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The southwestern South Atlantic Ocean is an important global sink of atmospheric carbon dioxide (CO2), driven by increased primary productivity in a nearby region where oligotrophic warm currents converge with nutrient-rich cold waters. However, uncertainties remain regarding CO2 dynamics and the role of physical processes in CO2 uptake across this region. Here, we assess variations in surface partial pressure of CO2 (pCO2) and air–sea CO2 fluxes in the Southwest Atlantic, along a transect from the continental shelf to the open ocean at 34.5°S during austral autumn 2018 and winter 2019. High-resolution spatial measurements of the temperature, salinity, and molar fraction of surface CO2 were conducted. In autumn 2018, the shelf region acted as a source of CO2 to the atmosphere (median of 3.2 mmol CO2 m-2 d-1), which was partially offset by a sink (median of –2.5 mmol CO2 m-2 d-1) in the open ocean. In contrast, the entire transect in winter 2019 presented median CO2 emissions of ~1.5 mmol CO2 m-2 d-1, which differs from climatological estimates. The spatial and seasonal variations in surface ocean pCO2 were linked to variable hydrodynamic processes, including water masses and mesoscale structures. Our findings reveal that, in one of the most productive oceanic waters worldwide, pCO2 may be influenced by distinct continental inputs (e.g., rivers, runoff, and groundwater discharge) and water masses (e.g., Tropical Water, Plata Plume Water and Subtropical Shelf Water). Therefore, the local hydrodynamic processes can modulate high spatial and seasonal variability in CO2 exchange at the ocean–atmosphere interface, with potential implications for regional and global carbon budgets. General results, such as climatological, cannot fully capture the influence of regional upwelling and continental water input, which highlights the importance of high-resolution regional observations.
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1 Introduction


Globally, the ocean is a net sink of carbon dioxide (CO2) in the atmosphere with a global average CO2 flux of ~2.9 ± 0.4 Pg C yr−1 from 2014 to 2023 (Friedlingstein et al., 2025). The coastal ocean accounts for a net CO2 sink with estimates ranging from –0.44 Pg C yr−1 to –0.72 Pg C yr−1 (Resplandy et al., 2024), but it presents a more spatially heterogeneous pattern, acting as either a source or sink associated with local processes, such as river plumes (Parc et al., 2024) and coastal upwelling (e.g., Lefèvre et al., 2023; Siddiqui et al., 2023).


The Atlantic Ocean, which includes both the continental shelf and open-ocean regions, accounts for ~25% of the global oceanic CO2 sink, corresponding to –393 ± 29 Tg C yr−1 (Roobaert et al., 2019). However, these estimates may be biased due to the lower frequency of high resolution spatial measurements in the South Atlantic Ocean than in the North portion (Bakker et al., 2016, 2024; Liu et al., 2025). The CO2 sink in the Southwest Atlantic Ocean (SWAO) is particularly intense, with estimates of −3.7 mmol m-² d-¹ south of 40°S (Bianchi et al., 2009). More recent climatologies for the broader SWAO report fluxes of ~–3 to –5 mmol m-² d-¹ for April and June, respectively near 35°S/54–44°W (Fay et al., 2024), where the circulation patterns influence sea surface temperature (SST) variability and subsequent physical processes, e.g., upwelling (Takahashi et al., 2009; Ito et al., 2016), fronts and eddies (Pezzi et al., 2005; Ito et al., 2016; Orselli et al., 2019).


In this context, the South Atlantic Meridional Overturning Circulation (SAMOC) is an important feature of the SWAO and redistributes mass, heat, salt, oxygen, nutrients and carbon across the ocean (Kersalé et al., 2020). It presents a dynamic and complex water mass structure, characterized by intense boundary currents and mesoscale eddies (Manta et al., 2021). In the SWAO, around 34.5°S, there is still limited data coverage (Meinen et al., 2018). Thus, in 2009 the SAMOC array was initially deployed at 34.5°S to monitor the meridional flow of the western boundary currents (Meinen et al., 2013, 2017). Additionally, the Brazil– Malvinas Confluence (BMC), around 38°S, introduces further variability by facilitating vertical mixing and supporting high biological productivity (Chelton et al., 1990; Moura-Falcão et al., 2024).


