019 to February 2020. The seasonal and spatial variability 

of CO2 fugacity in seawater (fCO2,sw) was strongly driven by the seasonal 

temperature variation, which increased with latitude and was lower throughout the 

year in coastal regions where the upwelling and offshore transport was more 

intense. The thermal to biological effect ratio (T/B) was approximately 2, with 

minimum values along the African coastline related to higher biological activity in 

the upwelled waters. The fCO2,sw increased from winter to summer by 11.84 Ñ 0.28 

ÕatmÜC-1 on the inter-island routes and by 11.71 Ñ 0.25 ÕatmÜC-1 along the 

northwest African continental shelf. The seasonality of total inorganic carbon (CT) 

normalized to constant salinity of 36.7 (NCT) was studied throughout the region. 

The effect of biological processes and calcification/dissolution on NCT between 

February and October represented >90% of the reduction of inorganic carbon while 

air-sea exchange described <6%. The seasonality of air-sea CO2 exchange was 

controlled by temperature. The surface waters of the entire region acted as a CO2 

sink during the cold months and as a CO2 source during the warm months. The 

Canary basin acted as a net sink of -0.26 Ñ 0.04 molC m-2 yr-1. The northwest 

African continental shelf behaved as a stronger sink at -0.48 Ñ 0.09 molC m-2 yr-1. 

The calculated average CO2 flux for the entire area was -2.65 Ñ 0.44 TgCO2 yr-1 (-

0.72 Ñ 0.12 TgC yr-1).  

Keywords: CO2 system, air-sea CO2 exchange, Northeast Atlantic, northwest 

African coastal upwelling, surface ocean observation platform. 
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3.1. Introduction 

The Earthôs oceans are an important carbon sink, removing about one third of the 

total CO2 emissions from the atmosphere (Friedlingstein et al., 2019; Gruber et al., 

2019; Le Qu®r® et al., 2018). A decrease in pH and an alteration of the fundamental 

chemical balances have been observed in the global ocean as a consequence of this 

CO2 uptake (Bates et al., 2014; Doney et al., 2009), affecting marine ecosystems 

and living organisms (Gattuso and Hansson, 2011). In this context, coastal regions 

and continental shelves, which are biogeochemically active regions, play an 

important role in the global carbon cycle. They are characterised by carbon fixation 

and remineralisation ratios higher than the global average and by high spatial and 

temporal variability of the CO2 fluxes (Borges et al., 2005; Cai et al., 2006; 

Frankignoulle and Borges, 2001; Shadwick et al., 2010; 2011). These regions have 

been largely ignored in the Global Carbon Budget due to the limited number of 

local and regional studies and the resulting poor representation in global models. 

Borges et al. (2005) highlighted the importance of coastal areas in the Global 

Carbon Budget. They remarked that the inclusion of coastal zones increased the 

estimated global ocean CO2 sinks by 57% at high latitudes and by 15% in mid-

latitudes, while CO2 emissions from the ocean to the atmosphere increased by 13% 

in tropical and subtropical regions. This is a consequence of the latitudinal 

variability of air-sea CO2 exchange on the continental shelves: medium- and high-

latitude continental shelves acts as net sinks (-0.33 Pg C yr-1) and low-latitude 

shelves act as net sources (0.11 Pg C yr-1) (Borges et al., 2005; Cai et al., 2006; 

Chen et al., 2013). The net carbon flux on the continental shelves ranges between 

~0.25 Pg C yr-1 (Cai, 2011) and 0.4 Pg C yr-1 (Chen et al., 2013). However, these 

results were obtained from scalar approximations and interpolations and show a 

high degree of uncertainty due to the limited available data. A higher number of 

regional carbon cycle studies with a high measurement frequency are required in 

coastal areas and continental shelves in order to improve the characterization of 

the Global Carbon Budget. 

The North Atlantic has been recognized as one of the largest ocean sinks of natural 

and anthropogenic CO2, especially at subtropical and subpolar latitudes (e.g. Jing 

et al., 2019; Khatiwala et al., 2013; Leseurre et al., 2020; Sabine et al., 2004; 

Takahashi et al., 2002; Takahashi et al., 2009). This basin stores 23% of the global 

oceanic anthropogenic CO2 despite covering only 15% of the global ocean area 

due to high vertical integration driven by deep water mass formation processes and 

thermohaline circulation (THC) (Sabine et al., 2004). The greatest source of 

uncertainty in the North Atlantic Carbon Budget is the contribution of the seasonal 

and spatial variability of CO2 system and air-sea exchange in coastal waters and 

on continental shelves, especially in the Eastern Boundary Upwelling Systems. 

The seasonal variability of CO2 on the European continental shelf was studied by 

using a high temporal resolution (Frankignoulle and Borges, 2001). The European 

continental shelf acts as a net sink ranging from -0.09 to -0.17 Pg C yr-1. A similar 

characterization on the African continental shelf in the North Atlantic is difficult 

to perform due to the low temporal resolution of the available regional studies. 

Studies in the Northeast Atlantic are essential to understand the biogeochemical 
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dynamics in the coastal transition region of the northwest African upwelling, with 

high rates of primary production and carbon recycling and export (Huntsman and 

Barber, 1977; Jewell, 1994). The strong influence on the intensity and location of 

the Canary Current (Pelegr² et al., 2005), the effect of the CO2 continental pump 

(Tsunogai et al., 1999) and the oligotrophic ocean waters of the North Atlantic 

subtropical gyre should also be considered. Offshore export of the upwelling 

physicochemical characteristics through superficial cold-water filaments can reach 

several hundred kilometres during the warm months, coinciding with the 

maximum intensity of the upwelling between the Canary Islands and the Strait of 

Gibraltar (Pelegr² et al., 2005). The seasonal variations of the CO2 parameters in 

the Northeast Atlantic subtropical gyre have been studied at the European Station 

of Oceanic Time Series (ESTOC) (Gonz§lez-D§vila et al., 2003; Gonz§lez-D§vila 

et al., 2010; Santana-Casiano et al., 2007). The results show the effects of 

seasonality, mainly due to temperature dependence of the CO2 system parameters 

at the ESTOC site, acting as a CO2 sink during the cold months (December-May) 

and as a source during the warm months (June-November) (Gonz§lez-D§vila et al., 

2003; Santana-Casiano et al., 2001).  

The aim of this study was to analyse the behaviour and distribution of CO2 in the 

Northeast Atlantic region between the Canary Islands and the Strait of Gibraltar 

from February 2019 to February 2020. The first objective was to obtain high 

frequency measurements and data through autonomous monitoring systems 

deployed on a surface ocean observing platform (SOOP) on a volunteer observing 

ship (VOS), SOOP CanOA-VOS. Samples were analysed on the Canary basin and 

on the African continental shelf (Figure 3.1) and discussed considering surface data 

collected by other VOS and research vessels in the Northeast Atlantic (26-38ÜN, 5-

20ÜW) (SOCAT v2020).  

3.2. Material and methods  

Seasonal variability in the distribution and air-sea exchange of CO2 was studied in 

the oceanic waters of the Canary archipelago and in the transitional waters between 

the northwest African coastal upwelling and the oceanic waters of the North 

Atlantic subtropical gyre. The high spatial and temporal data was obtained using 

automated underway systems aboard the SOOP CanOA container ship RENATE P 

(IMO: 9144718), a VOS operated by Nisa Maritime. The vessel has an usual route 

which stops at three ports in the Canary Islands (Las Palmas de Gran Canaria 

(28.1319ÜN, 15.4185ÜW; GC), Santa Cruz de Tenerife (28.4867ÜN, 16.2284ÜW; 

TNF), Arrecife (28.9682ÜN, 13.5294ÜW; LNZ), and travel northward towards the 

Mediterranean Sea crossing the Strait of Gibraltar (SG). The data was collected 

with a frequency of two weeks (time required to perform a round trip) at the port 

of Las Palmas de Gran Canaria. This study focused on the Northeast Atlantic 

Ocean and was divided into two regions. First, the oceanographic environment of 

the Canary Islands, between Gran Canaria and Tenerife (GC-TNF) and between 

Tenerife and Lanzarote (TNF-LNZ). Second, the coastal region and transition to 

ocean waters of northwest Africa, between the Canary Islands and the Strait of 

Gibraltar (CI-SG). 
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3.2.1. Temperature, salinity and xCO2 measurements 

An automated underway seawater and low atmospheric CO2 molar fraction (xCO2) 

measurement system, developed by Craig Neill and commercialized by General 

OceanicsÊ, with additional sensors of temperature, salinity and oxygen, was 

installed inside the engine room of the RENATE P container ship. The system 

Figure 3.1. VOS routes in the region of interest in the Northeast Atlantic. Inter-insular 

routes between Gran Canaria and Tenerife (GC-TNF) and between Tenerife and 

Lanzarote (TNF-LNZ) monitor the easternmost part of the Canary basin, while the 

Canary Islands-Strait of Gibraltar route (CI-SG) monitors the transition zone between 

coastal and open-ocean waters along northwest Africa. Points marked on the inter-

island routes locate the ship's docking ports of Las Palmas de Gran Canaria (GC, red), 

Santa Cruz de Tenerife (TNF, green) and Arrecife (LNZ, yellow).  
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combines an air and water equilibrator with an infrared analyser for detection 

which produces comparable and high quality data sets (Pierrot et al., 2009).  

The system calibration was carried out automatically on departure from and arrival 

at each port, and periodically every three hours during the shipôs journey, with four 

standard gases (0 ppm, 249.37 ppm, 397.83 ppm and 524.74 ppm) provided by the 

National Ocean and Atmospheric Administration (NOAA) and traceable to the 

World Meteorological Organization (WMO). 

Measurements of xCO2 (ppm) in seawater with frequencies of 2-3 minutes were 

performed by extracting seawater from the shipôs supply at flow rates greater than 

60 L min--1 and passing it through a plexiglass equilibrator at flow rates ranging 

between 3 and 4 L min-1. The system also performs three xCO2 measurements in 

low atmosphere per hour used to compute atmospheric CO2 content. In both cases, 

a non-dispersive infrared analyser built by LICORÈ (initially the 6262 model and 

after October 2019, a 7000 model) were used for the detection of xCO2. 

The sea surface temperature (SST, in ÜC) was measured using a SBE38 

thermometer placed at the main seawater intake not affected by the ship engine. A 

SBE21 thermosalinograph (TSG), with an estimated error of 0.01ÜC, was located 

near the xCO2 system. In addition, the temperature in the equilibrator was 

monitored due to the high sensitivity of xCO2 to temperature changes. Sea surface 

salinity (SSS) was measured with a manually calibrated SBE21 

thermosalinograph, with an estimated error of Ñ0.005. Atmospheric pressure was 

measured by the deckôs transducer (these pressure records being different in the 

order of millibars with the pressure near the xCO2 system, inside the ship). 

Due to technical problems with the measurement equipment aboard the VOS, no 

temperature, salinity or xCO2 measurements were obtained during March 2019 

(problems with water intake), during the second half of August 2019 (problems 

with LICOR flow) and on a limited number of return journeys from the port of 

Barcelona. 

3.2.2. Variable determination 

This study followed the data collection methodology, quality control and 

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

manual for carbon dioxide analysis in seawater (Dickson et al., 2007). From the 

measured and corrected values, the fugacity of CO2 was calculated in seawater 

(fCO2,sw) and the lower atmosphere (fCO2,atm) following the procedure as indicated 

by Pierrot et al. (2009).  

The partial effect of thermal and non-thermal factors on seasonal variation of 

fCO2,sw was studied using the equations presented by Takahashi et al. (2002), with 

the temperature effects on fCO2,sw for isochemical seawater of 0.0423ÜC-1 

determined experimentally by Takahashi et al. (1993) for a North Atlantic surface 

water sample. To study the non-thermal effect, termed in this work as biological 

effect, fCO2,sw was normalized to the average temperature (Eq. 3.1) to remove the 

temperature effect. The biological effect was obtained from the seasonal amplitude 



Chapter 3 

 

85 

 

of the normalized fCO2,sw (Eq. 3.2). The thermal effect was calculated by 

computing the average value of fCO2,sw to the observed temperature (Eq. 3.3) and 

determining its seasonal amplitude (Eq. 3.4). The relative importance of thermal 

and biological effects was expressed by the T/B ratio [(ȹfCO2)temp/(ȹfCO2)bio], 

where values greater than 1 indicated that the temperature effect dominated over 

the biological effect. 

Ὢ#/ 4 Ὢ#/  ÅØÐ πȢπτςσ4 4    (3.1) 

ɝὪ#/ Ὢ#/ 4  Ὢ#/ 4   (3.2) 

Ὢ#/ 4 Ὢ#/  ÅØÐ πȢπτςσ4 4   (3.3) 

ɝὪ#/ Ὢ#/ 4  Ὢ#/ 4   (3.4) 

The CO2 fluxes (FCO2) were determined using Eq. 3.5: 

&#/ πȢςτ3Ὧ ɝὪ#/    (3.5) 

where 0.24 is a conversion factor to express data in mmol m-2d-1; S is the solubility 

of CO2 in seawater and ȹfCO2 is the difference between the seawater and low 

atmosphere fCO2 (fCO2,sw ï fCO2,atm). Negative fluxes indicate that the ocean acts 

as an atmospheric CO2 sink, while the positive ones indicate that it behaves as a 

source. The parameterization of Wanninkhof (2014) was used in this study, with k 

being the gas transfer rate expressed in Eq. 3.6: 

  Ὧ πȢςυρ×
Ȣ

    (3.6) 

where w is the wind speed (m s-1) and Sc is Schmidt number (cinematic viscosity 

of seawater, divided by the gas diffusion coefficient). 

For the FCO2 calculations, daily averages of ocean surface wind speed were used 

with spatial resolution of 0.25Ü x 0.25Ü derived from the Advanced Scatterometer 

(ASCAT) and obtained from the Satellite Research and Exploitation Center 

(CERSAT), at IFREMER, Plouzane (France). These wind data were interpolated 

based on the latitude, longitude and date of the VOS line.  

In addition, 54 surface water samples were manually taken along the route during 

February 2020 with a temporal frequency of 4 hours and in situ measurements of 

SST and SSS. Samples from the intake seawater line were taken in borosilicate 

glass bottles, overfilled, preserved with 100 Õl of saturated HgCl2, kept in darkness 

and analysed just after arriving at port, in a period less than 2 weeks. The total 

alkalinity (AT, Õmol kg-1) was determined following the methodology described 

by Mintrop et al. (2000) with an accuracy of Ñ1.5 Õmol kg-1. The AT was also 

calculated according to the global relationships of AT with SSS and SST in global 

surface waters described by Lee et al. (2006), for the subtropical ocean (30ÜS-

30ÜN) and the North Atlantic (30ÜN-80ÜN) for the measurements taken on the inter-

island routes and on the Canary Islands-Strait of Gibraltar route, respectively.  
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The AT values obtained from the analysed samples and those calculated presented 

an average difference of 3.26 Ñ 0.28 Õmol kg-1. Due to the similarity of both values, 

AT was calculated using the fitting equation of the AT values obtained from discrete 

samples (Eq. 3.7) (temperature was not found to improve the fitting of the 

experimental data). It was assumed that the AT-SSS relationship was valid 

throughout the full year in tropical and subtropical latitudes (Lee et al., 2006). 

ὃ ρωωπȢυππστυφȢφωπωὛὛὛσυ ρςυȢςππυὛὛὛσυ      (3.7) 

From the AT and fCO2 values, the Total Dissolved Inorganic Carbon (CT, Õmol kg-

1) and pH in total scale (pHT) were computationally determined with the Excel 

program CO2sys, using the carbonic acid dissociation constants of Lueker et al. 

(2000), the ὌὛὕ dissociation constant of Dickson (1990) and the value of [B]I 

determined by Lee et al. (2010).  

The temporal variation of CT was studied using the equation of Sarmiento and 

Gruber, (2006) (Eq. 3.8). This equation describes the change in CT over time 

produced by air-sea CO2 exchange (EX), horizontal and vertical advection (TRSP), 

net community production (NCP), horizontal and vertical diffusion (DIFF) and 

vertical entrainment from the mixed layer (ENT).  

