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This study assesses the impact of intensified upwelling on the marine carbonate system along the Northwest African coast, from Cape Blanc (21°N) to Cape Cantin (33°N), a region where ocean acidification observations remain limited. We analyze surface water variability using data from two oceanographic surveys conducted aboard the R/V Dr. Fridtjof Nansen in spring and autumn 2022. The analysis is based on observational data of temperature, salinity, dissolved oxygen, chlorophyll a, pH, total alkalinity, and derived carbonate system variables. In spring, upwelling was widespread across the study area, while in autumn it was more localized near Cape Draa (28°30'N), between Cape Boujdour and Dakhla (25°30N–23°30N), and at Cape Blanc (21°N). Both spring and autumn were influenced by low-oxygenated South Atlantic Central Water (SACW), which is rich in DIC (2160–2250 µmol/kg), and upwelled to the surface, lowering pH (~7.85–7.95) and aragonite saturation state (ΩAr ~1.5–2.5). The strongest acidification signals were observed in autumn at Cape Draa (28°30N) and Cape Blanc (21°N), where the lowest pH (7.8) and ΩAr (1.5), along with the highest DIC (2250 µmol/kg), were recorded. The study clearly shows that the lowest pH values and highest DIC concentrations were related to the influence of SACW upwelling at Cape Blanc. It was also evident that areas with high chlorophyll a coincided with higher ΩAr and pH in spring. This suggests that primary production (PP) during spring counteracts the effect of upwelled low-pH water along the coast. Areas of high PP, such as at Cape Draa (28°30N), experienced increased DIC levels and enhanced acidification after the bloom season, potentially influenced by organic matter remineralization. Our findings highlight the influence of upwelling and biological processes on surface carbonate chemistry along the Northwest African coast. This study emphasizes the necessity of long-term monitoring to assess ocean acidification trends and their ecological implications in this vulnerable region.
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1 Introduction


Carbon dioxide (CO2) emissions into the atmosphere have increased dramatically over recent decades, mainly due to human activities (Somova et al., 2003; Keeling and Whorf, 2004; Sabine et al., 2004; Royal Society, 2005; Siegenthaler et al., 2005; IPCC, 2013; Friedlingstein et al., 2022). This is a major contributor to global warming and climate change (Bindoff et al., 2019; Forster et al., 2024). Ocean acidification (OA) mainly results from the increased uptake of this anthropogenic CO2 by the oceans, thereby disrupting the chemical balance of the marine carbonate system (Zeebe and Wolf-Gladrow, 2001; Le Quéré et al., 2010). In addition, natural processes such as coastal upwelling, biological respiration, or river inputs, can locally accentuate this phenomenon (Feely et al., 2008; Chen et al., 2022). The superposition of these anthropogenic and natural effects results in marked spatio-temporal variability in acidification conditions, particularly in dynamic coastal ecosystems.


According to the World Meteorological Organization (WMO/GCOS, 2018), OA is now one of the key indicators of global climate change. Monitoring this phenomenon is therefore crucial, due to its potentially harmful effects on biological processes (Kroeker et al., 2010; Collins et al., 2014) as well as on the physicochemical balances of marine systems that are sensitive to pH (Feely et al., 2004; Millero et al., 2009; Millero and DiTrolio, 2010; Woosley et al., 2012).


The marine carbon biogeochemical cycle relies on a complex interaction between physical, chemical, and biological processes that regulate the distribution and transformation of different forms of carbon in the ocean. The carbonate system, in particular, is governed by equilibria between dissolved carbon dioxide (CO2), bicarbonate (HCO3
-), and carbonate (CO3²-) ions (Doney et al., 2009b; Dore et al., 2009; Goyet et al., 2016).

Disruption of this balance, especially the decrease in carbonate ion (CO3²-) concentrations, has significant consequences for calcifying marine organisms, by reducing the saturation state of calcium carbonate (CaCO3) and increasing its solubility (Caldeira and Wickett, 2003, Caldeira and Wickett, 2005; Feely et al., 2004; Sabine et al., 2004; Orr et al., 2005). In addition, the loss of CO3²- reduces the buffering capacity of seawater, as total alkalinity (AT) decreases twice as fast as dissolved inorganic carbon (DIC). The repercussions may include disruptions in food chains, reduced biodiversity, and the compromise of vital ecosystem services, such as fisheries and coastal protection, which support many human communities (Fabry et al., 2008; Doney et al., 2009a, Doney et al., 2020; Kroeker et al., 2013; Gattuso et al., 2015).


Coastal upwelling systems play a key role in the biogeochemical dynamics of marine ecosystems. By bringing deep, cold, nutrient- and DIC-rich waters to the surface, they enhance biological productivity but can also locally intensify acidification by lowering pH and the saturation states of carbonate and aragonite. These effects are particularly pronounced in regions subject to intense and persistent upwelling.