The SAMOC system directly influences the spatial and temporal variability of the partial pressure of CO2 (pCO2) at the sea surface (Boot et al., 2022), as it regulates the transport and distribution of different water masses, each with distinct physical−chemical properties. Fluxes of CO2 (FCO2) variability is known to be controlled primarily by pCO2; thus, understanding the drivers of pCO2 is crucial for determining the ocean carbon sink (e.g., Landschützer et al., 2016). In the SWAO shelf break and continental slope regions, the upper layer of the water column is dominated by two main water masses: the Tropical Water (TW) and South Atlantic Central Water (SACW) (Campos et al., 1995; Castro and Miranda, 1998; Silveira et al., 2000). The surface layer (0–100 m) of the tropical southwestern South Atlantic is dominated by the TW, a relatively warm and salty water mass with SST greater than 18.5°C and sea surface salinity (SSS) values greater than 36. It is characterized by being nutrient poor (Campos et al., 1995; Möller et al., 2008) and typically has high pCO2 values due to lower CO2 solubility and limited biological drawdown. The SACW occupies the central layer of the South Atlantic Gyre and upwells to the surface at ~23°S 42°W, exhibiting cooler and more saline characteristics than the surrounding water, with average SSS and SST values of ~35°C and 16–18°C, respectively. In contrast, this water mass is nutrient-rich (De Souza et al., 2018; Azar et al., 2021), increasing the pCO2 values. Two other important water masses are the Plata Plume Water (PPW) and Subtropical Shelf Water (STSW). Surface waters with a salinity of ~32.5 indicate the presence of PPW, which originates from the Plata River and reaches southern Brazil via wind-driven transport. The PPW, being freshwater diluted and nutrient rich, tends to promote high biological activity and CO2 uptake, reducing surface pCO2 (Lencina-Avila et al., 2016). In turn, the STSW consists of modified warm TW and SACW diluted by the PPW, which is characterized by SSTs less than 18°C and SSS values between 33 and 36 (Möller et al., 2008).


Despite global predictions of changes in ocean biogeochemistry under climate change (Sabine et al., 2004; Gallego et al., 2020; Matthews et al., 2020; Pérez et al., 2024), regional responses in the SWAO remain poorly understood. There is still a gap in the information needed to assess the regional impacts of climate change along the SWAO areas. Here, we present a unique high resolution dataset of underway surface pCO2 observations obtained during two oceanographic cruises in the austral autumn of 2018 and winter of 2019 — seasons that remain underrepresented in the literature. The temporal resolution and spatial coverage across the SWAO shelf and slope provide unprecedented detail on short-term variability in surface CO2 dynamics during cooler months, which are critical for understanding carbon fluxes driven by physical processes such as deep-water ventilation and mesoscale activity. By integrating continuous pCO2, SST, and SSS data with hydrographic and regional circulation patterns, this study extends the findings of Moura-Falcão et al. (2024) by offering new insight with high−resolution into the seasonal drivers of surface ocean pCO2 variability in a region of high biogeochemical and dynamic complexity. Furthermore, we discussed the regional hydrographic conditions, the air–sea CO2 fluxes, the mesoscale dynamics and their implications.






2 Materials and methods





2.1 Sampling strategy


The study area comprises the SWAO, over a longitudinal transect along 34.5°S latitude, from the coast of Brazil to 44.5° W (
Figure 1
). Data were acquired during two oceanographic campaigns onboard RV Alpha Crucis (Universidade de São Paulo, Brazil) between 23–30 April 2018 (austral autumn) and 17 June–2 July 2019 (austral winter) as part of the ‘South Atlantic Meridional Overturning Circulation Basin-wide Array’ project (Fundação de Amparo à Pesquisa do Estado de São Paulo - FAPESP; FAPESP; Chidichimo et al., 2021).