ȿ ȿ ȿ ȿ ȿ      (3.8) 

The NCT variation was studied between February and October, when CT decreased 

and the vertical mixing with the underlying layers of the thermocline were 

suppressed due to the increase in stratification of the surface waters and the 

decrease in the mixed layer depth (MLD) (Gonz§lez-D§vila et al., 2003; Santana-

Casiano et al., 2007). The observed CT growth period between October and 

February was excluded due to lack of CT values at the bottom of the MLD. The 

vertical diffusion at BATS (Gruber et al., 1998) and ESTOC (Gonz§lez-D§vila et 

al., 2003) was found to be small. Therefore, the vertical entrainment and diffusion 

terms were omitted. The change in NCT was calculated as the difference between 

two consecutive months and was expressed in mmol m-3, considering the seawater 

density. Negative values were indicative of a decrease of NCT in surface waters. 

The air-sea CO2 exchange (EX) term was obtained from the relationship between 

FCO2 and MLD. The annual climatological monthly MLD was estimated from a 

variable temperature threshold of 0.2 ÜC and obtained at IFREMER with a spatial 

resolution of 2 x 2Ü (Boyer Mont®gut et al. 2004, 2007, Mignot et al. 2007). The 

annual MLD cycle in the Northeast Atlantic was fitted to the harmonic Eq. 3.9 

(latitude was not found to improve the fitting of the monthly MLD data). 

ὓὒὈ υυȢυυ συȢτωÃÏÓρȢυυυÄÁÙÓρχȢυωÓÉÎ ρȢυυυÄÁÙÓ     (3.9) 

The MLD variation range estimated for the ESTOC site (1995-2004) by Santana-

Casiano et al. (2007) following Brainerd and Gregg, (1995) was used, with 
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minimum and maximum depth values of 25 and 120 meters for the periods of 

September-October and February-March, respectively, and considering the 

harmonic decrease of MLD given by Eq. 3.9 between February and October, 2019. 

For the horizontal transport component (TRSP), the difference between African 

coastal and oceanic stations selected in a similar latitude range (ȹNCT = NCT, (coastal 

waters) - NCT, (oceanic waters)) were considered. The NCT was estimated at both stations 

taking into account the spatial change in salinity using the CT-Salinity fit line at 

the most coastal point. The NCT variation by horizontal advection was obtained 

from the product of ȹNCT and the change in salinity with time at the most oceanic 

point. Positive values indicated that horizontal transport occurred from coastal 

upwelled waters to oceanic waters through surface filaments, while negative 

values indicated that the transport direction was reversed. Lastly, the change in 

NCT due to biological processes (NCP) considered the sum of changes in 

calcification/dissolution and photosynthesis/respiration processes and was 

obtained directly from Eq. 3.8. Negative values indicate a decrease in NCT due to 

uptake (primary production) and calcification, while positive values reveal an 

increase in NCT due to remineralization and dissolution. 

3.2.3. Computational methods 

The raw output data was initially filtered eliminating data stations affected by the 

automatic sampler such as samples measured at low water flow rates (< 2.5 L min-

1). The measured xCO2 values were corrected following the indication of Pierrot 

et al. (2009), linearly interpolating the standard values with the xCO2 measurement 

times and performing a linear regression using a least-squares analysis to obtain 

the corrected xCO2 value in relation to the certified standard values (section 3.2.2.). 

The three fCO2,atm values obtained after each calibration were averaged and 

linearly interpolated with the times of each fCO2,sw. The ȹfCO2 was computed from 

the difference between the fCO2,sw and the fCO2,atm values and was used in the 

FCO2 calculations (section 3.2.2). 

The processed data were divided according to the three journeys of interest: GC-

TNF, TNF-LNZ and CI-SG. To study the seasonal variability, SST, SSS, CT, 

fCO2,sw, FCO2 and pHT values were averaged every 0.05Ü of longitude on the GC-

TNF route, 0.1Ü of longitude on the TNF- LNZ route and 0.25Ü of latitude on the 

CI-SG route. The annual and seasonal average were estimated as a function of 

latitude or longitude, respectively. 

The temporal distribution of the variables of interest was calculated using strategic 

stations on each route. The average physicochemical variables (y) for each location 

were fitted to harmonic functions (Eq. 3.10) as a function of time (x) in order to 

study the seasonal variability and the thermal and non-thermal effect in fCO2,sw 

(L¿ger et al., 2004; Takahashi et al., 2002). Coefficients a-e for all the 

physicochemical variables studied on each route are available in Table B.1. 

Ù Á ÂÃÏÓςʌØ ÃÓÉÎςʌØ ÄÃÏÓτʌØ ÅÓÉÎτʌØ      (3.10) 
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The results were compared to surface data collected by other VOS and research 

vessels in the Northeast Atlantic (26-38ÜN, 5-20ÜW) and available at the Surface 

Ocean CO2 Atlas (SOCAT v2020, https://www.socat.info/) for the North Atlantic, 

Tropical Atlantic and Coastal Regions. The available SOCAT data for the period 

1991-2019 were used to study the monthly frequency and the annual cycle of 

fCO2,sw in 2019 by considering an interannual rate of increase of 1.8 Õatm per 

elapsed year (Bates et al., 2014). SST satellite images were obtained from Marine 

Copernicus database (https://marine.copernicus.eu/). 

3.3. Results 

The determined (fCO2) and computed (CT, pHT and FCO2) variables allowed for 

the determination of the seasonal and spatial variability of the CO2 system and 

fluxes in the Northeast Atlantic Ocean. We considered three routes: Gran Canaria-

Tenerife (GC-TNF), Tenerife-Lanzarote (TNF-LNZ) and Canary Islands-Strait of 

Gibraltar (CI-SG). The seasonal variability of fCO2,sw due to the partial effect of 

temperature and biological activity at strategic stations on each of the routes 

received special attention in this study. 

The annual and seasonal averages of the carbon variables (Table 3.1) show that the 

maximum SST values observed during late summer) on all routes coincided with 

maximum values of fCO2,sw and FCO2 and minimum values of pHT. The seasonal 

average of CT was also minimum at this time of the year (Gonz§lez-D§vila et al., 

2003; Santana-Casiano et al., 2007). The average seasonal variation of SST and 

SSS along the African coast (3.95 Ñ 0.05 ÜC and 0.232 Ñ 0.004, respectively) were 

higher than on the GC-TNF (3.16 Ñ 0.01 ÜC and 0.080 Ñ 0.012, respectively) and 

the TNF-LNZ routes (3.23 Ñ 0.01 ÜC and 0.056 Ñ 0.004, respectively). The highest 

values of SST and SSS throughout the year were found in the southernmost section 

of the study region. Moreover, the average seasonal variation of fCO2,sw and pHT 

in the Canary waters (42.12 Ñ 0.07 Õatm and 0.040 Ñ 0.001 units, respectively) 

turned out to be slightly lower than those obtained in the northwest African coastal 

waters (50.39 Ñ 1.13 Õatm and 0.048 Ñ 0.001 units, respectively). Figures B.1, B.2 

and B.3 show the temporal and spatial distribution of the studied variables on each 

route. The CT was normalized (NCT) to a constant SSS of 36.7 (the annual average 

SSS for the entire region) to remove the effect of evaporation and precipitation. 

Similarly, the pHT values were normalized to a constant temperature of 21.0 ÜC 

(pHT,21) to remove the temperature dependence on the variation of pHT (Santana-

Casiano et al., 2001; Gonz§lez-D§vila et al., 2003). The fCO2,sw was normalized to 

the average SST of each route to study the thermal and non-thermal effect in their 

spatial and temporal distribution, as indicated in section 3.2.2. 

3.3.1. Inter-island routes  

From February 2019 to February 2020, 23 inter-island routes were completed 

between Gran Canaria and Tenerife (GC-TNF, 15.4ÜW-16.2ÜW), 17 between 

Tenerife and Lanzarote (TNF-LNZ, 16.2ÜW-13.5ÜW) and 2 between Gran Canaria 

and Lanzarote (GC-LNZ, 15.4ÜW-13.5ÜW); the latter were included with the TNF-

LNZ route. The inter-island routes followed a latitudinal transect between 28.1ÜN 
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and 29.0ÜN. The results showed temporal and longitudinal variation and were 

annually and seasonally averaged every 0.05Ü and 0.1Ü longitude on the GC-TNF 

and TNF-LNZ routes, respectively (Figure 3.2). 
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The seasonal trends of CO2 system parameters and fluxes both on the GC-TNF and 

the TNF-LNZ routes were similar and coincided with previous studies at ESTOC 

(Gonz§lez-D§vila et al., 2003; Gonz§lez-D§vila et al., 2010; Santana-Casiano et 

al., 2007). The maximum average seasonal variation (winter to summer values) of 

fCO2,sw and FCO2 were 42.15 Ñ 0.10 Õatm and 5.56 Ñ 0.01 mmol m-2 d-1, 

respectively, on the GC-TNF route and 42.09 Ñ 0.02 Õatm and 5.00 Ñ 0.03 mmol 

m-2 d-1, respectively, on the TNF-LNZ route. The seasonality of pHT was linked to 

changes in fCO2,sw and FCO2, with inverse seasonal trends of fCO2,sw and pHT 

throughout the longitudinal transects. The maximum average variation of pHT was 

0.040 Ñ 0.001 units for both routes between winter and summer. However, once 

the temperature dependence was removed, the maximum average variation of 

pHT,21 occurred between autumn and spring, decreasing by approximately 0.02 

units (0.019 Ñ 0.001 and 0.024 Ñ 0.001, respectively). The maximum variation 

range in CT was similar for both routes (13.14 Ñ 0.22 and 14.18 Ñ 0.32 Õmol         kg-

1) and took place between cold and warm months. Seasonal changes showed 

longitudinal differences on both the GC-TNF and the TNF-LNZ routes. The 

system behaved as a source of CO2 in the warm months (June-November) and as 

a sink in the cold months (December-May), coinciding with maximum and 

minimum values of fCO2,sw, respectively (Table 3.1). 

3.3.1.1. Gran Canaria-Tenerife route (GC-TNF) 

The seasonal variability of the variables along the GC-TNF route presented 

longitudinal differences between the westernmost area and the easternmost region, 

particularly in the warm months (Figure 3.2). The seasonal averages of fCO2,sw and 

FCO2 were higher in the westernmost section of the route (15.95-16.20ÜW) in 

autumn (408.33 Ñ 0.79 Õatm and 1.16 Ñ 0.15 mmol m-2 d-1), coinciding with the 

maximum registered temperatures (22.22 Ñ 0.03 ÜC) (Figures 3.2 and B.1). The 

maximum autumn average values of fCO2,sw and FCO2 at 16.025ÜW were 410.45 Ñ 

0.72 Õatm and 1.92 Ñ 0.14 mmol m-2 d-1, respectively, decreasing eastwardly to 

399.52 Ñ 0.60 Õatm and -0.85 Ñ 0.13 mmol m-2d-1, respectively, at 15.925ÁW. This 

change in behaviour from source to sink within only 0.1Ü longitude can be 

explained by the location of this part of the route in a leeward area of the Anaga 

mountains, on the east coast of Tenerife. 

In order to understand longitudinal differences, two stations were selected along 

the GC-TNF route: the first positioned in a coastal influenced area (16.05 Ñ 0.1ÜW) 

and the second in an open-ocean region (15.7 Ñ 0.1ÜW), in which FCO2 was 

negative (sink) during most of the year except for the summer (Figure 3.3). The 

highest SST and SSS values throughout the year and the greatest variability of 

FCO2 occurred at the westernmost station. The SST, fCO2,sw and FCO2 averages 

were calculated from September to October to observe autumn longitudinal 

differences. The westernmost station presented higher CO2 variables (23.05 Ñ 0.06 

ÜC, 420.46 Ñ 0.85 Õatm and 3.55 Ñ 0.13 mmol m-2 d-1) than the easternmost station 

(22.60 Ñ 0.05 ÜC, 416.89 Ñ 0.59 Õatm and 2.51 Ñ 0.09 mmol m-2 d-1). Values of pHT 

and pHT,21 changed by 0.003 Ñ 0.001 and 0.004 Ñ 0.001 units, respectively, between 

the stations in the same period. An average spatial fCO2,sw difference of 1.60 Ñ 0.27 
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Õatm was obtained between westernmost and easternmost stations. The seasonal 

variation of fCO2,sw was driven by temperature, with the T/B ratio at the 

westernmost station being slightly higher than at the easternmost station (Table 

3.2) due to the spatial difference in ȹfCO2,temp (81.15 and 69.60 Õatm, 

respectively).  
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The CT and NCT presented a seasonal trend at both stations (Figure 3.3), with the 

lowest annual average NCT (2102.97 Ñ 1.30 Õmol kg-1) located at the westernmost 

station with higher salinity values (36.788 Ñ 0.022). The trends show that the 

decrease in CT and NCT values took place on both inter-island routes between 

February-March and September-October, when MLD decreased and stratification 

increased due to surface warming (Santana-Casiano et al., 2007). As a result, 

vertical mixing of deep waters decreased. Between September and October, low 

SSS values (<36.5) were measured at 15.7 Ñ 0.1ÜW, coinciding with slightly lower 

values of SST and CT (22.60 Ñ 0.05 ÜC and 2098.17 Ñ 1.88 Õmol kg-1, respectively) 

compared to the station 16.05 Ñ 0.1ÜW  (23.05 Ñ 0.06 and 2100.86 Ñ 1.04 Õmol kg-

1, respectively). This suggests that a cold and low salinity filament could be passing 

through this station during this period of the year and that the CT would be depleted 

at the surface due to the increase in biological uptake.  

Figure 3.3. Seasonal variability of average (a) SST, (b) SSS and CO2 system parameters 

((c) CT, (d) NCT, (e and f) fCO2,sw, (g) FCO2 and (h) pHT and pHT,21) at 16.05 Ñ 0.1ÜW 

(blue) and 15.7 Ñ 0.1ÜW (red) along the GC-TNF route.  
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3.3.1.2. Tenerife-Lanzarote (TNF-LNZ) 

Longitudinal variations were observed on the TNF-LNZ route, especially during 

summer and autumn. The fCO2,sw and FCO2 during summer were higher at 

approximately 16.0ÜW (426.77 Ñ 0.83 Õatm and 2.51 Ñ 0.08 mmol m-2 d-1), 

coinciding with the maximum SST (22.93 Ñ 0.05 ÜC) (Figures 3.2 and B.2). The 

average decrease in fCO2,sw during summer between the westernmost and the 

easternmost section (16.05ÜW and 13.55ÜW) was ~6.02 Õatm and led to an increase 

in pHT and pHT,21 of 0.006 Ñ 0.001 and 0.011 Ñ 0.001 units, respectively. The 

fCO2,sw and FCO2 in the easternmost section of the route increased during autumn 

within the channel between Lanzarote and Fuerteventura and in coastal waters to 

the south of Lanzarote. During autumn, the surface waters changed from being a 

CO2 sink to being a powerful CO2 source similar to what was observed during 

summer in the same location, with an increase in FCO2 from -0.64 Ñ 0.10 to 2.57 

Ñ 0.15 mmol m-2 d-1 between 14.15ÜW and 13.55ÜW. SST and SSS were relatively 

constant in the westernmost part of the route and decreased eastwardly during all 

seasons. The maximum variations of SST and SSS (-0.52 Ñ 0.02 ÜC and -0.11 Ñ 

0.03, respectively) with respect to the average (20.99 Ñ 0.05 ÜC and 36.75 Ñ 0.06, 

respectively) were observed in the easternmost section around the channel between 

Lanzarote and Fuerteventura, in a region close to the African continental shelf and 

influenced by filament incursion. In the westernmost sector, protected by the 

eastern islands from filament incursions (Davenport et al., 1999), the maximum 

variations of SST and SSS were 0.5 Ñ 0.02 ÜC and 0.07 Ñ 0.04, respectively. 