Northwest (NW) Africa benefits from one of the two major upwelling systems in the Atlantic Ocean and one of the four largest upwelling systems worldwide. This system, part of the Canary Current System (CCS), is driven by trade winds and is characterized by seasonal activity in the north (above 28°) and permanent activity in the south (21°N) (Makaoui et al., 2005; Benazzouz et al., 2014; Hilmi et al., 2020; Jamal et al., 2025), with intensity variations across latitudes (Bakun, 1990). It ensures a regular nutrient supply, thereby supporting high biological productivity essential to marine food chains and the development of fishery resources (Pauly and Christensen, 1995; Buhl-Mortensen et al., 2024). Approximately 80% of the national pelagic fish catches come from these upwelling areas (Kamili et al., 2019), which play a key role in the local and regional economy, particularly through commercial fishing and the marine biodiversity they sustain (Berraho, 2007).

Studies conducted in other upwelling regions, such as the west coast of the United States (Feely et al., 2008; Gruber et al., 2012), shows that upwelling activity strongly affects the spatial distribution of carbonate system parameters, as well as other biogeochemical variables such as dissolved oxygen and chlorophyll a, which are indicators of primary production. However, knowledge about acidification and the dynamics of the carbonate system in the NW African region remain very limited. Lachkar (2014) examined the effect of upwelling intensity on OA in the CCS. Flecha et al., 2019 and Huertas et al. (2009) focused on studying biogeochemical exchanges between Mediterranean and Atlantic water masses through the Strait of Gibraltar, highlighting the impact of the Mediterranean basin on carbon stocks in the North Atlantic. Loucaides et al. (2012) studied the carbonate chemistry system at the upwelling filament off Cape Blanc (north of Mauritania) and its evolution with biological, physical, and chemical processes. In this context, the present study aims to analyze the influence of upwelling seasonality on the surface distribution of carbonate system parameters along the NW African coast, based on data collected in spring and autumn 2022. The study aims to:


	
Characterize the spatial distribution of carbonate system parameters on the NW African coast;


	
Assess the effect of upwelling dynamics on the biogeochemical properties of coastal waters;


	
Provide a short-term reference state (two seasons) for the biogeochemical functioning of this region.





By highlighting the factors that influence the distribution of the observed parameters, as well as the possible relationships between hydrological and biogeochemical variables, this study contributes to a better understanding of acidification processes in a region that is still poorly documented. It therefore provides an essential basis for future observations and research in the context of climate change.






2 Study area


Our study focused on the NW African upwelling region located between Cape Cantin (33°N) and Cape Blanc (21°N) (
Figure 1
). This area is influenced by the Canary Current upwelling system, characterized by intense coastal upwelling primarily driven by northeast trade winds associated with the Azores High. These winds generate offshore Ekman transport, promoting the upwelling of cold, nutrient-rich waters (Mittelstaedt, 1991).


[image: Three maps showing the study area located in the Atlantic Ocean off the northwest coast of Africa. Map (A) displays CTD stations for data collection in spring 2022, with locations marked along the coast from 20°N to 33°N. Map (B) shows CTD stations for autumn 2022 data collection for the same region with additional stations. Map (C) highlights sampled CTD stations and specific capes, such as Cape Cantin and Cape Blanc, and includes a larger map of Africa for context.]
Figure 1 | 
Study area station mapping (A, B), and details of sample transects for spring and autumn surveys ((C) 
Table 1
).



The upwelling exhibits strong seasonal variability with distinct phases. During winter, upwelling is generally weaker due to reduced wind intensity. In spring, upwelling gradually intensifies as trade winds strengthen, triggering phytoplankton blooms and increased biological productivity. Summer marks the peak upwelling intensity: strong winds cause significant sea surface temperature drops, often falling below 16°C near the coast, supporting intense biological activity. In autumn, upwelling gradually weakens as winds diminish, marking a transition to warmer surface conditions (Pelegrí and Peña-Izquierdo, 2015; Hilmi et al., 2020; El Aouni et al., 2024).


The system also shows notable latitudinal contrasts. The northern sector between Cape Cantin and approximately 26°N experiences seasonal upwelling, with maximum activity during summer. In contrast, the southern sector (~26°N to Cape Blanc) features quasi-permanent upwelling year-round, where cold waters and high productivity sustain important fisheries (Cropper et al., 2014; Nait-Hammou et al., 2025).


This region thus represents one of the world’s most productive marine ecosystems, while remaining particularly vulnerable to climate change impacts that may alter wind patterns and amplify ocean warming.






3 Materials and methods


This study is based on data collected during two scientific surveys conducted aboard the Norwegian research vessel (R/V) Dr. Fridtjof Nansen (DFN), as part of a collaboration between the EAF-Nansen Program and the National Institute of Fisheries Research (INRH) of Morocco. The EAF-Nansen Program is a joint initiative between the Food and Agriculture Organization of the United Nations (FAO) and Norway, with the scientific support of the Norwegian Institute of Marine Research (IMR). This initiative aims to promote sustainable fisheries management in partner countries.