[image: Map of South America focusing on ocean currents and study sites. Panel A shows Brazil's coast with red and blue arrows indicating ocean currents in the South Atlantic Ocean. Panel B illustrates the South Atlantic Ocean. Marked points represent oceanographic study sites from SAMBAR 2018 and 2019. Depth is color-coded from five to five thousand meters.]
Figure 1 | 

(A) Idealized schematic of the overturning circulation in the Southwestern Atlantic Ocean with the location of the study area marked with a red-dotted rectangle. The lines, circles and arrows represent the pathways of the surface (red) and deep waters (blue) based on Chidichimo et al. (2023). (B) Map of the CTD sampling stations along the southwestern South Atlantic Ocean margin off the Brazilian coast. The sampling stations from the autumn of 2018 are represented by blue dots, and the sampling stations from the winter of 2019 are represented by red diamonds.








2.2 Surface seawater sampling


The surface hydrographic properties were measured using a Sea-Bird Electronics (SBE) 9plus conductivity–temperature–depth (CTD) profiler equipped with sensors for temperature, conductivity and pH during campaigns aboard the RV Alpha Crucis.


In the study area, SSS and SST data from the ship’s thermosalinograph (SBE 45 MicroTSG) were integrated into the continuous pumping system to determine the high-resolution spatial distribution of seawater pCO2 (pCO2SW) (Section 2.3). The SST and SSS errors of the CTD are ±0.00014 °C for SST and ± 0.002 for SSS. The pCO2 error is ± 2 µatm, according to Fernandes et al. (2025). We have named “continental shelf” all sampling stations where local bottom depth was equal or shallower than 200 m (region corresponding to stations 1 to 7) and the other sampling stations (8 to 23) are referred to as “open ocean”.






2.3 CO2 partial pressure calculations


For the acquisition of the ongoing molar fraction of CO2, a water–air equilibrator coupled to an infrared gas analyzer (IRGA)-type CO2 detector (EGM-4 Environmental Gas Monitor for CO2, PP Systems) was used along the entire trajectory of the ship. After data acquisition, we applied a treatment routine to correct for atmospheric pressure and water vapor partial pressure according to Weiss and Price (1980). In situ variations in temperature and internal equilibrator temperature were corrected following the methods of Takahashi et al. (2009). The initial results generated by the IRGA readings are in xCO2, which refers to the number of CO2 molecules in each number of air molecules. This estimate is generally used because a gas molecule in dry air tends not to change when there are variations in temperature and pressure.


There is also a necessary adjustment in relation to the in-situ temperature, as suggested by Takahashi et al. (1993). The value of 0.0423°C in Equation 1 is considered a constant and was determined by Takahashi et al. (2009).
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where T
in situ
= in situ surface temperature; Teq = seawater temperature in the balancer; (pCO2)eq = pCO2 in the balancer.


To remove the effect of the SST on the sampled pCO2 data, the data were normalized to the average SST during the sampling periods (autumn and winter). The average observed SST value for 2018 was 22.54°C (autumn), and in 2019, it was 17.88 °C (winter). The calculations follow the precepts indicated by Takahashi et al. (2002) and Takahashi et al. (2009) according to Equation 2:
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where SSTM = average temperature (°C) observed at the sea surface.


To calculate the CO2 diffusion rate at the ocean–atmosphere interface, FCO2 were calculated (Equation 3):
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where k = the gas transfer speed as a function of the wind speed; ko = the solubility of CO2 in sea water (according to Weiss, 1974); and (ΔpCO2)oc-atm = the difference between ocean pCO2 and atmosphere pCO2. The pCO2 in atmospheric equilibrium was assumed to be 405.295 μatm in autumn 2018 and 408.186 μatm in winter 2019. These values correspond to the monthly averages of the estimated atmospheric concentration in the mid-latitude range of the sampling, with uncertainty values of 0.178 μatm in 2018 and 0.075 μatm in 2019. These estimates were taken from the database of the U.S. agency National Oceanic and Atmospheric Administration (NOAA) for Greenhouse Gas Reference - Atmospheric Carbon Dioxide. Wind speed data were obtained continuously onboard from the Alpha Crucis meteorological station.