Table 3.2. Ratios T/B obtained at the selected stations on the GC-TNF, TNF-LNZ and CI-

SG routes. 
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Four stations along the TNF-LNZ route (15.6 Ñ 0.1ÜW, 15.0 Ñ 0.1ÜW, 14.5 Ñ 0.1ÜW 

and 13.9 Ñ 0.1ÜW) were selected (Figure 3.4). The results obtained for the three 

westernmost stations with the lowest coastal influence were similar to those 

obtained on the GC-TNF route. At 13.9 Ñ 0.1ÜW, in a shallower region within the 

Figure 3.4. Seasonal variability of average (a) SST, (b) SSS and CO2 system parameters 

((c) CT, (d) NCT, (e-h) fCO2,sw, (i) FCO2 and (j) pHT and pHT,21) at 15.6 Ñ 0.1ÜW (blue), 

15.0 Ñ 0.1ÜW (red), 14.5 Ñ 0.1ÜW (green) and 13.9 Ñ 0.1ÜW (black) along the TNF-LNZ 

route. 
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Lanzarote and Fuerteventura channel, annual average of SST (20.57 Ñ 0.10 ÜC) and 

SSS (36.652 Ñ 0.023) were lower (0.33-0.53 ÜC and 0.109-0.140) than at the other 

stations due to the decrease of the bottom depth and its greater exposure to cold 

and less salinity water filaments. The highest seasonal FCO2 variability was 

observed at the easternmost station, with maximum outgassing from June to 

October (2.53 Ñ 0.15 mmol m-2 d-1). Seasonal variability of fCO2,sw was mainly 

driven by thermal effects at all the stations. The T/B ratios (Table 3.2) show that 

temperature control dominated over biological activity at the westernmost stations. 

The seasonal variability of pHT was driven by the change in fCO2,sw and was also 

greater at the westernmost and easternmost point. When the temperature 

dependence on pHT was removed, the maximum variability of pHT,21 was observed 

at stations 15.0 Ñ 0.1ÜW and 14.5 Ñ 0.1ÜW. Values of pHT,21 were higher at 15.6 Ñ 

0.1ÜW during the cold months, while minimum values were registered at 13.9 Ñ 

0.1ÜW throughout the year. 

The CT variation (Figure 3.4) was similar at all stations and coincided with that 

observed on the GC-TNF route (Figure 3.3). The NCT change ranged between 

~2090 and ~2015 Õmol kg-1 at all stations except for the stations located within the 

channel between Lanzarote and Fuerteventura, where NCT ranged between ~2105 

and ~2120 Õmol kg-1, due to a higher mixing with deep rich CO2 water.  

3.3.2. Canary Islands-Strait of Gibraltar route (CI-SG)  

27 transects were completed between the Canary Islands and the entry of the Strait 

of Gibraltar (~28.1-35.8ÜN). These transects were used to study the seasonal and 

spatial variability of the CO2 system and air-sea exchange in transitional waters 

between the northwest African coastal upwelling and the oligotrophic open-ocean 

waters of the North Atlantic subtropical gyre. The usual route of the vessel runs at 

an approximate distance of 2-4Ü of longitude from the African coastline at its 

furthest point around the Bay of Agadir and Cape Ghir latitude (~30.6ÜN) and 

between 0.5 and 1.5Ü of longitude at its closest point around the Cape Beddouza 

latitude (~32.5ÜN). Only during April 2019, the vessel was close to the African 

coastline (~0.5Ü of longitude) along the area of maximum upwelling between Cape 

Ghir and Beddouza. 

The temporal and latitudinal distribution of the results (Figure B.3) shows a 

seasonality similar to that observed in the Canary basin (Figure B.1 and B.2), with 

fCO2,sw values directly proportional (R2 > 0.76) to the measured SST. Annual and 

seasonal average every 0.25Ü latitude (Figure B.5) showed that temperature drives 

fCO2,sw and FCO2 variations. The maximum and minimum fCO2,sw and FCO2 

values were observed during summer (June-September) and winter (December-

March), respectively. These values presented a strong latitudinal variability during 

all the seasons along the northwest African coastline. The average fCO2,sw and pHT 

presented a maximum latitudinal variation during summer (43.15 Ñ 1.92 Õatm and 

0.036 Ñ 0.002 units, respectively), which was three times greater than the annual 

average of maximum latitudinal variation (13.14 Ñ 1.78 Õatm and 0.011 Ñ 0.001 

units, respectively). 
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Minimum summer average SST, SSS, fCO2,sw and FCO2 and maximum summer 

pHT were observed at the Cape Ghir latitude (Figure 3.5), between the area of 

greatest intensity of the coastal upwelling to the north and the concave part of the 

coastline near the Canary archipelago, where the wind direction is locally modified 

and the upwelling is less intense. 

Two anomalous events occurred on April 6 and December 14, 2019 (Figure B.3): 

minimum and maximum values of fCO2,sw, were respectively determined. At the 

same time, minimum SST were recorded in the section between Cape Sim 

(~31.4ÜN) and Beddouza (~32.5ÜN), possibly related to cold water upwelling. The 

minimum fCO2,sw on April 6, 2019 could indicate that biological absorption 

reduced the CO2 excess in cold upwelled waters, while the maximum in December 

suggests that biological activity at this time of the year was not enough to reduce 

the CO2 excess. 

Figure 3.5. Annual and seasonal averages of SST, SSS and CO2 system parameters and 

fluxes every 0.25Ü of latitude on the CI-SG route. 
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Five stations were selected along the northwest African coast. The station at 29.8 

Ñ 0.2ÜN (Figure 3.6) is located near the Bay of Agadir, south of Cape Ghir, an area 

protected from strong north-easterly winds by the Atlas Mountains (Mittelstaedt, 

1991). The stations at 30.7 Ñ 0.2ÜN (Figure 3.6) and 31.2 Ñ 0.2ÜN (Figure B.4) were 

located between Cape Ghir and Cape Sim and were used to study the influence of 

intense upwelling and the presence of a strong quasi-permanent filament on the 

CO2 system and air-sea exchange at the longitude visited by the vessel. Finally, the 

stations at 33.0 Ñ 0.2ÜN (Figure 3.6) and 34.2 Ñ 0.2ÜN (Figure B.4) were located 

north of Cape Beddouza to compare the different influence of upwelling on the 

Figure 3.6. Seasonal variability of average SST, fCO2,sw, FCO2 and pHT in open-ocean 

and coastal waters at points of interest on the CI-SG route located at 29.8 Ñ 0.2ÜN, 30.7 

Ñ 0.2ÜN, and 33.0 Ñ 0.2ÜN. 
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CO2 system along the northwest African coast. Due to the longitudinal variability 

of the routes, westernmost and easternmost longitudinal intervals were represented 

separately to study the open-ocean and coastal waters, respectively. 

The seasonal variation range of fCO2,sw, pHT and pHT,21 were maximum to the north 

of Cape Beddouza (78.19 Ñ 0.24 Õatm, 0.074 Ñ 0.001 and 0.046 Ñ 0.001 units, at 

station 33.0 Ñ 0.2ÜN) and minimum around Cape Ghir (49.47 Ñ 0.03 Õatm, 0.048 

Ñ 0.001 and 0.044 Ñ 0.001 units at station 30.7 Ñ 0.2ÜN), coinciding with the 

maximum and minimum seasonal SST variation (6.43 Ñ 0.01 and 5.10 Ñ 0.05 ÜC 

at the respective stations). In the Bay of Agadir (Figure 3.6), the SST, fCO2,sw and 

pHT range was intermediate between those observed at the previous stations. The 

latitudinal difference was especially high during summer and autumn (Figure 3.5) 

due to a spatial change in SST of ~3 ÜC (between ~20 and ~23 ÜC) throughout the 

latitudinal range, with maximum fCO2,sw and minimum pHT around 420 Õatm and 

8.03 units, respectively, at the southernmost stations and 450 Õatm and 8.01-8.02 

units, respectively, at the northernmost stations (Figures 3.5 and B.4). During 

winter and spring, the spatial change in SST was slightly lower (~2 ÜC, between 

~17 and ~19 ÜC) and the fCO2,sw and pHT were practically constant at all stations 

(360-370 Õatm and 8.08-8.09 units). The strongest sink was observed in the cold 

period between the Canary Islands and Cape Beddouza, where the range of 

variation of FCO2 was maximum (between ~-3.66 and ~1.46 mmol m-2 d-1 south 

of Cape Beddouza and between ~-2.35 and ~1.67 mmol m-2 d-1 north of Cape 

Beddouza). 

The T/B ratios (Table 3.2) show that the fCO2,sw variations were driven by thermal 

processes at all stations. The thermal effect on the seasonality of fCO2,sw was 

strongest north of Cape Beddouza towards more temperate regions, where the 

coastal upwelling loses intensity and biological activity is reduced. The lowest 

values (Table 3.2) were in Cape Ghir latitude, where the intensity of upwelling and 

phytoplankton blooms was highest. These differences derived from the change in 

the intensity of upwelling have also been reflected in the variation of CT (Figure 

B.5) which was maximum at 30.7 Ñ 0.2ÜN and 31.2 Ñ 0.2ÜN, where the seasonal 

change in SSS (Figure B.5) is greater due to the different intensity of the upwelling 

and offshore transport throughout the year. Once the salinity effect was removed, 

NCT (Figure B.5) decreased between February and October derived from the 

increase in biological uptake at this time of the year. Moreover, NCT increases in 

the cold months due to both vertical mixing and the strong CO2 sink at this time of 

year caused by the low SST recorded in the upwelling. At the rest of the stations, 

the variability of CT and NCT was lower and encompassed similar ranges to those 

observed on the inter-island routes, which reflects the lower influence of upwelling 

at these stations. 

Longitudinal differences were observed between coastal and oceanic waters. The 

T/B ratio (Table 3.2) was higher in Cape Sim and Beddouza (31.2 Ñ 0.2ÜN and 33.0 

Ñ 0.2ÜN, respectively), which may be related to the greater amplitude of seasonal 

variation in SST observed compared to the open-ocean zone. 
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3.4. Discussion 

3.4.1. Seasonal variability of fCO2,sw and pHT 

The seasonal variability of fCO2,sw and FCO2 values was driven by seasonal 

variations of SST, where the system behaved as a source in the warm months and 

as a sink in the cold months. This agrees with previous studies at the ESTOC site 

(Gonz§lez-D§vila et al., 2003; Gonz§lez-D§vila et al., 2010; Santana-Casiano et 

al., 2001; Santana-Casiano et al., 2007). The greatest increase in fCO2,sw occurred 

between winter and summer and followed a linear trend with temperature (Figure 

B.6), with a linear regression slope of 12.27 Õatm ÜC-1 for the GC-TNF route, 11.41 

Õatm ÜC-1 for the TNF-LNZ route and 11.71 Õatm ÜC-1 for the CI-SG route. The 

theoretically fCO2,sw - SST relationship of 16.5 Ñ 1.1 Õatm ÜC-1 was reduced 

between February and October (10.35, 9.81 and 10.48 Õatm ÜC-1, respectively) as 

a consequence of the decrease in CT due to biological drawdown. These results 

were slightly lower than those obtained between March and October for the 

ESTOC site (12.12 Ñ 0.48 Õatm ÜC-1; Gonz§lez-D§vila et al., 2003). The seasonal 

variation of fCO2,sw led to a decrease in pHT of 0.0009 units Õatm-1 throughout the 

region between winter and summer, with an average variation range from 8.077 Ñ 

0.007 to 8.037 Ñ 0.001 units in the Canary basin and from 8.084 Ñ 0.002 to 8.036 

Ñ 0.002 units along the African coastline. The linear relationships between SST, 

fCO2,sw and pHT at this time are presented in Table 3.3.  

The T/B values (Table 3.2) indicate that the temperature effect on the CO2 

solubility in seawater controls air-sea exchange fluxes over biological uptake and 

other non-thermal processes. The contribution of the thermal processes in the 

variation of fCO2,sw was double the contribution of the biological activity at all the 

selected stations, with minimum T/B values higher than 1.60. Lowest values were 

obtained in the areas most influenced by the influx of nutrients and phytoplankton 

blooms, between Cape Sim and Cape Ghir, and with greater mesoscale variability 

south of Cape Ghir and at certain stations of the Canary archipelago. 

Table 3.3. Linear relationships of fCO2,sw ï SST and of fCO2,sw ï pHT in the winter-

summer and February-October periods with their respective standard deviations. 
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3.4.2. Spatial variability of the CO2 system parameters and fluxes 

The differences observed in the seasonal variation for each carbon variable in the 

Canary basin and along the northwest African coastline are related to the 

hydrographic characteristics of each zone, to the intensity of the African coastal 

upwelling and to the mesoscale variability associated with offshore transport by 

filaments and eddies. The inter-island routes (GC-TNF-LNZ) presented 

differences between the oceanic and coastal waters. Seasonal variation of the CO2 

system and air-sea exchange were similar at 15.7 Ñ 0.1ÜW (GC-TNF), 15.6 Ñ 

0.1ÜW, 15.0 Ñ 0.1ÜW and 14.5 Ñ 0.1ÜW (TNF-LNZ) (Figure 3.3 and 3.4). These 

stations were located in an open-ocean area directly exposed to the Canary Current 

and trade winds and protected from the filament incursion by the easternmost 

islands, Lanzarote and Fuerteventura (Davenport et al., 1999). However, the 

greatest FCO2 variations occurred at the coastal stations due to higher differences 

in SST. The station at 16.05 Ñ 0.1ÜW (GC-TNF, Figure 3.3) leeward of Tenerife 

presented higher average SST and SSS than those in open-ocean waters.  

At the station located within the Lanzarote-Fuerteventura channel (13.9 Ñ 0.1ÜW, 

Figure 3.4), frequently influenced by coastal upwelling of cold-water and high-

productivity filament incursion, the average SST and SSS were lower than in 

western waters throughout the year. A west to east decrease in fCO2,sw seasonal 

variability was observed in Canary Islands waters and in the T/B ratio on both 

inter-island routes. This shows that the thermal effect on fCO2,sw variability was 

greater in the westernmost section of each route, although clearly dominating in 

the entire Canary Islands subregion. The spatial variability was due to the 

recirculation of coastal upwelling in the Canary basin (Johnson and Stevens, 2000; 

Mittelstaedt, 1991; Pelegr² et al., 2005). The Canary Current diverges from the 

coast to the south of Cape Ghir and flows through the Canary archipelago. The 

majority of the flux travels between the eastern island channels, Gran Canaria-

Fuerteventura and Fuerteventura-African coast (Hern§ndez-Guerra et al., 2002; 

Knoll et al., 2002). This lead to the maximum CO2 sink of the inter-island routes 

observed at the easternmost stations of the TNF-LNZ route (between -0.32 Ñ 0.05 

and -0.36 Ñ 0.04 mol m-2 yr-1, Figure 3.4). The interaction between the Canary 

Current with the Cape Ghir filament, which extends beyond 15ÜW, forms cyclonic 

eddies which move southward, passing through the Canary Islands (Mittelstaedt, 

1991). The recirculation results in the low SST and SSS signals observed between 

Gran Canaria and Tenerife from September to October, when the Cape Ghir 

filament was strongest. Evidence of upwelling has been observed on the west coast 

of Gran Canaria (Johnson and Stevens, 2000). This upwelling could produce the 

low T/B ratio (1.60) at the station located to the northwest of Gran Canaria (15.7 

Ñ 0.1ÜW; GC-TNF). 

The seasonal variation of the results along the continental shelf of northwest Africa 

presented an important latitudinal variation (Borges et al., 2005; Cai et al., 2006) 

related to the increase in the seasonal SST gradient towards higher latitudes from 

the Canary Islands to the Strait of Gibraltar. Regional differences in seawater 

properties along the African coastal transition zone are driven by the north-easterly 
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winds and by the intensity of the permanent coastal upwelling between Cape Blanc 

and the Gulf of Cadiz. The mesoscale features were mainly generated by 

thermohaline horizontal gradients and by the dynamic character of the front from 

the coastal upwelling (Pastor et al., 2008; P®rez-Rodr²guez et al., 2001; Zenk et al., 

1991). These mesoscale features interacted with other mesoscale features, such as 

coastal cyclonic and anticyclonic eddies (Ben²tez-Barrios et al., 2011; Ruiz et al., 

2014) which propagate westward as Rossby waves (Mason et al., 2011; Sangr¨ et 

al., 2009). These features promote the transport of the characteristics of the 

upwelling towards the open ocean in this Northeast Atlantic region (Vald®s and 

D®niz-Gonz§lez, 2015).  