Two oceanographic campaigns were carried out in 2022, one in spring (from April 2 to May 3, 2022, Cruise number: 2022403) and the other in autumn (from October 22 to November 15, 2022, Cruise number: 2022411) aboard the R/V DFN, to study the physical and chemical environment for the pelagic ecosystem along the NW African coast.


During the spring survey, 192 CTD (Conductivity-Temperature and Depth) profiles were conducted, which increased to 241 CTD profiles in autumn (
Figures 1A, B
, 
Table 1
). During both campaigns, water samples were collected at 48 stations located along specific transects ranging from shallow coastal areas to deeper offshore regions (
Figure 1C
, 
Table 1
), allowing spatial coverage for analyzing environmental gradients, physical and biogeochemical processes.



Table 1 | 
Number of stations and samples collected per survey.





	Station/Samples

	Spring

	Autumn






	CTD Station
	192
	241



	Water sampling stations
	48
	48



	pH samples
	346
	392



	AT samples
	346
	392



	Chl a samples
	317
	417



	Salinity samples
	156
	75



	DO samples
	156
	103













3.1 Sampling and analytical procedures


Vertical profiles of temperature (T, °C) and salinity (S) were collected using a Conductivity-Temperature and Depth (CTD; SBE 911plus, SBE 3plus, SBE 4C). An additional sensor (SBE-43) was used to measure dissolved oxygen concentration (DO, ml/l). The maximum depth at offshore stations reached 1000 m in spring and 1500 m in autumn.


A seawater intake at 6 meters depth pumped seawater for continuous measurements of sea surface temperature (SST) and sea surface salinity (SSS) using a thermosalinograph (TSG, SBE-21, Seabird Electronics Inc.). The accuracy and precision for SST and SSS were ±0.01°C and ±0.001, respectively. In addition to the TSG, the surface water underway system was equipped with a factory-calibrated sensor for in-situ Chlorophyll a fluorescence, Chla_fluo, (WET Labs WetStar fluorometer).


Water samples were collected using a CTD-Rosette system with 12 Niskin bottles at 48 stations (
Figure 1C
, 
Table 1
). Samples for DO analysis were collected first, followed by samples for carbonate system analysis [pH and total alkalinity (AT)], in 250 ml borosilicate glass bottles. Chlorophyll a (Chla_meas) samples were collected next, followed by samples for salinity analysis. Sampling adhered to standard protocols to prevent contamination, such as gas exchange with the atmosphere for DO, pH, and AT samples (Dickson et al., 2007).


Water samples for salinity and DO analysis were collected at offshore stations to validate and calibrate conductivity and DO sensors. Salinity was measured onboard using a Guildline Portasal 8410A salinometer for conductivity (salinity) and DO was determined by Winkler titrations on a Metrohm 916 Ti-Touch potentiometric titrator.


AT and pH analyses were conducted onboard within 24 hrs following the general procedures outlined by Dickson et al., 2007. AT was determined by open-cell potentiometric titration using a Titroprocessor (Metrohm model 888 Titrando) with 0.1 N hydrochloric acid. The precision of AT was between ±3 and ±5 μmol/kg, based on triplicate analyses of each sample. Accuracy was validated using Certified Reference Materials (CRM) (CRM, lot 187 for both seasons) provided by the A.G. Dickson laboratory (Scripps Institution of Oceanography, La Jolla, CA, USA). pH was measured spectrophotometrically (Agilent Cary 8454 UV-visible spectrophotometer) on the total scale at 25°C (pHT25) using 2 mM m-cresol purple (m-CP) dye as indicator (Clayton and Byrne, 1993) in a 1 cm quartz cuvette (Clayton and Byrne, 1993). The precision of triplicate measurements ranged from ±0.001 to ±0.003. The adjustment for the influence of mCP on seawater pH was performed according to the methods described by Chierici et al., 1999. Chla_meas was measured using a fluorometer (Turner Designs 10-AU) following methods by Linder, 1974 and Strickland and Parsons, 1972.






3.2 Data calculations





3.2.1 Carbonate chemistry


Seawater carbonate chemistry parameters, including in situ pH (pHT-

in situ
, defined on the total scale of H+), aragonite saturation state (ΩAr), calcite saturation state (ΩCa), total dissolved inorganic carbon (DIC) and the partial pressure of CO2 (pCO2) were calculated based on temperature, salinity, and pressure obtained from CTD data and the measured pH and total alkalinity (AT) values, using the CO2SYS carbonate system calculation program configured for Excel by Pierrot et al., 2006. These calculations were carried out on the total hydrogen ion scale, using the carbonic acid dissociation constants (pK1 and pK2) from Lueker et al., 2000, the hydrogen sulfate (HSO4
-) dissociation constants defined by Dickson, 1990, and the borate constants from Uppström, 1974.