The lowest SST, fCO2,sw, FCO2 and pHT seasonal variability occurred at latitudes 

30.7 Ñ 0.2ÜN (Figure 3.6) and 31.2 Ñ 0.2ÜN (Figure B.4) between Cape Ghir and 

Cape Beddouza. This region is characterised by a permanent and intense upwelling 

and offshore transport by filaments, especially during summer  (Johnson and 

Stevens, 2000; Mittelstaedt, 1991; Pelegr² et al.,2005). Near Cape Ghir (~30.6ÜN 

), a quasi-permanent surface filament is formed which stretches over 100 

kilometres in open ocean (Hagen et al., 1996; Pelegr² et al., 2005) and is associated 

with the formation of cyclonic eddies to the south which are transported offshore 

(Johnson and Stevens, 2000). A detailed study of the Northwest African upwelling 

area provided by Mittelstaedt (1991) shows that upwelling is less intense 

throughout the year to the North of Cape Beddouza due to the concave shape of 

the Moroccan coastline to the Strait of Gibraltar and its unfavourable orientation 

against the equatorward blowing trades. It is more intense throughout the year 

between Cape Ghir and Beddouza, where the coastline has a convex shape and is 

more exposed to trade winds and the Canary Current. This explains that the annual 

and summer average of SST and SSS north of 33.0ÜN were higher than the values 

obtained at the Cape Ghir latitude. This local decrease in upwelling intensity 

caused a spatial variation of the CO2 system and air-sea fluxes to the north of Cape 

Beddouza, where maximum annual and summer average of fCO2,sw and FCO2 and 

minimum summer average of pHT were observed. 

The intensity of the upwelling in this region would also explain the fact that the 

minimum values of the T/B ratio along the African coastline were obtained at the 

stations of the greatest nutrient inflow and biological activity. The maximum T/B 

ratios (Table 3.2) were recorded north of Cape Beddouza, where the upwelling is 

less intense throughout the year. However, FCO2 presented greater seasonality at 

latitudes 30.7 Ñ 0.2ÜN and 31.2 Ñ 0.2ÜN, where the CO2 sink expressed per unit 

area (-0.71 Ñ 0.04 and -0.62 Ñ 0.05 mol m-2 yr-1, respectively) was greater than 

north of Cape Beddouza (-0.41 Ñ 0.03 mol m-2 yr-1 for 33.0 Ñ 0.2ÜN and -0.26 Ñ 

0.03 mol m-2 yr-1 for 34.2 Ñ 0.2ÜN) and in the Bay of Agadir (-0.51 Ñ 0.04 mol m-2 

yr-1; 29.8 Ñ 0.2ÜN) (Figures 3.6 and B.4). Moreover, this CO2 sink was 

approximately twice that obtained in the Canary basin, which is less than -0.36 mol 

m-2yr-1 at all stations. The longitudinal variability of the results, observable near 

Cape Sim and Beddouza, was related to seasonal differences in offshore transport 

and to the increase in SST and SSS from the coastal upwelling to open-ocean 

waters of ~3.9ÜC and ~0.2 units, respectively, estimated by Pelegr² et al. (2005). 
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This contrasts with the homogeneous variation of fCO2,sw in waters close to the 

Cape Ghir latitude (Vald®s and D®niz-Gonz§lez, 2015). 

The fCO2,sw values obtained were compared and contextualized with the fCO2,sw 

data collected in SOCAT for the Northeast Atlantic referenced to the year 2019. 

The inclusion of SOCAT data is useful to understand the longitudinal change in 

fCO2,sw from coastal to open-ocean waters and to evaluate the representativeness 

of the results obtained by the CanOA-VOS line in a greater area in the Northeast 

Atlantic. Both data sets were studied as a function of longitude and time in the 

Canary archipelago (Figure B.7) and in the 5 latitudes of interest along the 

northwest African coast (Figure 3.7 and B.8). SOCAT data show that the fCO2,sw 

surface longitudinal gradient is only significant in the first 0.5-1Ü of longitude from 

the African coastline in the area of maximum upwelling (30.7 Ñ 0.2ÜN, Figure 3.7; 

31.2 Ñ 0.2ÜN, Figure B.8) and that it decreases towards the open ocean. This 

longitudinal gradient was clearly visible in the fCO2,sw data collected in coastal 

waters around Cape Ghir in April (CanOA-VOS) and September (SOCAT). The 

average fCO2,sw in April around 10.35 Ñ 0.1ÜW (372.45 Ñ 1.93 Õatm) was ~ 9.5 

Õatm lower than that obtained around 11.5 Ñ 0.2ÜW (381.97 Ñ 4.22 Õatm). This 

longitudinal change was more drastic in September due to the strong upwelling at 

this time of the year that was visible in satellite SST data and because the SOCAT 

data was collected closer to the coast. The low fCO2,sw values obtained near the 

coast from SOCAT (Figure 3.7) contrast with the maximum values of the annual 

cycle of fCO2,sw obtained by the CanOA-VOS towards open-ocean waters during 

late summer (Figure 3.5 and B.3). The average fCO2,sw in September around 10.15 

Ñ 0.2ÜW (376.64 Ñ 14.28 Õatm) was ~44 uatm lower than that obtained around 

11.55 Ñ 0.25ÜW (420.86 Ñ 8.91 Õatm). These results show that there is a significant 

longitudinal variation of fCO2,sw that changes with seasonality towards open-ocean 

waters in the first ~150 km from the Cape Ghir coastline. This longitudinal change 

does not appreciably affect the rest of the usual CanOA-VOS trips, which take 

place at a distance greater than 200 km from Cape Ghir. North of Cape Beddouza 

(33.0 Ñ 0.2ÜN and 34.2 Ñ 0.2ÜN, Figure B.8) and south of Cape Ghir (29.8 Ñ 0.2ÜN, 

Figure B.8) the longitudinal gradient is weaker due to the decrease in the intensity 

of the upwelling and values were not longitudinally modified.  

In the easternmost part of the Canary archipelago (13-16Ü), the fCO2 values of 

CanOA-VOS line and SOCAT (Figure B.7) increased towards the west, driven by 

the east to west increase of SST throughout the year (Figures 3.2, B.1, and B.2) 

and in SST satellite images for the area. Data from SOOP CanOA-VOS improve 

the SOCAT v2020 data resolution for the area and show the influence of mesoscale 

variation on the spatial distribution of fCO2,sw in the eastern part of the archipelago. 

The seasonality of measured fCO2,sw values and its latitudinal variation was 

evaluated together with the SOCAT values in 3 areas of interest: the Canary 

archipelago (27.5-29ÜN, Figure B.9), Cape Ghir (30.7, Figure 3.7) and North of 

Cape Beddouza (33.0 Ñ 0.2ÜN, Figure B.9). The temporal distribution of the 

CanOA-VOS and SOCAT data were fitted to the harmonic equations in Table B.2. 

The SOCAT data collected in September in coastal waters of Cape Ghir have been 
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excluded from the fitting to attend to the fCO2,sw seasonality in more open-ocean 

waters (Figure 3.7). The fCO2,sw seasonality obtained from the CanOA-VOS 

database increased towards the North and was similar to that obtained from the 

SOCAT data in all areas, despite the SOCAT data having a greater longitudinal 

dispersion towards open ocean up to 20ÜW. This shows that even when there is a 

strong longitudinal gradient near the coast, at the location of the CanOA-VOS line 

the seasonality obtained was representative for a larger area in the Northeast 

Atlantic. 

3.4.3. The relative contribution of biological activity, air-sea fluxes and 

horizontal transport to NCT depletion 

The temporal variation of CT was studied in detail at the stations of the inter-island 

routes 15.7 Ñ 0.1ÜW (GC-TNF) and 14.5 Ñ 0.1ÜW (TNF-LNZ) located to the 

northwest of Gran Canaria and Fuerteventura, respectively, and at all selected 

stations on the African continental shelf. Previous CO2 system studies in the 

surface ocean agree that the surface variation of CT is mainly controlled by the 

factors which govern salinity and other non-conservative processes (i.e. primary 

Figure 3.7. Temporal and longitudinal distribution of the fCO2,sw values available in 

SOCAT (left) and obtained by the CanOA-VOS line (right) in Cape Ghir latitude. 

Seasonality is given by the harmonic fitting function represented below in red, which 

is available in Table B.2. 
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production, oxidation of organic matter, precipitation and dissolution of calcium 

carbonate and air-sea CO2 exchange) (e.g. Chen and Pytkowicz, 1979; Lee et al., 

2000; Takahashi et al., 1993; Wanninkhof and Feely, 1998). In this study, CT was 

normalised to a constant salinity of 36.7. The results allow to establish the relative 

importance of the air-sea exchange, the horizontal transport from the African 

coastal upwelling and the biological activity in the variability of NCT between 

February and October. During this period, NCT decreases and the vertical mixing 

is suppressed due to the decrease of the MLD, as estimated in the ESTOC site 

(Santana-Casiano et al., 2007) from ~120 meters (February-March) to ~25 meters 

(September-October). Near the northwest African coast, the contribution of 

vertical diffusion, advection and entrainment from the mixed layer due to the 

upwelling contributed to the NCT variability. However, these processes were not 

accounted for due to the lack of data. 

The monthly changes in NCT by each of the terms in Eq. 3.8 were computed for 

the March-June, June-September and February-October periods (Figure 3.8, Table 

3.4). NCT decreased from March-April to September-October and increased from 

November to March, driven by the biological activity and vertical mixing, with 

maximum primary production and respiration in the respective periods. Between 

February and October, a net decrease in NCT was computed throughout the covered 

region, which was maximum at 31.2 Ñ 0.2ÜN (-27.06 mmol m-3) and minimum at 

29.8 Ñ 0.2ÜN (-8.28 mmol m-3). The variation of NCT due to biological processes 

and calcification/dissolution represented >90% of ȹNCT/dt at all stations between 

February and October. The effect of the air-sea exchange resulted in a net decrease 

in NCT of <6%. The greatest contribution of air-sea fluxes was observed at the 

Figure 3.8. Temporal variation of NCT (ȹNCT/dt; black) and relative contribution of 

the terms of net community production (ȹNCT/dt|NCP; green), air-sea exchange 

(ȹNCT/dt|EX; blue) and horizontal transport (ȹNCT/dt|TRSP; red) from February to 

October. The net contribution of each term in spring, summer and February-October is 

shown in Table 3.4. 
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stations located between Cape Ghir and Beddouza (~5.9% at 30.7 Ñ 0.2ÜN and 

~2.77 % at 31.2 Ñ 0.2ÜN) and within the Canary basin (~2.65% at point 15.7 Ñ 

0.1ÜW and ~2.57% at point 14.5 Ñ 0.1ÜW), where the seasonal variation of FCO2 

was greater. The NCT change induced by air-sea exchange was higher (between ~-

1.07 and ~-2.67 mmol m-3) during summer (June-September), coinciding with the 

maximum outgassing period and greater stratification of the water column 

(Gonz§lez-D§vila et al., 2003; Santana-Casiano et al., 2007).  

The CO2 outgassing between June and September contributed between 12% and 

20% in the depletion of NCT in the entire region. However, at the northernmost 

station the contribution was minimal (-0.67 mmol m-3; ~4.81%). The period 

between March and June presents the maximum primary production and change in 

sea surface behaviour from sink to source of CO2. During these months, the partial 

contribution of biological activity was higher than during summer and inversely 

for the air-sea exchange. However, these NCT variation patterns presented 

differences between the stations. The lowest decrease in NCT from February to 

October and from March to June were obtained in the most western transects 

around Bay of Agadir (29.8 Ñ 0.2ÜN) (Figure 3.8), less influenced by coastal 

upwelling. At this location during spring, the air-sea exchange contributed 36.44% 

to the NCT depletion, while the net community production represented 64.01%. 

The increase in the role of the air-sea exchange was due to the maximum CO2 

outgassing. Moreover, during this season, the upwelling and offshore transport by 

filaments is less intense in the Bay of Agadir (Mittelstaedt, 1991; Pelegr² et al., 

2005). Therefore, the biological activity at the Bay of Agadir reduces faster 

towards the open ocean than at the higher latitudes of Cape Ghir and Cape Sim.  

Differences in the contribution of the net community production were observed 

within the Canary basin, with a second sub-maximum in June-July. At 14.7 Ñ 

0.1ÜW, this was even higher than the first in April-June. The second maximum 

during June-July may be related to the strong biological activity associated with 

the maximum intensity of the Cape Ghir filament, as it is transported south by the 

recirculation of the Canary Current through the Canary archipelago (Hern§ndez-

Guerra et al., 2002; Knoll et al., 2002). 

Table 3.4. Net contribution on NCT temporal variation (ȹNCT/dt) of net community 

production (ȹNCT/dt|NCP), air-sea exchange (ȹNCT/dt|EX) and horizontal transport 

(ȹNCT/dt|TRSP) in March-June (spring), June-September (summer) and February-

October.   
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The contribution of the advection, transport and horizontal mixing processes to the 

NCT depletion (Eq. 3.8) was calculated at the stations of the Canary basin, taking 

into account the difference in NCT and SSS with respect to the most coastal station 

located at 30.7 Ñ 0.2ÜN, in Cape Ghir latitude. Along the northwest African coast, 

west-to-east gradients were performed considering the differences in values 

between the most oceanic and coastal stations. The greatest contribution occurred 

at 15.7 Ñ 0.1ÜW (Figure 3.8) as a result of the greater difference in salinity between 

the more saline transition waters of the Canary archipelago and the less saline 

waters of the upwelling. Between February and October, the horizontal advection 

at this location increased NCT by 1.55 mmol m-3 (~15%), with the highest increase 

during summer due to the greatest intensity of the upwelling (1.28 mmol m-3, 

~19%). At the other stations close to the African coast, NCT and SSS gradients 

were close to zero and the horizontal transport contribution ranged between -0.49 

and 0.33 mmol m-3, contributing with <3.3%. These results coincide with those 

obtained in surface waters at the ESTOC site (Gonz§lez-D§vila et al., 2003) and 

provide a new estimation of the horizontal transport contribution of the coastal 

upwelling to the total NCT change. 