The cartography, surface distribution, and maps of the stations and study areas were generated using the graphical software Ocean Data View (ODV Version: ODV 5.7.1) (Schlitzer, 2024).






3.2.2 Corrected in-situ chlorophyll a value


The data from the Chla_fluo were corrected using measurements of Chl a concentrations, Chla_meas from filtered water samples from the upper 10 m of the water column (upper 10 m) to develop linear regressions. Since there is considerable seasonal variability in the fluorescence signal caused by physiological and regional differences in phytoplankton composition (Roesler et al., 2017) we performed separate regressions for spring (Equation 1), and autumn (Equation 2), respectively. The Equations were applied to all Chla_fluo to obtain corrected in-situ Chl a values (Chla_insitu). Values below the root mean square error (RMSE) (
Table 2
) should be taken with caution and is considered to be the detection limit for this conversion. Generally, the Chla_fluo were lower than Chla_meas, which suggests that the fluorescence sensor underestimates the actual Chl a in the water column in both spring and autumn.



Table 2 | 
Statistical parameters of the linear regressions between chlorophyll a fluorescence (Chla_fluo) and measured chlorophyll a concentrations (Chla_meas) for spring and autumn.





	Season

	R2


	p-value

	RMSE (mg/m3)






	Spring
	0.837
	< 0.01
	0.620



	Autumn
	0.782
	< 0.01
	0.351







(R², coefficient of determination; p-value, significance level; RMSE, root mean square error in mg/m³).





Chla
_
meas
=
3.115
×
Chla
_
fluo
–
0.781


(1)



Chla
_
meas
=
1.342
×
Chla
_
fluo
–
0.343


(2)







3.3 Statistical analysis


The analysis of the distribution patterns of environmental variables and the identification of key environmental gradients in the study area was conducted using principal component analysis (PCA). This method allows for dimensionality reduction of the data while retaining most of the total variability, thus facilitating the interpretation of complex relationships between variables. This information is helpful for interpreting the latitudinal and seasonal variations of oceanic conditions and their impacts on marine ecosystems.


The PCA was performed using the statistical software R (version R-4.4.1) (Équipe RStudio, 2020). The results of the PCA were visualized using biplots, which illustrate the relationships between variables and sampling stations in the principal component space. This allows a better understanding of the interactions between hydrological and biogeochemical parameters.


The environmental variables were normalized and logarithmically transformed before the analysis to reduce the influence of extreme values and stabilize the variance. The environmental variables used for the PCA include Sea Surface Temperature (T), Sea Surface Salinity (S), Dissolved Oxygen (DO), Surface Chlorophyll-a Concentration (Chla_meas), pHT-

in situ
, Total Alkalinity (AT), Dissolved Inorganic Carbon (DIC), Aragonite Saturation (ΩAr), Calcite Saturation (ΩCa), and Partial Pressure of CO2 (pCO2).







4 Results





4.1 Water mass distributions in the full water column


Two distinct water masses were identified in the study area within the upper 500 m of the water column (
Figures 2A–D
): the South Atlantic Central Water (SACW) and the Eastern North Atlantic Central Water (ENACW).SACW is characterized by lower salinity and reduced dissolved oxygen (DO) concentrations, While ENACW is relatively warm and oxygen-rich. According to Emery (2003), these two water masses (SACW and ENACW) are distinguished by their maximum salinity, reaching 35.8 for SACW and 36.7 for ENACW. DO levels are generally lower in the SACW, especially evident in autumn (
Figure 2D
).


[image: Four-panel graphs showing temperature-salinity diagrams for two seasons, spring and autumn. Panels (A) and (C) represent spring, while (B) and (D) correspond to autumn. Each panel plots potential temperature against practical salinity, with depth and dissolved oxygen indicated by color gradients. Major water masses are labeled ENACW and SACW.]
Figure 2 | 
Properties of the main water masses off the NW African coast in spring and autumn in the upper water layer (0–500 m). Panels (A, B) show data based on depth (m), indicated by the color scale to the right. Panels (C, D) show data based on dissolved oxygen concentration (ml/l), marked by the color scale to the right. The identified water masses are South Atlantic Central Water (SACW) and Eastern North Atlantic Central Water (ENACW).








4.2 Wind-induced ocean circulation


The influence of wind on ocean circulation was investigated using surface wind data for spring (from April 2 to May 3) and autumn (from October 22 to November 15) of 2022 (
Figure 3
) obtained from IFREMER CERSAT global ocean surface wind climatology. These data include both meridional and zonal wind components and are provided as seasonal averages with a spatial resolution of 0.25° × 0.25° in latitude and longitude. Wind stress is derived from ASCAT data.