3.4.4. FCO2 in the Northeast Atlantic coastal and transition region 

The monitored routes presented annual negative values of FCO2 and behaved as a 

net CO2 sink. The spatial variation of FCO2 was driven by the difference between 

fCO2,atm and fCO2,sw (ȹfCO2), since the wind speed did not present high variations 

between routes (Figure 3.9). The average FCO2 calculated on the GC-TNF-LNZ 

routes was -0.26 Ñ 0.04 mol C m-2 yr-1, slightly higher than the average annual 

FCO2 obtained at the ESTOC site between 1996 and 2000 (-0.18 mol C m-2 year-1; 

Gonz§lez-D§vila et al., 2003). The annual average FCO2 between Tenerife and 

Lanzarote (14,500 km2 covered by the VOS line) was -0.17 Ñ 0.02 Tg CO2 yr-1 

(Tg=1012 g) (-0.05 Ñ 0.01 Tg C yr-1). The CO2 sink in the Canary basin was half of 

what was determined along the northwest African coast (-0.48 Ñ 0.09 mol C m-2 yr-

1). For the northwest African coast covered by the VOS line from 28.9ÜN to 35.8ÜN 

(160,500 km2), an annual average FCO2 of -3.36 Ñ 0.61 Tg CO2 yr-1 (-0.92 Ñ 0.17 

Tg C yr-1) was computed. The average FCO2 calculated for the entire study region 

(175,000 km2) was -0.34 Ñ 0.06 mol C m-2 yr-1,Шwhich is consistent with that 
obtained from SOCAT data (-0.37 Ñ 1.11 mol C m-2 yr-1) for a larger area in the 

Northeast Atlantic (1,200,000 km2). These values are lower than the carbon fluxes 

reported for the Northeast Atlantic (-0.6 mol C m-2 yr-1, Takahashi et al., 2009) and 

for the continental shelf of the Northeast Atlantic (-0.8 mol C m-2 yr-1, Chen and 

Borges, 2009). However, these later calculations were performed with limited 

datasets. The average FCO2 for the entire study region was -2.65 Ñ 0.44 Tg CO2 

yr-1 (-0.72 Ñ 0.12 Tg C yr-1). This result agrees with previous research indicating 

that the Northeast Atlantic ocean acts as an active CO2 sink (e.g. Khatiwala et al., 

2013; Leseurre et al., 2020; Sabine et al., 2004; Takahashi et al., 2009) and with 

the role of continental shelves (e.g. Borges et al., 2005; Cai, 2011; Chen et al., 

2013). 
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3.5. Conclusion  

The results obtained between February 2019 and February 2020 proved the 

seasonal and spatial variability of the CO2 system parameters and fluxes in surface 

waters of the easternmost part of the Canary basin and on the northwest African 

continental shelf. The seasonal behaviour agrees with previous studies at the 

ESTOC site (Gonz§lez-D§vila et al., 2003; Gonz§lez-D§vila et al., 2010; Santana-

Casiano et al., 2007), with the northwest African coastal upwelling system (Pelegr² 

et al., 2005) and with North Atlantic global surface ocean studies (Takahashi et al., 

2009). The temporal and spatial change of the variables was strongly driven by 

temperature fluctuations with the seasons. The effect increased with latitude and 

presented local differences due to varying intensities of the upwelling and offshore 

transport along the northwest African coastline. The lowest SST and SSS were 

registered in the region with the greatest intensity of upwelling, between Cape Ghir 

and Beddouza (~30.6-32.5ÜN, Figure 3.5) and in the areas most affected by 

offshore transport between the eastern islands of the Canary archipelago (~15.4-

13.5ÜW, Figure 3.2). In these areas, the seasonal variation of fCO2,sw and pHT were 

minimal (49.47 Ñ 0.03 Õatm and 0.048 Ñ 0.001 units, calculated at station 30.7 Ñ 

0.2ÜN) due to the low values obtained during summer. The fCO2,sw increased on the 

inter-island routes by 10.08 Ñ 0.22 Õatm ÜC-1 from February to October, which led 

to a pHT decrease of 0.001 units Õatm-1. On the northwest African continental shelf, 

the increase in fCO2,sw in the same period was 10.48 Ñ 0.17 Õatm ÜC-1 (a pHT 

decrease of 0.0009 units Õatm-1). NCT seasonality was driven first by net 

community production and second by air-sea exchange. It was highest in the areas 

Figure 3.9. Annual average of FCO2 (gray), ȹfCO2 (red) and wind speed (blue) for each 

route, calculated with spatial distribution every 0.05Ü of longitude on the GC-TNF 

route, 0.1Ü of longitude on the TNF-LNZ route and 0.25Ü of latitude on the CI-SG route. 
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of maximum upwelling with higher biological activity and seasonal variation of 

the air-sea CO2 fluxes.  

The surface waters of the entire region acted as a CO2 sink during the cold months 

and as a source during the warm months. The area between the Canary Islands 

(28.1ÜN) and the entry of the Strait of Gibraltar (35.8ÜN) presented an average CO2 

flux of -2.65 Ñ 0.44 Tg CO2 yr-1 (-0.72 Ñ 0.12 Tg C yr-1). The CO2 sink was found 

to be maximum in Cape Ghir and throughout the area of maximum upwelling due 

to minimum temperatures throughout the year which favour the solubility of CO2 

in seawater. The CO2 consumption by an increased productivity in the upwelling 

area was counteracted by the injection of rich CO2 deep seawater, resulted in a 

depletion in both NCT and fCO2. The Canary archipelago, with higher annual 

temperatures, and the area north of Cape Beddouza, where the upwelling intensity 

declines, were weak CO2 sinks. 

This study shows that high-frequency continuous monitoring of the CO2 system 

by VOS lines is a powerful tool to study the carbon cycle in the global surface 

ocean. The results expand our knowledge of air-sea CO2 exchange in the eastern 

boundary upwelling system of the North Atlantic subtropical gyre and highlight 

the importance of continuous high-temporal and spatial resolution data records. 

The inclusion of the CanOA-VOS line data in the SOCAT database provides a 

better understanding of the temporal and spatial distribution of CO2 in the surface 

Northeast Atlantic Ocean and appreciably increases the monitored area, especially 

in inter-island waters of the Canary archipelago and in certain locations along the 

northwest African coast where no previous data had been obtained. 
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Data availability 

The data collected by the CanOA-VOS is available at the ICOS Data Portal 

(https://data.icos-cp.eu/). 
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Abstract 

The seasonal and spatial variability of the CO2 system and air-sea fluxes were 

studied in surface waters of the Strait of Gibraltar between February 2019 and 

March 2021. High-resolution data was collected by a surface ocean observation 

platform aboard a volunteer observing ship. The CO2 system was strongly 

influenced by temperature and salinity fluctuations forced by the seasonal and 

spatial variability in the depth of the Atlantic-Mediterranean Interface layer and by 

the tidal and wind-induced upwelling. The changes in seawater CO2 fugacity 

(fCO2,sw) and fluxes were mainly driven by temperature despite the significant 

influence of non-thermal processes in the southernmost part. The thermal to non-

thermal effect ratio (T/B) reached maximum values in the northern section (>1.8) 

and minimum values in the southern section (<1.30). The fCO2,sw increased with 

temperature by 9.02 Ñ 1.99 Õatm ÜC-1 (r2=0.86 and ɟ=0.93) and 4.51 Ñ 1.66 Õatm 

ÜC-1 (r2=0.48 and ɟ=0.69) in the northern and southern sections, respectively. The 

annual cycle of total inorganic carbon normalized to a constant salinity of 36.7 

(NCT) was assessed. Net community production processes described 93.5-95.6% 

of the total NCT change, while air-sea exchange and horizontal and vertical 

advection accounted for <4.6%. The fCO2,sw in the Strait of Gibraltar since 1999 

has been fitted to an equation with an interannual trend of 2.35 Ñ 0.06 Õatm yr-1 

and a standard error of estimate of Ñ12.8 Õatm. The seasonality of the air-sea CO2 

fluxes reported the behaviour as a strong CO2 sink during the cold months and as 

a weak CO2 source during the warm months. Both the northern and the southern 

sections acted as a net CO2 sink of -0.82 and -1.01 mol C m-2 yr-1, respectively. 

The calculated average CO2 flux for the entire area was -7.12 Gg CO2 yr-1 (-1.94 

Gg C yr-1). 

Keywords: air-sea CO2 fluxes, CO2 system, VOS lines, seasonal variability, Strait 

of Gibraltar 

  



Chapter 4 

 

114 

 

 

  



Chapter 4 

 

115 

 

4.1. Introduction 

Coastal and transition to open-ocean areas are biogeochemically active regions 

which play a key role in the global carbon cycle by assembling multiple diverse 

ecosystems and linking the terrestrial, oceanic and atmospheric carbon reservoirs. 

These regions are characterised by primary production, carbon fixation and 

remineralization ratios significantly higher than in the open oceans due to higher 

supplies of organic and inorganic carbon (Borges et al., 2005; Mackenzie et al., 

1998; Muller-Karger et al., 2005; Walsh, 1991) and show a high spatio-temporal 

variability in terms of air-sea CO2 exchange, often acting as a CO2 sink and source 

during cold and warm months, respectively (e. g. Cai et al., 2006; Frankignoulle 

and Borges, 2001; Shadwick et al., 2011, 2010). However, the air-sea CO2 fluxes 

have been difficult to quantify in these areas due to the lack of underway field data 

and the subsequent limited number of local and regional studies. Hence, 

continuous high-frequency monitoring is required to assess the ocean CO2 uptake 

with a higher certainty. It is important to remark and understand the role of regional 

areas in the climate change. In fact, the recent IPCC report 2021 (IPCC, 2021) 

together with the 2007 report (IPCC, 2007), highlighted the need of study of 

marginal seas, continental shelves, and semi-enclosed seas due to the variability 

on the biogeochemical cycles as well as the human pressure.  

In this context, the Strait of Gibraltar (Figure 4.1) is a key region in physical and 

biogeochemical terms influenced by several different processes and therefore 

characterized by its high variability. The physical processes that govern the 

hydrodynamics in the Strait of Gibraltar (e. g. Armi and Farmer, 1988; Bryden and 

Kinder, 1991; Gascard and Richez, 1985; Lacombe and Richez, 1982) are involved 

in the variation of biogeochemical properties and have been analysed in terms of 

physical-biological coupling in previous studies (Echevarr²a et al., 2002; Macias 

et al., 2006, 2007; Ram²rez-Romero et al., 2014). However, the knowledge about 

the surface CO2 system and air-sea fluxes is scarce due to insufficient data.  

Previous studies have explored the distribution of the CO2 system parameters in 

the water column (Dafner et al., 2001; Santana-Casiano et al., 2002), reported an 

increase in total inorganic carbon from surface to the bottom of 2068-2150 and 

2307-2325 Õmol kg-1 in surface Atlantic and Mediterranean waters, respectively. 

The annual cycle and spatial distribution of the surface CO2 system variables was 

analysed by de la Paz et al., (2009), which accounted a seasonal change in CO2 

fugacity of ~60 Õatm mainly controlled by temperature fluctuations. The Atlantic-

Mediterranean interaction was also assessed in terms of natural and anthropogenic 

carbon exchange (Huertas et al., 2009) and decadal acidification (Flecha et al., 

2019). The air-sea CO2 exchange evaluations have determined that the Strait of 

Gibraltar behaves as a net atmospheric CO2 sink on an annual scale (de la Paz et 

al., 2009, 2011; Santana-Casiano et al., 2002). Nevertheless, these studies are 

based on temporarily limited observations at certain locations along the channel 

and new strategies for continuous monitoring of oceanic CO2 are required to 

develop high spatio-temporal resolution studies of the CO2 system in highly 

variables areas such as the Strait of Gibraltar.  
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The aim of this study was to analyse the spatio-temporal variability of the surface 

CO2 system and air-sea exchange along the Strait of Gibraltar. The processes that 

control the distribution of the CO2 system parameters and fluxes were attended. 

The latitudinal variability related to the influence of different biogeochemical 

processes near both the Iberian and African coasts, the interaction between the 

Northeast Atlantic and the Mediterranean Sea, the effect of west-to-east surface 

circulation and other physical processes acting on the Strait were analysed through 

the northernmost and southernmost part of the channel. These data will improve 

our knowledge about the role of coastal regions, marginal and semi-enclosed seas 

and coastal to open-ocean transitional areas in terms of air-sea CO2 exchange. 

4.2. Study area 

The Strait of Gibraltar (Figure 4.1) is a narrow (~20 km) and shallow (~600 m) 

channel with a west-to-east orientation that connects the Mediterranean Sea with 

the Northeast Atlantic.ШThe minimum width at the Tarifa Narrow (TN, ~14 km) and 
minimum depth at the Camarinal Sill (CS, ~290 m) and at the Espartel Sill (ES, 

~360 m) play an important role in the exchange of water through the channel (e. g. 

Garc²a-Lafuente et al., 2011; Sammartino et al., 2015; S§nchez Garrido et al., 

2008, 2011). 

The circulation pattern in the Strait has been described as a two-layer system: a 

surface Atlantic water inflow toward the east and a deep Mediterranean water 

outflow toward the west (e. g. Armi and Farmer, 1988; Bryden and Kinder, 1991; 

Gascard and Richez, 1985; Lacombe and Richez, 1982). The fresher and nutrient-

depleted Atlantic water is separated from the saltier and nutrient-rich 

Mediterranean water by the Atlantic-Mediterranean Interface layer (AMI) (Bray et 

al., 1995; Lacombe and Richez, 1982). The AMI is deeper, thicker and colder in 

the westernmost part of the channel and slopes up toward the northeast from ~200 

m depth in ES to ~75 m depth eastward of Gibraltar Central (GC) (Bray et al., 

1995; Huertas et al., 2009). The shallow position of the AMI promotes the deep-

Figure 4.1. (a) Bathymetric map of the Strait of Gibraltar and location of the 

topographic features of interest with West-to-East distribution: Majuan Bank (MB), 

Espartel Sill (ES), Camarinal Sill (CS), Tarifa Narrow (TN) and Gibraltar Central (GC). 

(b) CanOA-VOS northern (blue) and southern (red) tracks and location of the stations 

of interest from S1 to S5.  
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water upwelling in the eastern and north-eastern region of the Strait (Echevarr²a et 

al., 2002; G·mez-Jakobsen et al., 2019; Minas et al., 1991). 

The main physical components of the circulation and flow through the channel 

were detailed by Candela et al. (1990): a barotropic tidal flow, a barotropic sub-

inertial component driven by atmospheric pressure fluctuations in the 

Mediterranean Sea, a long-term baroclinic component term driven by differences 

in density between Mediterranean Sea and Northeast Atlantic and short-period 

currents associated with large-amplitude internal waves. The formation of internal 

waves mainly occurs in the shallower area around CS and is induced by the 

interaction of the tidal flow with the change in bathymetry and vertical 

stratification through the channel (e. g. Alonso del Rosario et al., 2003; Armi and 

Farmer, 1988; Bruno et al., 2002; La Violette and Arnone, 1988; Richez, 1994; 

V§zquez-Escobar et al., 2008). Meteorological sub-inertial forcing also influences 

the release of these internal waves (Candela et al., 1989; Pistek and La Violette, 

1999). They are propagated toward the Mediterranean on a diurnal time scale 

controlled by the tides and at highly variable speeds (Richez, 1994; S§nchez 

Garrido et al., 2008; Watson and Robinson, 1990), while being trapped on the lee 

side of CS (Bruno et al., 2002). The internal waves are an important contributor to 

the mixing between the Mediterranean and Atlantic layers by intermittently 

injecting deep and nutrient-rich water into the upper layers (Macias et al., 2006; 

Wesson and Gregg, 1994).  

The unique hydrology of the channel influenced by its circulation pattern and the 

generation of physical features, as well as the local climatology, are involved in 

the variability of the physical and biogeochemical properties in the Strait of 

Gibraltar. The tidal-induced upwelling phenomenon is combined with wind-

induced upwelling events along the African coast during easterly winds (Stanichny 

et al., 2005) and both represent a source of high spatio-temporal variability of the 

surface CO2. 

4.3. Material and methods 

The CO2 system and air-sea exchange was assessed in the Strait of Gibraltar based 

on high spatio-temporal frequency data obtained from February 2019 to March 

2021 through continuous autonomous monitoring carried out by a surface ocean 

observation platform (SOOP) installed on a volunteer observing ship (VOS), 

SOOP CanOA-VOS. The SOOP CanOA-VOS was the container ship RENATE P 

(IMO: 9144718) operated by Nisa Mar²tima, which usual route runs between the 

Canary Islands and Barcelona, through the eastern Canary archipelago waters and 

northward along the northwest African and east-southeast coast of the Iberian 

Peninsula. Data collection and maintenance of autonomous measurement systems 

took place biweekly (time required to perform a round trip) at the port of Las 

Palmas de Gran Canaria (28.1319ÜN, 15.4185ÜW). In total, 52 routes crossed the 

Strait of Gibraltar: 34 upward routes through the southernmost part (southern 

section) and 18 downward routes through the northernmost part (northern section). 

The SOOP CanOA-VOS line will be part of the Spanish contribution to the 
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Integrated Carbon Observation System (ICOS) international program in 2021. 

Thus, the measurement equipment and data collection process verify their quality 

requirements and methodological recommendations to produces comparable and 

high-quality dataset. 

4.3.1. Underway measurements and data collection 

Autonomous monitoring was carried out by an automated underway seawater and 

low atmospheric CO2 molar fraction (xCO2) measurement system installed inside 

the engine room of the RENATE P container ship (Curbelo-Hern§ndez et al., 

2021). The xCO2 measurement system, developed by Craig Neill and 

commercialized by General OceanicsÊ, combines an air and seawater equilibrator 

with a non-dispersive infrared analyser for gas detection (Pierrot et al., 2009).  

The system was checked automatically on departure and arrival at each port, and 

periodically every three hours during the shipôs journey. Four standard gases (in 

the order of 0 ppm, 250 ppm, 400 ppm and 540 ppm, with a Ñ 0.02 ppm accuracy) 

provided by the National Ocean and Atmospheric Administration (NOAA) and 

traceable to the World Meteorological Organization (WMO) were used for system 

check and xCO2 measurement corrections.ШPeriodic calibrations were 

automatically performed every 12 hours using standard gases 1 and 4 to adjust the 

respectively zero and span of the infrared analyser. 