[image: Maps displaying wind speed and seawater velocity for spring and autumn. Panels A and B show wind speed in meters per second, with warmer colors indicating higher speeds. Panels C and D illustrate seawater velocity using similar color gradients. Geographic locations labeled include Cape Cantin, Cape Ghirl, Cape Draa, Cape Juby, Cape Boujdour, Dakhla, and Cape Blanc.]
Figure 3 | 
Mean surface wind speed and direction (m/s) (A, B) and seawater surface velocity (m/s) (C, D) for the study period in spring and autumn 2022.




The NW African region is constantly subject to north-easterly winds (parallel to the coast) with latitudinal fluctuations, the intensity of which varies with the seasons. Wind speeds reach maximum values of over 8 m/s in spring (
Figure 3A
), particularly in the area between Cape Cantin and Cape Juby (6°from the coast to offshore), as well as in the region between Dakhla and Cape Blanc (1-2°from the coast to offshore). In autumn (
Figure 3B
), wind speeds are lower in the north, between Cape Cantin and Cape Juby, with relatively moderate intensity in the Cape Ghir region, around 5 m/s. The area between Cape Juby and Cape Blanc is subject to moderate winds of around 6.5 m/s. The northern zone is subject to seasonal winds, while the southern zone is characterized by a higher wind intensity, particularly in spring.


The northern zone is characterized by weak surface currents in both the spring and autumn seasons, except in the coastal area of Cape Cantin, where it reaches 0.35 m/s with a predominant direction towards the southeast in spring and autumn (
Figures 3C, D
). However, the southern zone exhibits maximum values in spring, particularly in the coastal areas around Cape Boujdour, Dakhla, and Cape Blanc, reaching 0.45 m/s (
Figure 3C
). In autumn, the strong currents are primarily limited to the Cape Boujdour region and north of Dakhla (
Figure 3D
). In this area, coastal currents are generally strongly influenced by the prevailing winds. These currents often follow the same direction as the winds, resulting in significant movements of surface water masses.






4.3 Surface distributions of environmental parameters


The distributions of surface environmental parameters for the two seasons, spring and autumn, are shown in 
Figure 4
. Surface temperature and salinity show clear seasonal variations, with higher values in autumn than in spring (
Figures 4A, B, A’, B’
). In spring, coastal waters are colder and less salty, with temperatures around 16°C and salinity near 36. Offshore, both temperature and salinity increase gradually between Cape Cantin and Dakhla, reaching 18–20°C and 36.3–36.8. Further south, values decrease again, with temperatures around 17.5°C and salinity below 36.1. In autumn, coastal waters are warmer and saltier, with temperatures between 17 and 19°C and salinity between 36.2 and 36.5 from Cape Cantin to Dakhla, and a minimum of 36 near Cape Blanc. Offshore waters show the highest values, with temperatures above 22°C and salinity up to 36.8 (
Figures 4A, B, A’, B’
). DO concentrations were relatively higher in spring than in autumn (
Figures 4C, C’
), with significant differences observed in the Cape Blanc (21°N) region, where lowest DO concentrations are observed in spring (~1 ml/l) (
Figure 4C
). This is also where we observed the lowest salinity (
Figures 4B, B’
).


[image: Ten side-by-side maps depicting oceanographic data for spring and autumn. Maps A and A’ show temperature in degrees Celsius, B and B’ show salinity, C and C’ illustrate dissolved oxygen levels, D and D’ present chlorophyll concentration, E and E’ depict in situ pH, F and F’ indicate total alkalinity, G and G’ show aragonite saturation, H and H’ show calcite saturation, I and I’ represent dissolved inorganic carbon, and J and J’ illustrate partial pressure of carbon dioxide. Each map uses a color gradient to represent data variations over the same geographic region, with coordinates ranging from 19°W to 5°W and 20°N to 35°N.]
Figure 4 | 
Surface distribution of: (A, A’) Temperature (T, °C); (B, B’) Salinity (S); (C, C’) Dissolved Oxygen (DO, ml/l); (D, D’) In-situ Chlorophyll a (Chla_in situ, µg/l); (E, E’) in-situ pH (pHT-in situ); (F, F’) Total Alkalinity (AT, µmol/kg); (G, G’) Aragonite saturation state (ΩAr); (H, H’) Calcite saturation state (ΩCa); (I, I’) Dissolved Inorganic Carbon (DIC, µmol/kg); and (J, J’) Partial Pressure of CO2 (pCO2, µatm) in spring and autumn seasons.




Chl a concentration exhibited significant latitudinal and seasonal fluctuations. Chl a concentration (
Figures 4D, D’
) was higher in spring, particularly between Cape Ghir (30°30N) and Cape Draa (28°30N), Cape Juby (27°30N), south of Cape Boujdour (25°30N), south of Dakhla (23°30N) and Cape Blanc (21°N), reaching 6 µg/l. In autumn, relatively high Chl a concentrations characterized the Cape Draa (28°30N) region and the southern region, between Cape Boujdour (25°30N) and Cape Blanc (21°N).


Carbonate system parameters show significant seasonal and latitudinal variations (
Figure 4
). pHT-

in situ
, AT, ΩAr, and ΩCa (
Figures 4E, E’, F, F’, G, G’, H, H
) increase from the coast to offshore areas, while DIC and pCO2 (
Figures 4I, I’, J, J’
) decrease. The minimum values of pHT-

in situ
, AT, ΩAr, and ΩCa, as well as the maximum values of DIC and pCO2, were observed in the coastal regions of Cape Ghir (30°30N), Cape Draa (28°30N), Cape Boujdour (25°30N), Dakhla (23°30N), and Cape Blanc(21°N). These areas are also characterized by cold, less saline waters, deficient in DO, and rich in Chl a (
Figures 4A, A’, B, B’, C, C’, D, D’
). In autumn, the Cape Draa (28°30N) and Cape Blanc (21°N) regions recorded the lowest values of pHT-

in situ
, ΩAr, and ΩCa, reaching 7.85, 1.5, and 2.5, respectively (
Figures 4E, E’, G, G’, H, H’
), along with the highest values of DIC and pCO2, reaching 2250 µmol/kg and 1000 µatm, respectively (
Figures 4I, I’, J, J’
). Moreover, the surface distributions revealed a distinct filament at Cape Ghir (30°30N), particularly pronounced in autumn, with low values of temperature (16°C), salinity (36.3), and pHT-

in situ
(7.9), an AT of 2370 µmol/kg, an ΩAr of 2.5, and an ΩCa of 3.5. The pCO2 and DIC values were relatively high, reaching 500 µatm and 2175 µmol/kg, respectively.






4.4 Correlations between surface parameters


The scree plot indicates that the first principal component (Dim1) captures the majority of the variance of the environmental parameters. The second principal component (Dim2) explains a moderate portion of the variance. In contrast, the third principal component (Dim3) captures a minimal fraction, as illustrated in (
Figure 5A
). The PCA revealed the correlations and the seasonal variations in the surface distribution of environmental parameters in the study area. The correlation circle (
Figure 5B
) represents the projection of environmental variables onto the first two principal dimensions of the PCA. The first dimension explains 59.8% of the total variance of the data, while the second dimension explains 20.9%.


[image: A collection of four graphs related to principal component analysis (PCA) of oceanographic data. (A) Scree plot showing variance explained by PCA components, with the first two explaining 59.8% and 20.9%, respectively. (B) Variables PCA plot showing relationships between oceanographic variables such as pCO2, DIC, and AT along two dimensions. (C) Correlation matrix indicating Pearson correlations among variables, with color intensity reflecting correlation strength. (D) PCA biplot comparing data from different seasons, illustrating grouping of variables and stations in the 5 m surface layer along two dimensions, with distinct markers for autumn and spring.]
Figure 5 | 
Principal Component Analysis (PCA) of environmental parameters collected at the surface (5m). PCA scree plot (A), PCA Variables (B), Pearson Correlation (C). Positive and negative correlations are displayed in blue and red, respectively, while the size and intensity of the circles in the matrix are proportional to the correlation coefficient between the variables. PCA Biplot of the Principal Component Analysis (PCA) by season (D). The groups of stations corresponding to different seasons are highlighted by ellipses of the same color (spring blue and autumn in red).




The PCA’s first principal component (Dim1) was strongly positively correlated with ΩAr, ΩCa, and pHT-

in situ
, and negatively correlated with the DIC and pCO2. This indicates that the parameters included in Dim1 were primarily related to the carbonate system characteristics. The second principal component (Dim2) showed is positively correlated with salinity, temperature, and AT but negatively correlated with Chl a. According to the Pearson correlation (
Figure 5C
), excluding the carbonate system parameters, temperature, salinity, and DO are negative correlation with Chl a. The PCA indicates that the seasonal variability in the distribution of surface environmental parameters is very pronounced. The autumn season is characterized by warm, more saline, with higher AT, high DIC and pCO2 at certain stations and low biological activity (
Figure 5D
). In contrast, the spring season is distinguished by waters more saturated with aragonite and calcite (ΩAr, ΩCa), high pH, and strong biological activity, reflected by elevated Chl a concentrations. Furthermore, spring waters are cooler, less saline, and with lower AT (
Figure 5D
).







5 Discussion


The distribution of environmental parameters between Cape Cantin (33°N) and Cape Blanc (21°N), in spring and autumn, highlights seasonal variability in upwelling activity, confirming previous studies (Makaoui, 2008; Hilmi et al., 2020; El Aouni et al., 2024).


In spring, coastal surface temperatures drop to an average of ~16°C compared to autumn ~18°C (a difference of 2°C along) with lower salinity (35.8 compared to 36.3 in autumn). This seasonal cooling, combined with a relative dilution of coastal surface waters, is a direct indicator of increased upwelling activity during spring.