The system measures xCO2 (ppm) in seawater with a frequency of 2-3 minutes and 

normally collect 130-150 data in the Strait of Gibraltar. The system also performs 

three xCO2 measurements in low atmosphere after each calibration. In both cases, 

a non-dispersive infrared analyser built by LICORÈ (initially the 6262 model and 

after October 2019, a 7000 model) were used for the detection of xCO2. 

The sea surface temperature (SST, in ÜC) was measured using an SBE38 

thermometer with an estimated error of 0.01ÜC placed at the main seawater intake. 

In addition, due to the high sensitivity of xCO2 to temperature changes, an SBE45 

thermosalinograph and a Hart Scientific HT1523 Handheld Thermometer, with an 

estimated error of Ñ0.01ÜC each, were used to monitor the temperature near the 

xCO2 system and inside the equilibrator, respectively.  

Sea surface salinity (SSS) was measured with a manually calibrated SBE45 

thermosalinograph, with an estimated error of Ñ0.005. Atmospheric pressure was 

measured by the transducer on the deck (these pressure records being different in 

the order of millibars with the pressure near the xCO2 system, inside the ship). 

Due to technical problems with the measurement equipment aboard the SOOP 

CanOA-VOS, no measurements were obtained during March 2019 (problems with 

water intake), during the second half of August 2019 and March-Abril 2020 

(problems with LICOR flow that could not be resolved due to COVID-19 

limitations) and on a limited number of return journeys from the port of Barcelona. 
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4.3.2. Determination of variables 

This study followed the data collection methodology, quality control and 

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

manual for ocean CO2 analysis (Dickson et al., 2007). The fugacity of CO2 was 

calculated in seawater (fCO2,sw) and in the lower atmosphere (fCO2,atm) from 

measured and corrected xCO2 values following Pierrot et al. (2009).  

The thermal and non-thermal contribution on fCO2,sw and variations was studied 

using the equations presented by Takahashi et al. (2002), with the temperature 

effects on fCO2,sw for isochemical seawater of 0.0423ÜC-1 determined 

experimentally by Takahashi et al. (1993). The non-thermal effect (fCO2,non-thermal) 

was obtained from the seasonal amplitude of the normalized fCO2,sw to the average 

temperature (Eq. 4.1 and 4.2). The thermal effect (fCO2,thermal) was calculated by 

applying the observed temperature effect to the average value of fCO2,sw (Eq. 4.3) 

and determining its seasonal amplitude (Eq. 4.4). The relative importance of 

thermal and non-thermal effects was expressed by the T/B ratio 

(ȹfCO2,thermal/ȹfCO2,non-thermal), with values greater than 1 indicating that the 

temperature effect dominated over non-physics effects.  

Ὢ#/ 4 Ὢ#/  ÅØÐ πȢπτςσ4 4    (4.1) 

ɝὪ#/ Ὢ#/ 4  Ὢ#/ 4   (4.2) 

Ὢ#/ 4 Ὢ#/  ÅØÐ πȢπτςσ4 4   (4.3) 

ɝὪ#/ Ὢ#/ 4  Ὢ#/ 4   (4.4) 

The CO2 fluxes (FCO2) were determined using Eq. 4.5 (Broecker and Peng, 1982) 

with a conversion factor of 0.24 mmol m-2 d-1. The solubility (S, mol l-1 atm-1) and 

the difference between seawater and low atmosphere fCO2 (ȹfCO2= fCO2,sw ï 

fCO2,atm) were considered. Negative fluxes indicate that the ocean acts as an 

atmospheric CO2 sink, while the positive ones indicate that it behaves as a source. 

&#/ πȢςτ3Ὧ ɝὪ#/   (4.5) 

The updated Wanninkhof (2014) parameterization was used in this study due to it 

considers the most recently advances in the quantification of the input parameters 

and improves the wind speed products, with k being the gas transfer rate expressed 

in Eq. 4.6: 

  Ὧ πȢςυρ×
Ȣ

   (4.6) 
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where w is the wind speed (m s-1) and Sc is Schmidt number (cinematic viscosity 

of seawater, divided by the gas diffusion coefficient). Daily averages of satellite 

ocean surface wind speed derived from the Advanced Scatterometer (ASCAT) and 

obtained from the Satellite Research and Exploitation Center (CERSAT) at 

IFREMER (Plouzane, France) were considered together with daily measured wind 

speed averages provided by the Agencia Estatal de Meteorolog²a (AEMET) from 

the meteorological station located at Tarifa (C§diz) and corrected to 10 m height 

(Allen et al., 1998). These wind speed data were interpolated based on the latitude, 

longitude and time of the underway xCO2 measurements. The average ocean 

surface wind speed for the entire study period calculated from satellite and 

measured data was 7.77 Ñ 2.66 and 8.18 Ñ 2.61 m s-1, respectively. Due to these 

wind speed values were consistent, the FCO2 was calculated in this study by 

considering the wind speed data measured at the Tarifa meteorological station as 

was done previously by de la Paz et al., (2011) to assess the air-sea CO2 exchange 

in the Strait of Gibraltar. 

Autonomous monitoring was combined with 25 discrete surface seawater samples 

taken manually from the intake seawater line for total alkalinity (AT, Õmol kg-1) 

and total dissolved inorganic carbon (CT, Õmol kg-1) in February 2020 and March 

2021 with in situ measurements of SST and SSS. Samples were taken with a 

temporal frequency of 1-2 hours in borosilicate glass bottles, overfilled, preserved 

with 100 Õl of saturated HgCl2, kept in darkness and analysed just after arriving at 

port, in a period less than 2 weeks. The AT was determined by potentiometrically 

titration in a VINDTA 3C system following Mintrop et al. (2000) and using CRMs 

(provided by A. Dickson at Scripps Institution of Oceanography) to test the 

performance of the titration system and correct the determined values. The CRMs 

titration gave values with and accuracy of Ñ1.5 Õmol kg-1. 

The determined AT values were consistent with those estimated according to the 

global relationship of AT with SSS and SST in global surface waters described by 

Lee et al. (2006) for the North Atlantic (presented an average difference of 3.08 Ñ 

6.80 Õmol kg-1). Due to the similarity of both values, AT was calculated for the 

time, longitude and latitude of the CanOA-VOS data using the AT-SSS relationship 

obtained from the discrete samples (Eq. 4.7; r2=0.87 and Pearson correlation 

coefficient given hereinafter as ɟ is equal to 0.93) (temperature was not found to 

improve the fitting of the experimental data). It was assumed that the change in AT 

with SSS was constant throughout the year in tropical and subtropical latitudes 

(Lee et al., 2006). 

ὃ ςυπρςτρȢω ὛὛὛσυ ρρςȢς ὛὛὛσυ  (4.7) 

The CT and pH in total scale (pHT) were computed with the Excel program CO2sys, 

using the carbonic acid dissociation constants of Lueker et al. (2000), the ὌὛὕ 
dissociation constant of Dickson (1990) and the value of [B]I determined by Lee 

et al. (2010). The longitudinal change in the seasonality of the variables measured 

in situ (SST and SSS), determined (fCO2,sw and FCO2) and computed (CT and pHT) 
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was studied in the entire region along the northern and southern sections. The CT 

was normalized (NCT) to a constant SSS of 36.4 (the annual average SSS) to 

remove the effect of evaporation and precipitation. Similarly, the pHT values were 

normalized (pHT,18) to a constant SST of 18.0 ÜC (annual average SST) to remove 

the temperature dependence on the variation of pHT (Santana-Casiano et al., 2001; 

Gonz§lez-D§vila et al., 2003). 

The temporal variation of CT was studied using the equation provided by 

Sarmiento and Gruber, (2006) (Eq. 4.8). This equation describes the change in CT 

over time produced by air-sea CO2 exchange (EX), horizontal advection (TRSP), 

vertical mixing (MIX) and net community production (NCP). 

ȿ ȿ ȿ ȿ   (4.8) 

The increase and depletion of NCT in surface waters was studied during a whole 

year (February-January) using monthly average NCT values between February 

2019 and February 2021 and considering the variation of the mixed layer depth 

(MLD). The temporal change in NCT was calculated as the difference between two 

consecutive months and was expressed in mmol m-3, considering the seawater 

density. Negative values indicate that NCT decreases in surface waters. The relative 

contribution of CO2 exchange in the variation of NCT (EX term) is given by the 

relationship between FCO2 and MLD. The monthly MLD values were obtained 

with a spatial resolution of 0.028Ü x 0.028Ü from the operational IBI (Iberian-

Biscay-Irish) Ocean Analysis and Forecasting system based on a (eddy-resolving) 

NEMO model application and are available at E.U. Copernicus Marine Service 

Information (https://marine.copernicus.eu/). The annual MLD cycle was 

calculated using the harmonic fitting equation and parameters shown in Table C.1. 

The relative contribution of horizontal transport (TRSP term) was calculated by 

considering a surface transport from the Northeast Atlantic to the Mediterranean 

Sea. The spatial change in NCT between westernmost and easternmost waters 

(ȹNCT=NCT, (West) - NCT, (East)) was considered. Data available at the Surface Ocean 

CO2 Atlas (SOCATv2020; https://socat.info/) referenced to 2019 have been used 

for the calculation of NCT at a reference station to the west of the Strait of Gibraltar 

(6.75 Ñ 0.25ÜW) in a similar latitudinal range. The spatial change in salinity was 

removed by calculating the NCT at all the selected locations in the Strait of 

Gibraltar at the constant salinity of the reference station. The horizontal transport 

contribution to NCT fluctuations was obtained from the product of ȹNCT and the 

change in salinity with time at the locations of interest in the Strait of Gibraltar. 

Positive values indicate that horizontal transport occurred in a west-to-east 

direction, while negative values indicated that the transport direction was reversed.  

The relative contribution of vertical mixing (MIX term) was estimated following 

B®govic and Copin-Mont®gut, (2002) by considering the sum of changes in 

vertical diffusion across the bottom of the mixed layer and vertical entrainment 
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into the surface layer (Eq. 4.9). This term was determined using the monthly values 

of total dissolved inorganic carbon in the MLD obtained from IBI MFC high-

resolution biogeochemical forecasts and generated from the PISCES 

biogeochemical model and the NEMO ocean circulation model. Additional 

monthly values of temperature and salinity obtained from the operational IBI 

Ocean Analysis and Forecasting system based on a NEMO model were used to 

estimate the seawater density. These forecast data have a spatial resolution of 

0.028Ü x 0.028Ü and are available in E.U. Copernicus Marine Service Information1. 

Ўὔὅȿ ὑ — ὔὅȟ ὔὅ         (4.9) 

The difference between NCT concentration below (NCT,f) and at the base (NCT) of 

the mixed layer was considered to calculate the term of the vertical entrainment. 

The function ɗ is equal to 0 when the mixed layer decreases ‬ὓὒὈ‬ὸϳ π due 
to the fact that only the deepening of the mixed layer induces mixing with the 

underlying waters (Fasham et al., 1990; Gruber et al., 1998; Peng et al., 1987). The 

vertical gradient of NCT at the base of the mixed layer ‬ὔὅ ‬ᾀϳ  was considered 

for the calculation of vertical diffusion. The vertical diffusion coefficient (Kz, m-

2d-1) at the base of the mixed layer was determined according to Denman and 

Gargett (1983) using Eq. 4.10: 

ὑ
Ȣ   

 
    (4.10) 

where ɟ is the seawater density at the base of the mixed layer, g is the acceleration 

of gravity and Ů is the rate of turbulent energy dissipation. In this study we 

considered the vertical density gradient ‬”‬ᾀϳ  in the pycnocline and a 

representative value of 2.0 x 10-8 m2 s-3 for Ů (Gruber et al., 1998). 

Lastly, the change in NCT due to net community production processes (NCP term), 

considering total changes in photosynthesis/respiration processes, was obtained 

directly from Eq. 4.8. Positive contributions of net community production 

indicated that the remineralization processes increase the NCT in surface waters 

while negative contributions shows that biological production decrease it surface 

concentration.  

4.3.3. Computational methods 

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

sampler such as samples measured at low water rates (< 2.5 L min-1). The measured 

xCO2 values were corrected following Pierrot et al. (2009) by linearly interpolating 

the certified standard values (Section 4.3.2) with the xCO2 measurement times. 

The three fCO2,atm values obtained after each calibration were averaged and 

harmonically interpolated with the times of each fCO2,sw. The ȹfCO2 was 

computed from the difference between the fCO2,sw and the fCO2,atm values and was 
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used in the FCO2 calculations (Section 4.3.2). Additional daily average satellite 

data for Chlorophyll a obtained from the Operational Mercator Ocean 

biogeochemical global ocean analysis and forecast system (U.S. Copernicus 

Marine Service Information) were used to improve the understanding of the 

biological influence on the CO2 system variability. Chlorophyll a data was 

interpolated with latitude, longitude and time of the CanOA-VOS line data. 

The average physical and biogeochemical variables (y) for each selected station 

were fitted to a harmonic equation (Eq. 4.11) as a function of time (x) in order to 

study the seasonal variability and the thermal and non-thermal effect on fCO2,sw 

(L¿ger et al., 2004; Takahashi et al., 2002). The a-e coefficients are shown in Table 

C.2. 

Ù Á ÂÃÏÓςʌØ ÃÓÉÎςʌØ ÄÃÏÓτʌØ ÅÓÉÎτʌØ     (4.11) 

The results were compared to surface data collected by other VOS and research 

vessels in the oceanographic environment of the Strait of Gibraltar and are 

available at the SOCAT v2020 database. The SOCAT data between 1999 and 2019 

were used to study the monthly frequency and the annual cycle of fCO2,sw in 2019 

by considering an interannual rate of increase of 1.8 Õatm per elapsed year (Bates 

et al., 2014).  

4.4. Results 

The present study provides a high-resolution evaluation of the spatio-temporal 

variability of surface CO2 in the Strait of Gibraltar. The annual and seasonal 

averages of the carbon variables in both the northern and the southern routes are 

presented in Table 4.1 with maximum values of SST, fCO2,sw and FCO2 and 

minimum values of CT and pHT during summer. The greatest seasonal change 

occurs from winter to summer: the SST, fCO2,sw and FCO2 increased in the northern 

section by 4.79 Ñ 1.97 ÜC, 40.75 Ñ 28.83 Õatm and 5.52 Ñ 4.19 mmol m-2 d-1, 

respectively, leading to a pHT decrease of 0.039 Ñ 0.028 units. The seasonal change 

along the southern section was slightly lower on average except for FCO2, CT and 

NCT (5.67 Ñ 5.84 mmol m-2 d-1, 24.72 Ñ 19.1 Õmol m-3 and 23.20 Ñ 18.15 Õmol m-

3, respectively). The seasonal change in pH along the southern section was 0.026 

Ñ 0.014 units. In contrast, spring and autumn averages were similar for all the 

considered variables in both sections. 

4.4.1. Spatial distribution of SST, SSS and CO2 system parameters and fluxes 

The longitudinal west-to-east distribution of the variables of interest was studied 

(Figures C.1 and C.2) and showed differences, especially during summer. The 

longitudinal variation was analysed separately in the northern and southern 

sections: the SST, SSS and CO2 system variables and fluxes were annually and 

seasonally averaged every 0.05Ü longitude (Figure 4.2) by considering the 

following periods: January-March (winter), April-June (spring), July-September  
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(summer) and October-December (autumn). The average values show that SST 

drives the fCO2,sw and FCO2 variations. The greatest latitudinal differences were 

found toward the east of GC. The average SST, fCO2,sw, FCO2 and pHT values 

follow an opposite west-to-east trend between the northern and southern sections. 

The seasonality of SST and fCO2,sw was maximum (5.29 Ñ 2.97 ÜC and 45.51 Ñ 

28.11 Õatm, respectively) in the westernmost part (6.15-5.95ÜW) and minimum in 

the eastern area closest to the Mediterranean Sea (5.30-5.10ÜW) in both the 

northern (4.47 Ñ 2.68 ÜC and 19.11 Ñ 24.86 Õatm, respectively) and the southern 

(3.39 Ñ 2.11 ÜC and 23.81 Ñ 14.96 Õatm, respectively) sections. The seasonal 

change in pHT (northern and southern sections, respectively) was 0.053 Ñ 0.028 

and 0.033 Ñ 0.024 units in the westernmost part and 0.019 Ñ 0.025 and 0.025 Ñ 

0.015 units in the easternmost part.  