This seasonal dynamic of upwelling activity is closely linked to the strengthening of the trade winds. Two distinct zones were identified based on the variability of wind intensity:


	
The first, located between latitudes 32°30N and 28°N, is characterized by strong winds in spring, exceeding 8 m/s, promoting significant upwelling activity.


	
The second, located between 27°30N and 21°N, experiences strong winds in both seasons, though they are slightly less intense in autumn.





These observations confirm the findings of Stramma et al., 2005 and Bessa et al., 2021, who also highlighted the spatial and seasonal variability of upwelling activity along the NW African coast, closely linked to the spatial and seasonal trade winds. Previous studies (Makaoui et al., 2005; Berrada et al., 2017) also showed that upwelling intensifies in spring, while autumn represents a relaxation phase.


Upwelling intensity plays a key role in shaping the properties of the coastal carbonate system, although its effects vary spatially from one region to another. In spring, active upwelling across the entire study area leads to the emergence of cold, less saline and chlorophyll a-rich waters, except in the southern zone (Cape Blanc (21°N). These conditions are accompanied by a typical biogeochemical signature of acidification: a coastal pH about 0.25 units lower than offshore, an increase in DIC of approximately 50 µmol/kg, and a decrease in aragonite saturation (ΩAr ~2.1), indicating an enrichment in deep-origin CO2.


In autumn, although upwelling is generally less intense, localized upwelling persists at strategic points such as Cape Draa (28°30N), between Cape Boujdour and Dakhla (25°N-23°30N), and at Cape Blanc (21°N). These “upwelling centers” are favored by specific geographical configurations (presence and variety of capes, width of the continental shelf) and favorable atmospheric conditions (Moujane et al., 2011; Demarcq and Somoue, 2015; Nait-Hammou et al., 2025). These results are consistent with those of Makaoui et al., 2005 and Berrada et al., 2017, confirming both the seasonality and spatial distribution of upwelling intensity along the Canary Current upwelling system.




Regional Analysis




• 
Cape Draa (28°30N):




In spring, pH is higher (~8.0) and DIC is lower (~2150 µmol/kg) than in autumn (pH ~7.8; DIC ~2250 µmol/kg), reflecting an increase of 0.2 pH units and a decrease of ~100 µmol/kg in DIC. Aragonite saturation is also higher (ΩAr ~2.5 compared to ~1.8 in autumn). These differences suggest a seasonal shift toward more acidic conditions in autumn, potentially driven by increased remineralization of organic matter. This area is mainly influenced by NACW, particularly in autumn, which contributes to higher levels of oxygenation.


• 
Cape Boujdour–Dakhla (25°30N–23°30N):



Mean pH values are similar between spring and autumn (8.00 to 8.05), with a slight increase in DIC in spring (~2160 µmol/kg) compared to autumn (~2150 µmol/kg). However, ΩAr is lower in spring (~2.5) than in autumn (~3.0), a decrease of ~0.5 units, which may indicate relatively more acidic conditions. In autumn, high chlorophyll activity is recorded, due to the drift of upwelled water from Cape Boujdour to the south of Dakhla via the Cape Boujdour filament, as confirmed by Makaoui et al. (2021). This drift is associated with intense PP, increasing ΩAr and reducing DIC and pCO2.


• 
Cape Blanc (21°N):




In spring, pH is slightly higher (~7.85) and DIC lower (~2225 µmol/kg) than in autumn (~7.8 and ~2250 µmol/kg, respectively). ΩAr is also more favorable (ΩAr ~2.0 vs. ~1.5 in autumn). The relatively more acidic conditions observed in autumn may be enhanced by the presence of oxygen-poor, nutrient-rich SACW waters, as well as by the influence of oxygen minimum zones (OMZs) identified in this region (Stramma et al., 2008). These conditions make this area particularly vulnerable to acidification year-round.


Overall, the Cape Draa and Cape Blanc areas show the lowest pH values (~7.8) and a high DIC (~2250 µmol/kg) in autumn. This confirms that acidification signals are modulated by both seasonal upwelling dynamics and regional hydrographic characteristics. Thus, although spring is marked by an increased input of CO2 of deep-sea origin, it is not necessarily the most acidified season. Local biogeochemical conditions and the origin of water masses (NACW/SACW) play a crucial role in shaping the spatial pattern of acidification.


Principal component analysis (PCA) revealed significant correlations between hydrological and biogeochemical parameters. Cold, less saline waters, characterized by low pH, AT, ΩAr, and ΩCa values, display elevated DIC and pCO2 concentrations, confirming the link between upwelling activity and coastal acidification processes.


Previous studies (Barton et al., 2012; Turley and Findlay, 2016) have shown that upwelling can amplify coastal acidification, with CO2-rich deep waters reaching the surface and inducing aragonite undersaturation (<1). However, in this study, ΩAr values remain above 1 in both seasons, indicating an absence of undersaturated conditions despite the intensity of upwelling.


Studies conducted in other upwelling systems, such as the California Upwelling System (Feely et al., 2008; Gruber et al., 2012), have shown that upwelling intensifies acidification conditions by bringing to the surface naturally more acidic, CO2-rich, and oxygen-depleted deep waters. Our results are consistent with this dynamic, particularly in areas influenced by SACW such as Cape Blanc where pH and ΩAr values are among the lowest observed. However, in contrast to these systems, the Canary Current upwelling system exhibits marked latitudinal heterogeneity and a complex interaction between different water masses (SACW/NACW), which modulates both the intensity and seasonality of acidification. These findings highlight the importance of adopting a regional approach to assess the impact of upwelling on the coastal carbonate system.


Furthermore, Burger et al., 2020; Di Lorenzo, 2015, and Doney et al., 2009b have confirmed that global warming intensifies upwelling and brings corrosive waters to the surface, impacting marine ecosystems and organisms that depend on calcium carbonate to form their shell and skeletal structures. High pCO2 levels (>1000 µatm) can also induce hypercapnia, and the increased frequency of upwelling events with high pCO2 could impact marine ecosystem (Arroyo et al., 2022).


This study highlights the complexity of the seasonal dynamics of coastal upwelling activity and its impact on the distribution of hydrological and biogeochemical parameters along the NW African coast in the Canary Current System. Continued observations along repeat sections and a thorough understanding of these interactions are essential to anticipate the future effects of OA, particularly in the context of global climate change. Potential changes in upwelling dynamics (including changes in wind forcing) could transform these regions, altering their role as CO2 sinks or sources, with important consequences for marine ecosystems and fishery resources.






6 Conclusion


This seasonal study highlighted the complex interactions between hydrological and biogeochemical parameters and upwelling activity in the NW African marine ecosystem. The findings confirm that upwelling is a major driver of local acidification, influencing the spatial and seasonal distribution of pH and aragonite saturation (ΩAr). Upwelling is more pronounced in spring, bringing cold, DIC- and pCO2-rich deep waters to the surface, leading to a notable decrease in pH and CaCO3 saturation. This biogeochemical signature reflects an influx of CO2-enriched waters, underscoring the role of upwelling in shaping carbonate chemistry dynamics. Regions experiencing strong upwelling, such as Cape Draa (28°30N), the area between Cape Boujdour and Dakhla (25°30N-23°30N), and Cape Blanc (21°N) are particularly affected. In autumn, the Cape Draa and Cape Blanc regions remain especially vulnerable due to organic matter remineralization and the combined effects of upwelling and the presence of low-oxygen, nutrient-rich SACW, respectively. These processes contribute to increased dissolved CO2 concentrations, further reducing pH and disrupting the regional biogeochemical balance. These findings highlight the need for continuous monitoring and further research to assess the long-term impacts of upwelling-driven acidification. Understanding these processes is crucial for developing effective conservation and management strategies to mitigate the effects of climate change on marine biodiversity and ecosystem resilience.
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Glossary



OA 
ocean acidification



CO2
 
carbon dioxide



CO2atm
 
atmospheric carbon dioxide



HCO3
 
bicarbonate



CO3² 
ion concentration



CaCO3
 
calcium carbonate



NW 
Northwest



CCS 
Canary Current System



CC 
Canary Current



R/V DFN 
research vessel Dr. Fridtjof Nansen



CTD 
Conductivity-Temperature and Depth



SACW 
South Atlantic Central Water



ENACW 
Eastern North Atlantic Central Water



MIW 
Mediterranean Intermediate Water



EASIW 
Eastern South Atlantic Intermediate Water



OMZs 
oxygen minimum zone



T 
temperature



S 
salinity



DO 
dissolved oxygen



SST 
sea surface temperature



SSS 
sea surface salinity



TSG 
thermosalinograph



pHT25
 
, pH total scale at 25°C



pHT-in situ
 
in situ pH



AT
 
total alkalinity



pCO2
 
partial pressure of CO2



DIC 
total dissolved inorganic carbon



ΩAr 
aragonite saturation state



ΩCa 
calcite saturation state



Chl a 
Chlorophyll a



Chla_meas 
measured Chlorophyll a



Chla_insitu 
in-situ Chlorophyll a values



Chla_fluo 
in-situ Chlorophyll a fluorescence



PP 
primary production



CRM 
Certified Reference Materials



m-CP 
m-cresol purple



RMSE 
root mean square error



PCA 
principal component analysis



HSO4
 
hydrogen sulfate



ODV 
Ocean Data View



ESA 
European Space Agency



CMEMS 
Copernicus Marine Environment Monitoring Service



MERIS 
Medium Resolution Imaging Spectrometer



MODIS 
Moderate-resolution Imaging Spectroradiometer



VIIRS 
Visible Infrared Imaging Radiometer Suite



INRH 
National Institute of Fisheries Research



FAO 
Food and Agriculture Organization of the United Nations



Norad 
Norwegian Agency for Development Cooperation



IMR 
Institute of Marine Research
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