An annual average west-to-east decrease through the northern and southern routes 

was obtained for SST (1.70ÜC (r2=0.64 and ɟ=-0.80) and 1.48ÜC (r2=0.83 and ɟ=-

0.91) per degree of longitude, respectively) and fCO2,sw (14.21 Õatm (r2=0.65 and 

ɟ=-0.81) and 2.71 Õatm (r2=0.22 and ɟ=-0.47) per degree of longitude, 

respectively) (Figures 4.2 ï a and e). The seasonality of pHT increased toward the 

east in both sections (Figure 4.2 ï g) and correlated with the decrease in fCO2,sw (-

0.001 units Õatm-1, r2> 0.94 and ɟ<-0.97). These longitudinal changes were 

maximum during summer in the northern section: SST and fCO2,sw decreased by 

2.95ÜC (r2=0.66 and ɟ=-0.81) and 47.47 Õatm (r2=0.87 and ɟ=-0.93) per degree of 

longitude, respectively, while the pHT increased by 0.047 units (r2=0.86 and 

ɟ=0.93) per degree of longitude.  

The annual average FCO2 (Figure 4.2 ï e) shows that the CO2 sink increased 

toward the east in both the northern (-1.89 mmol m-2d-1 per degree of longitude, 

r2=0.68 and ɟ=0.82) and the southern (-1.27 mmol m-2d-1 per degree of longitude, 

r2=0.57 and ɟ=0.75) sections. The west-to-east increasing sink gradient was most 

intense during spring (-2.23 (r2=0.34 and ɟ=0.58) and -1.38 (r2=0.64 and ɟ=0.80) 

mmol m-2d-1 per degree of longitude, respectively) and summer (-6.71 (r2=0.89 and 

ɟ=0.94) and -2.69 (r2=0.60 and ɟ=0.77) mmol m-2d-1 per degree of longitude, 

respectively). During summer, both the northern and southern sections behaved as 

a CO2 source (3.11 Ñ 1.76 mmol m-2d-1 and 1.24 Ñ 3.84 mmol m-2d-1, respectively) 

in the westernmost part (6.15-5.5ÜW) and as a weak CO2 sink (-0.87 Ñ 2.62 mmol 

m-2d-1 and -0.57 Ñ 2.48 mmol m-2d-1) in the easternmost part (5.5-5.1ÜW). 

Maximum outgassing was found in both the northern and southern sections during 

summer around ES (4.49 Ñ 2.45 and 2.28 Ñ 3.91 mmol m-2d-1, respectively) and 

TN (2.99 Ñ 0.74 and 2.20 Ñ 2.59 mmol m-2d-1, respectively). In contrast, maximum 

ingassing was obtained along the northern section between ES and CS during 

autumn (-6.01 Ñ 0.05 mmol m-2d-1) and toward the east of TN along the southern 

section during winter (-6.57 Ñ 4.11 mmol m-2d-1). 

The longitudinal change in SSS (Figure 4.2 ï b) was significant in this transition 

area between Northeast Atlantic and Mediterranean Sea waters and influenced the 
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spatial distribution of CT. Big differences in SSS and CT values were observed 

between the northern and southern sections. In the northern section, the annual 

average of SSS slightly decreased from the most Atlantic part to GC (0.12 units 

per longitude, r2=0.66 and ɟ=-0.81) and increased rapidly toward the east of GC 

(1.40 units per longitude, r2=0.95 and ɟ=0.97).ШThese longitudinal changes were 
also observed in the southern section, but both the decrease (0.08 units per degree 

of longitude, r2=0.67 and ɟ=-0.82) and the increase (0.50 units per degree of 

longitude, r2=0.86 and ɟ=0.93) were lower.  

The longitudinal distribution of CT (Figure 4.2 ï d) was correlated with that of SSS 

in the northern section (r2=0.91 and ɟ=0.95), while this control was not observed 

in the southern section (r2=0.13 and ɟ=0.36). The average annual NCT (Figure 4.2 

ï f) increased similarly toward the east in both the northern (11.42 Õmol kg-1 per 

degree of longitude; r2=0.64 and ɟ=0.80) and the southern sections (12.64 Õmol 

kg-1 per degree of longitude; r2=0.80 and ɟ=0.89). The average NCT values were 

maximum during the cold months (January-June) and minimum during the warm 

months (July-December) in the entire region, except in the northern section during 

autumn to the east of CS and during summer around TN. The decrease in fCO2,sw 

between CS and GC in summer and the effects of remineralization and vertical 

mixing processes accounted for these changes. The absolute minimum values of 

NCT in summer along each route should be highlighted: the minimum value 

eastward of GC in the northern section (2090.60 Ñ 4.99 Õmol kg-1) was followed 

by a reduction of the oceanic CO2 sink and high values of fCO2,sw, while that of the 

southern route in TN (2090.03 Ñ 2.95 Õmol kg-1) coincided with maximum values 

of SST, fCO2,sw and FCO2 and may be related to an increase in biological 

production.  

4.4.2. Seasonality of the CO2 system and fluxes 

The seasonality of SST, SSS and CO2 system variables and fluxes were studied on 

both the northern and the southern routes (Figures C.3 and C.4) by averaging the 

values obtained on each trip and fitting them to a harmonic equation (Eq. 4.11). 

The average values of fCO2,sw and pH ranged between ~360 and 430 Õatm and 

between ~8.03 and 8.09 respectively, in phase with a seasonal temperature change 

of ~7.5ÜC (between ~15.5 and 23.0ÜC). Several differences were observed between 

the northern and the southern sections: the fCO2,sw and pH trends (Figure C.3) show 

a lower seasonality along the southern route despite the fact that the seasonal 

change in SST is maximum in this section. The fCO2,sw values were compared with 

surface fCO2,sw data available at the SOCAT v2020 database for the Strait of 

Gibraltar between 1999 and 2019 (Figure C.5). The CanOA-VOS lines provided a 

total of 6440 measurements during the two years of study (2019-2021), almost the 

same number of observations (6063 data) as in the SOCAT database for a period 

of twenty years (1999-2019). The CanOA-VOS line collected data at times of the 

year when there was no previous data available (February, May-July, and 

December). The annual cycle of fCO2,sw provided from both the CanOA-VOS and 

the SOCAT databases is described by Eq. 4.12 and 4.13 (r2=0.67 and r2= 0.64, 
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respectively) in which SST fluctuations were considered (SSS was not found to 

improve the fitting). Their standard errors of estimate was Ñ10.2 and Ñ13.8 Õatm, 

respectively. 

Ὢὅὕȟ ρρρψȢπππȢρφzÃÏÓπȢυσzὓέὲὸὬ ρυȢρτ z

ÓÉÎπȢυσzὓέὲὸὬ ςȢρπzὛὛὝ χψȢψρzὛὛὝ      

  (4.12) 

Ὢὅὕȟ χφπȢφπςȢςωzÃÏÓπȢυυzὓέὲὸὬ ρςȢχτ zÓÉÎπȢυυz

ὓέὲὸὬ ρȢρψzὛὛὝ τςȢυτzὛὛὝ          

  (4.13) 

The seasonal change of fCO2,sw with SST obtained through the northern and 

southern sections of the CanOA-VOS line is given by Eq. 4.14 and 4.15 (r2= 0.78 

and r2= 0.66, respectively) with a standard error of estimate of Ñ10.3 and Ñ8.9 

Õatm, respectively. 

Ὢὅὕȟ ωρτȢτπτȢσψzÃÏÓπȢυτzὓέὲὸὬ ρρȢσφ z

ÓÉÎπȢυτzὓέὲὸὬ ρȢχσzὛὛὝ φπȢψψzὛὛὝ      

 (4.14) 

Ὢὅὕȟ ρρρψȢππςȢππzÃÏÓπȢυσzὓέὲὸὬ ρτȢψτ z

ÓÉÎπȢυσzὓέὲὸὬ ςȢπψzὛὛὝ χψȢψςzὛὛὝ          

(4.15) 

When the full data set (SOCAT and CanOA) was considered (more than 12000 

data), Eq. 4.16 (r2=0.62) ), which present a standard error of estimate of Ñ12.8 

Õatm, provides an estimation of the interannual trend (2.33 Ñ 0.06 Õatm yr-1), the 

seasonal variability and the influence of SST as the variable controlling the 

physical characteristics of the Strait of Gibraltar. 

Ὢὅὕȟ χχωȢφ ςȢσυz ώὩὥὶρωωωσȢψπ zÃÏÓπȢυφzὓέὲὸὬ

ρρȢχπ zÓÉÎ πȢυφzὓέὲὸὬ ρȢστzὛὛὝ τψȢψωzὛὛὝ            

   (4.16) 

The FCO2 seasonal trend (Figure C.3) ranged between -6 mmol m-2d-1 and 3 mmol 

m-2d-1 in the northern section and between -8 mmol m-2d-1 and 3 mmol m-2d-1 in the 

southern section, with a strong behaviour as a sink during the cold months and as 

a weak source during the warm months. The maximum outgassing (2.99 Ñ 2.70 

and 3.60 Ñ 1.76 mmol m-2 d-1 in the northern and the southern section, respectively) 

occurred in August 2020 and coincided with high values of SST and fCO2,sw, while 

the maximum ingassing (-11.48 Ñ 1.36 mmol m-2 d-1) was observed along the 

southern section in February 2021 and was related with wind speed values higher 

than 11 m s-1. The change in FCO2 was linked to the change in ȹfCO2, which is 
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controlled by temperature fluctuations: the average values of FCO2 increased by 

1.22 mmol m-2d-1 ÜC-1 (r2=0.71 and ɟ=0.84) in the northern section and 1.03 mmol 

m-2d-1 ÜC-1 (r2=0.50 and ɟ=0.71) in the southern section. A smoothing spline with a 

parameter of 0.98 was applied to the daily distribution of SSS (r2>0.27), SST 

(r2>0.82), fCO2,atm (r2>0.94), fCO2,sw (r2>0.56) and wind speed (r2>0.49). Daily 

values of FCO2 were calculated from these computed variables and fitted to the 

observed FCO2 values to improve the evaluation of its temporal distribution. These 

computed FCO2 values differ in average by -0.25 mmol m-2 d-1 in the northern 

section and by 0.15 mmol m-2 d-1 in the southern section compared to those 

calculated from the observed data.  

The west-to-east differences were assessed by selecting 5 stations equidistantly 

spaced every 0.2Ü of longitude along the channel (6.0-5.2ÜW) (Figures 4.3, C.6 and 

C.7). The westernmost station at 6.0 Ñ 0.05ÜW (S1) is located near ES and was 

used to study the seasonality in the most Atlantic part over the main gateway of 

the Mediterranean outflow. The station at 5.8 Ñ 0.05ÜW (S2) was selected near the 

shallower area of CS. The stations at 5.6 Ñ 0.05ÜW (S3) and 5.4 Ñ 0.05ÜW (S4) 

were in the longitudinal range around TN and GC respectively over the deepest 

area of the channel. Lastly, the easternmost station at 5.2 Ñ 0.05ÜW (S5) was used 

to study the most Mediterranean part. To consider the observed latitudinal 

variation, the northern and southern parts of each station were represented 

separately at all stations except S1 due to upward and backward routes passing 

through the same latitudinal interval in the westernmost part. A lower temporal 

resolution was obtained along the northern part of the channel and at S5 (Figure 

C.6) due to technical problems with the measurement equipment and subsequent 

scarcity of data during the first year of observation. Hence, the harmonic fitting is 

useful to understand the temporal change during periods of lack of data, but the 

seasonal trend shows a higher uncertainty in these positions. 

The latitudinal differences are greater in the most Mediterranean part of the 

channel. The seasonality of the SST (Figures 4.3 and C.6) decreased toward the 

east through the northern route (in the  

range between 16-23ÜC at S1 and 16-20ÜC at S4) and remained constant with 

longitude through the southern route (16-23ÜC). The fCO2,sw values (Figures 4.3 

and C.6) were maximum at S1 throughout the year (ranging between 370 Õatm 

during the cold months and 428 Õatm during the warm months), and its seasonality 

remained constant along the southern section between 370 and 415 Õatm in phase 

with temperature and influenced by non-thermal processes. The west-to-east 

pattern in fCO2,sw seasonality along the northern section was difficult to 

characterize due to the lack of values at certain times of the year. However, a slight 

increase in the seasonal signal was observed from the Atlantic part at S1 (~57 Õatm, 

between 371 and 428 Õatm) to TN at S3 (61 Õatm, between 357 and 418 Õatm) 

and a drastic decrease toward the east in GC at S4 (34 Õatm, between 362 and 396 

Õatm). 
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The pHT values (Figures 4.3 and C.6) were correlated with fCO2,sw (r2> 

0.98 and ɟ=-0.99) throughout the region and decreased by 0.001 units Õatm-1 at all 

stations. The maximum seasonality was found at S1 (8.028-8.080) and in the 

northern sections of S3 (8.037-8.095). The greatest differences at S2 were observed 

during the cold months between January and May and could be related with 

mixing, biological and other non-thermal processes. In GC at S4, the pHT showed 

minimum pHT seasonality ranging from 8.056 to 8.089 in the northern section and 

from 8.039 to 8.081 in the southern section.  

The FCO2 values (Figures 4.3 and C.6) show a slight maximum outgassing and 

minimum ingassing in the northern part of each station. The outgassing weakened 

and the ingassing reinforced toward the east, reaching negative FCO2 values along 

both the northern and the southern section during the entire first year of monitoring 

and in the northern part of S4 throughout the study period. A strong CO2 sink was 

obtained at all stations during the cold periods, while the system behaved as a weak 

source during the warm months.  

The influence of Mediterranean Sea waters on the distribution of SSS was only 

observed to the east of GC at S5 through the northern section (Figure C.7), where 

the values were maximum throughout the year (~36.4-36.7). The west-to-east 

surface circulation from the Northeast Atlantic is reflected in the SSS between ES 

(S1) and GC (S4): the observed values and seasonality were minimum in the 

westernmost part at S1 (~36.3-36.5) and slightly increased through the southern 

section between S2 and S4 (~36.3-36.6).  

The NCT (Figure C.7) decreases between February and September and increases 

between October and January. The seasonality of CT and NCT in ES (S1) (~30 Õmol 

kg-1, between 2090 and 2120 Õmol kg-1) increased through the southern section 

(~40 Õmol kg-1
, between 2090 and 2130 Õmol kg-1) and decreased through the 

northern section (~15 Õmol kg-1, between 2100 and 2115 Õmol kg-1) in CS (S2) 

and TN (S3). In GC at S4, the seasonality decreased in the southern section (~30 

Õmol kg-1
, between 2093 and 2123 Õmol kg-1) and increased in the northern section 

(~22 Õmol kg-1
, between 2098 and 2120 Õmol kg-1). Considering the temporal 

distribution of Chlorophyll a (Figure C.7), the seasonal change was reduced and 

the latitudinal differences increased toward the interior of the channel.  

4.5. Discussion 

4.5.1. High-resolution study of the spatio-temporal variability of the CO2 

system 

The current study provides a high spatio-temporal resolution evaluation of the 

surface CO2 distribution based on high-frequency underway measurements 

obtained during 2 entire years of observation (February 2019-March 2021). More 

than 6000 data obtained during those 2 years is the same amount of data available 

in the SOCAT database for the last 20 years.  
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According with the high-resolution measurements carried out in this investigation, 

the seasonal changes in the CO2 system and fluxes in the Strait of Gibraltar were 

controlled by the annual cycle of the Atlantic inflow and the position of the AMI. 

These processes has been shown to control other variables in the region (e. g. Bray 

et al., 1995; Bryden et al., 1994; G·mez et al., 2000a, 2000b; Skliris and Beckers, 

2009). The shallower depth of the AMI favours the deep, cold and CO2-rich 

Mediterranean water injection into the upper layers (de la Paz et al., 2009). The 

AMI elevates toward the northeast throughout the year and reaches minimum 

depth during late winter (February-March), coinciding with an observed decrease 

in SST (Figures 4.2 ï a and C.1) and increase in SSS and Chlorophyll a (Figures 

4.2 ï a and C.2). The position of the AMI is also influenced by the tidal amplitude 

variation and internal wave generation (Gascard and Richez, 1985; G·mez et al., 

2001), which favour intermittent vertical mixing events and increase the surface 

CO2 during high tides (Macias et al., 2006; Wesson and Gregg, 1994) and 

especially during the most energetic spring tides (Garc²a-Lafuente et al., 2000).  

The spatial variability of the CO2 system during summer is also influenced by 

mixing processes driven by local climatology factors, as the wind-induced 

upwelling in the Gulf of C§diz, the Strait of Gibraltar and the Alboran Sea at local 

(e. g. Bolado-Penagos et al., 2020; G·mez-Jakobsen et al., 2019; Peliz et al., 2009) 

and regional scale (e. g. Folkard et al., 1997; Richez and Kergomard, 1990; 

Stanichny et al., 2005). The signal of the wind-induced upwelling during the warm 

months was observed in minimum values of SST around CS and between TN and 

GC (Figure 4.2). The lowest fCO2,sw values obtained during summer along the 

southern section in the westernmost part are explained by the enhancement of the 

biological uptake in this area due to wind-induced upwelling events at this time of 

the year (Stanichny et al., 2005). The opposite occurs to the east of TN, where the 

wind-induced upwelling weakened and higher fCO2,sw were encountered along the 

southern route during summer (Figure 4.2 ï c). The influence of the physical 

variability in the seasonality of fCO2,sw in the area were described in term of a 

second degree function of SST in Eq 12-16. The spatio-temporal variability 

observed in the CO2 system and fluxes and their causes is consistent with previous 

studies based on datasets obtained from oceanographic surveys at certain locations 

and times of the year (Dafner et al., 2001; de la Paz et al., 2008, 2009, 2011; Flecha 

et al., 2019; Santana-Casiano et al., 2002).  

The seasonality of the fCO2,sw values obtained in this study agreed with that 

obtained from SOCAT data (Figure C.5) and both followed SST fluctuations. A 

high coincidence was found in the annual cycle, with an average difference in 

fCO2,sw values between both databases of 6.94 Ñ 16.93 Õatm. The fitting of the 

CanOA-VOS data and the standard error of estimate in the northern and southern 

section (Eq. 4.14 and 4.15) and in the entire region (Eq. 4.12) were slightly 

enhanced with respect to the SOCAT data (Eq. 4.13) due to the higher temporal 

resolution in the entire annual cycle. The combination of the CanOA-VOS and 

SOCAT data provided an equation (Eq. 4.16) that can be used to estimate fCO2,sw 

in the surface waters of the Strait of Gibraltar. The fCO2,sw is increasing in the Strait 

of Gibraltar at a rate of 2.35 Ñ 0.06 Õatm yr-1, which is close to the Northeast 
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Atlantic ESTOC site (1.92 Ñ 0.24 Õatm yr-1) and similar to the Irminger Sea site 

(2.37 Ñ 0.49 Õatm yr-1), where also vertical mixing processes contributed to the 

increased observed trend (Bates et al., 2014).  

4.5.2. Thermal and non-thermal control over the CO2 system variability 

The coupling between thermal and non-thermal processes drives the seasonal 

variation of the CO2 system throughout the region. These non-thermal processes 

are mainly biological production (including the organic matter production and 

remineralization) and physical processes that are strongly coupled affecting the 

fCO2 distribution with both positive and negative effects (Takahashi et al., 1993). 

The T/B ratios (Table 4.2) show that fCO2,sw seasonality in the Strait of Gibraltar 

was mainly controlled by thermal processes in the entire region, coinciding with 

previous studies in the Strait of Gibraltar (de la Paz et al., 2009) and along the 

northwest African coast (Curbelo-Hern§ndez et al., 2021). However, the 

seasonality of fCO2,thermal and fCO2,non-thermal (Figure 4.3) and the T/B ratios obtained 

in the northern and the southern sections of each station show a high spatial 

variability in thermal and non-thermal coupling. The relevance of non-thermal 

processes in the temporal variation of fCO2,sw (Figure 4.3) was greater along the 

southern section due to greater influence and intensity of upwelling throughout the 

African coast (Stanichny et al., 2005). The non-thermal effect was maximum and 

close to cancelling the thermal effect to the south of CS, where the tidal dynamics 

is enhanced and vertical mixing processes are intense (Echevarr²a et al., 2002). The 

non-thermal effect decreased from S2 to S5 through the southern section and 

increased from S3 to S5 through the northern section, which is related to the high-

intensity upwelling in the Northwest Alboran Sea and suppression of vertical 

mixing to the south (Echevarr²a et al., 2002; G·mez-Jakobsen et al., 2019; Minas 

et al., 1991).  

Table 4.2. Ratios T/B and linear relationship of fCO2,sw-SST and NCT-fCO2,non-thermal at 

the northern and southern part of the selected stations along the Strait of Gibraltar. 
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The influence of thermal processes on the temporal variation of fCO2,sw was also 

analysed through the fCO2,sw - SST relationship (Table 4.2). The increase in fCO2,sw 

with temperature through the northern route (9.02 Ñ 1.99 Õatm ÜC-1, r2=0.86 and 

ɟ=0.93) doubled that obtained through the southern route (4.51 Ñ 1.66 Õatm ÜC-1, 

r2=0.48 and ɟ=0.69). Thus, the control of thermal processes was even higher in the 

northern section, while in the southern section the relevance of non-

thermodynamic processes increased due to the enhancement of vertical mixing and 

biological activity (Santana-Casiano et al., 2002). The fCO2,sw - SST relationship 

is consistent with the T/B ratios obtained at each station (Table 4.2). The highest 

correlation and change of fCO2,sw with SST was obtained in the westernmost part 

at S1 and in the northern sections of S2 and S3 (> 8.5 Õatm ÜC-1, r2> 0.67 and 

ɟ>0.82). In the southern sections of CS and TN, the change and correlation of 

fCO2,sw - SST was found to be minimal (r2 <0.28 and ɟ<0.53).  

The influence of non-thermal processes on the NCT change was studied through 

the relationship NCT - fCO2,non-thermal (Table 4.2). The NCT increased with respect 

to fCO2,non-thermal by 0.50 Ñ 0.03 Õmol kg-1 Õatm-1 (r2> 0.92 and ɟ>0.96) throughout 

the region, but decreased with respect to fCO2,thermal by 0.22 Ñ 0.06 (r2=0.82 and 

ɟ=-0.91) and 0.34 Ñ 0.06 (r2=0.83 and ɟ=-0.91) Õmol kg-1 Õatm-1 through the 

northern and southern routes, respectively. The NCT showed a direct relationship 

and correlated with fCO2,non-thermal (between 0.46 and 0.52 Õmol kg-1 Õatm-1; r2> 

0.85 and ɟ>0.92) at all stations. Hence, the NCT variation was mainly driven by 

non-thermal processes (de la Paz et al., 2008, 2009; Santana-Casiano et al., 2002). 

4.5.3. Seasonal variability of NCT and relative influence of air-sea exchange, 

biological activity, horizontal transport, and vertical mixing 

The annual cycle of CT was studied at each of the selected stations by considering 

its temporal change between consecutive months. The CT was normalized to a 

constant salinity of 36.4 to remove the effect of precipitation and evaporation and 

study the other non-conservative processes involved in the surface variation of CT 

(i.e. primary production, oxidation of organic matter, precipitation/dissolution of 

CaCO3, air-sea CO2 fluxes and physical processes) (e. g. Chen and Pytkowicz, 

1979; Lee et al., 2000; Takahashi et al., 1993; Wanninkhof and Feely, 1998).  

The results allow to establish the relative contribution of biological activity, air-

sea exchange, horizontal transport and vertical mixing (Eq. 4.8) on the increase 

and depletion of NCT in surface waters (Figure 4.4, Table 4.3). The greatest 

seasonal changes of NCT were found at S1 and throughout the southern section, 

especially at S2 and S3 (Table 4.3). A high spatial variability was found in the 

seasonality of NCT. The depletion of NCT in the southwestern part occurred from 

February-March to September, while it was difficult to establish a seasonal pattern 

through the northern section and in the easternmost part due to the high variability 

of the surface inflow in the tidal time-scale (de la Paz et al., 2009).  
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The seasonal change of NCT was controlled by net community production 

processes at most of the stations except in the northern part at S2 (0.4-10.6%; 

Figure 4.4 ï b), where the air-sea exchange and vertical mixing dominated (62.7-

68.4% and 29.7-36.7%, respectively) and horizontal transport influenced (8.0-

15.6%). It is related to the generation of internal bores at CS (Armi and Farmer, 

1988; Boyce, 1975; Bruno et al., 2002) and the minimum intensity of the wind-

induced upwelling toward the northwest of the channel (Peliz et al., 2009). The 

biological effect was especially significant along the African coastal upwelling 

(Stanichny et al., 2005) in the southern part of S2 (81.8-83.9%) and S3 (94.2-

98.4%).  

The upwelling effect in the Northwest Alboran Sea (Echevarr²a et al., 2002; 

G·mez-Jakobsen et al., 2019; Minas et al., 1991) was detected at the easternmost 

stations (Figure 4.4 ï d and e). The change in NCT explained by net community 

production exceeded the total change of NCT by 24.4-30.0% and 21.9-69.3% in 

the northern part at S4 and S5, respectively. The biological effect in these locations 

was counteracted by the contribution of air-sea exchange (12.3-33.6% in the 

northern part at S4 and S5 and 69.04-69.2% in the southern part at S5) and the 

influence of vertical mixing and horizontal transport (<12% and <10%, 

respectively). The contribution of net community production is strongly linked to 

the vertical mixing processes in this region, which inject deeper and remineralized 

CO2-rich water in surface layers. Positive contributions of vertical mixing 

indicated that the NCT increase in the surface layer due to the deep-water injection, 

while negative values indicate that the concentration of NCT on the surface is 

higher than in depths layers due to a minimal biological production on the surface. 

In some periods, the amount of injected CO2 to the surface is not counterbalanced 

by primary production and positive values contributed to the observed monthly 

variability. Accordingly, the seasonal and spatial variation of the AMI and the deep 

water injection processes in the surface layers drove by the wind (wind-induced 

upwelling) through the southernmost part and by tides (tidal-induced upwelling) 

through the northernmost part could account for the observed positive and negative 

contributions of both net community production and vertical mixing. The 

contribution of vertical mixing was especially significant in certain locations due 

to the advection of CT in upper layers toward the east of CS during tidal-induced 

upwelling events (de la Paz et al., 2008). The diffusion processes of CT through the 

pycnocline increased its surface concentration by an average of 3.55 Ñ 2.69 mmol 

m-3 during the entire annual cycle throughout the region. The vertical entrainment 

increased the surface CT by an average of 0.58 Ñ 0.52 mmol m-3 between August 

and January and was cancelled between February and July due to the elevation of 

the mixed layer and subsequent increase in stratification. About 5.7-5.8% of the 

seasonal change in NCT at S1 (Figure 4.4 ï c) was explained by vertical mixing 

processes. The vertical mixing inversely affected the change of NCT at S3 and S5. 

During the periods of increase in NCT, between 0.02% and 9.10% of the NCT was 

removed from the surface by vertical mixing processes, while during periods of 

depletion, between 2.90 and 8.20% of the surface NCT was injected from deep 

waters. The contribution of vertical transport was maximum in the northern part of 
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S2 (~29.7-36.7%) and at S4 (~10.3-11.9%) (Figure 4.4 ï b and d) due to the effect 

of internal waves in CS (Bruno et al., 2002; Macias et al., 2006) and the elevation 

of the pycnocline in the most Mediterranean part (Echevarr²a et al., 2002). The 

influence of the seasonality of the wind-induced upwelling on the change of NCT 

by vertical mixing was detected in S2, where a difference of 1.34 mmol m-3 

between increase and depletion periods was found.  
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The horizontal transport in the west-to-east direction decreased the surface NCT 

(0.8-15.6%) in the entire annual cycle due to the lower AT and CT content of the 

Atlantic inflow compared to the Mediterranean outflow (de la Paz et al., 2008). An 

increase in NCT by horizontal transport was only observed at S1 (0.4%) and in the 

northern part of S4 (2.6%) and S5 (9.6%).  

The average seasonal change of NCT for all selected locations across the Strait of 

Gibraltar was 29.0 Ñ 9.96 mmol m-3. Biological processes controlled the seasonal 

change of surface NCT (93.5-95.6%), increasing its concentration by 27.72 mmol 

m-3 in periods of higher remineralization influence and decreasing it by 27.11 

mmol m-3 when production was the controlling process. The contribution of air-

sea CO2 exchange (0.9-3.3%) was higher during the increasing periods due to the 

strong behaviour as a sink of the channel (0.94 and 0.27 mmol m-3 during the 

increase and depletion periods, respectively). Vertical mixing increased the NCT 

by 1.32 mmol m-3 and decreased it by 1.02 mmol m-3, with a total contribution of 

4.1%. Finally, the effect of horizontal transport was minimal (<2.8%) and 

decreased the NCT by 1.08 and 0.52 mmol m-3 in both total increase and depletion 

periods, respectively. 

4.5.4. FCO2 in the Strait of Gibraltar 

The temporal distribution of FCO2 calculated from observed and computed data 

allowed the characterization of the air-sea CO2 exchange in the Strait of Gibraltar 

throughout the study period. The monthly average FCO2 values (Figure C.8) 

proved the strong behaviour of the region as a CO2 sink from November to July 

and as a weak source between August and October. This seasonal pattern is 

consistent with previous studies in the Strait of Gibraltar (de la Paz et al., 2009, 

2011) and along the coastal to open-ocean transitional area of the Northeast 

Atlantic (Curbelo-Hern§ndez et al., 2021). In the northern section, the CO2 sink 

Table 4.3. Seasonal change of NCT (ȹNCT/dt) and net contribution of the net 

community production (ȹNCT/dt|NCP; green), air-sea exchange (ȹNCT/dt|EX; blue), 

horizontal transport (ȹNCT/dt|TRSP; purple) and vertical mixing (ȹNCT/dt|MIX; orange) 

in the increase and depletion of NCT at stations S1-S5.  
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behaviour remained throughout the first year of observation (February 2019 ï 

February 2020) even in the warm months, while a late-summer CO2 source 

behaviour was found in the second year of observation (March 2020 ï March 

2021). In contrast, the southern section behaved as a late-summer CO2 source in 

both entire years considered.  

The FCO2 values show a direct relationship with ȹfCO2 in both the northern and 

the southern sections (0.11 (r2=0.87 and ɟ=0.93) and 0.14 (r2=0.72 and ɟ=0.84) 

mmol m-2 d-1 Õatm-1, respectively). Despite the important role of the wind speed 

and direction controlling the seasonal and spatial distribution and intensity of 

upwelling events across coastal areas in the Strait of Gibraltar (Stanichny et al., 

2005), its short-term variability is not significant on an annual time scale in this 

region (de la Paz et al., 2011) and specially along the northern section. The 

difference between the averages FCO2 calculated with satellite and measured wind 

speed data was 0.14 mol C m-2 yr-1. The changes in wind speed influence the 

intensity of CO2 exchange between low atmosphere and surface ocean and could 

modified the physical properties of the upper layers, but do not determine the 

formation of CO2 source/sink. Northeasterly winds bring on the deep-water 

injection in upper layers and subsequent cooling of the surface seawater in the 

southwest area, favouring the solubility of atmospheric CO2. Accordingly, a more 

intense annual CO2 sink was found in this area compared to the northwest area 

(Figure 4.5). The assessment of the spatio-temporal changes of FCO2 in this study 

show that the formation of the seasonal CO2 sink and source is controlled by the 

ȹfCO2 variations influenced by changes in the physical properties of the surface 

ocean, which were driven by the local climatology and the unique hydrology of 

Figure 4.5. Annual average of FCO2 and ȹfCO2 every 0.05Ü longitude calculated along 

the northern and southern sections and in the entire region. 

 

 

 

 




























































































































































