The difference in pCO2 (ΔpCO2) between the two compartments determines the direction of net transfer between the ocean and the atmosphere. The ratio between the viscosity and molecular diffusion rate is represented by k (Weiss, 1974). In this study, the calculated coefficients of k were compared between 3 works: Wanninkhof (1992); Nightingale et al. (2000); Wanninkhof (2014), which are represented as W92, N00 and W14, respectively. The equations used for k calculations are summarized in 
Supplementary Table S1
. Although W14 is a central choice, we also include other parameterizations (such as N00 and W92) (
Supplementary Tables S2
, 
S3
) to provide different perspectives/scenarios of the flux given the complexity of the region and to compare with other studies that might have used different parametrizations. The wind speed data fit these k and they have already been used in previous studies and have shown good representation for the region. The figures was performed in Ocean Data View software (ODV - Schlitzer, 2021).






2.4 Statistical analysis


Normality was not achieved, as indicated by the D'Agostino and Pearson (1973), even after data transformation. Therefore, non-parametric statistical methods were applied. Seasonal differences between autumn and winter within each region (continental shelf and open ocean) were assessed using multiple Mann–Whitney U tests (p < 0.05), resulting in six pairwise comparisons (
Supplementary Table S4
; 
Supplementary Figure S1
). To evaluate differences across both seasons and regions (four groups), the Kruskal–Wallis test was applied, followed by the two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to control the false discovery rate (FDR), totaling 18 comparisons (
Supplementary Table S5
; 
Supplementary Figure S2
). In addition, Spearman’s rank correlation analysis (p < 0.05) was conducted to examine the relationships among pCO2, SST, and SSS (
Supplementary Table S6
; 
Supplementary Figure S3
).






2.5 Oceanographic modelling data


Oceanographic modelling data of surface anomalies (SSH) and current velocity derived from satellite images were used to understand and compare ocean conditions and identify mesoscale structures between the autumn (2018) and winter (2019) periods in the southwestern Atlantic Ocean.


To investigate ocean dynamics and physical properties during the transect periods, we utilized global ocean physics reanalysis data from the Copernicus Marine Environment Monitoring Service (CMEMS) (https://resources.marine.copernicus.eu/). The dataset is derived from version v3.6_STABLE of the Nucleus for European Modelling of the Ocean (NEMO) model, which features a 1/12⤐ horizontal resolution (~9 km) and 50 vertical levels. Although only data from the SAMBAR transect periods were analyzed, reanalysis data are available from 1993 to 2019. The model’s initial conditions were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim and ERA5 reanalysis datasets, which incorporate data assimilation from altimetry, satellite-derived sea surface temperature, sea ice concentration, and in situ vertical profiles of temperature and salinity. In this study, we specifically used daily mean fields of sea surface temperature, sea surface height, and velocity. The selected model domain extends from 44°W to 59°W longitude and 30°S to 37°S latitude.


The CMEMS reanalysis dataset was selected due to its robustness, global coverage (e.g., Wang et al., 2023), and widespread use within the oceanographic research community. As described previously, the product is based on the NEMO model (v3.6_STABLE), which provides daily mean physical fields with sufficient resolution to analyze mesoscale ocean dynamics in the southwestern Atlantic Ocean. Notably, no interpolation or spatial resampling of the model output was performed. In addition, no direct validation was conducted compare the in-situ measurements and model data, as the primary objective of this study was not to assess model performance but rather to utilize the modeled fields as contextual support for interpreting the oceanographic patterns observed during the SAMBAR transect campaigns. Nevertheless, we recognize the limitations of the reanalysis product, such as the smoothing of fine-scale variability and the inability to resolve submesoscale processes, which were considered during the analysis and discussion of the results.







3 Results





3.1 Spatial and temporal distributions of physical–chemical parameters


Warmer (>21°C) waters during autumn 2018 dominated continental and open ocean areas up to approximately 47°W, and we found colder surface waters in the open ocean area (stations 18 and 21) (
Figure 2A
). On the other hand, during the winter of 2019, the SST in the open ocean area were patchy, with colder water intrusions. In addition, prominent cooler (<19°C) and fresher (<30) (
Figure 3B
) water extended over the continental shelf, identified as the PPW (
Figure 3B
). The CMEMS data clearly revealed a difference in the distribution of SSTs between autumn 2018 and winter 2019 across the study region (
Figure 2
). Similarly, the SST and SSS data from the thermosalinograph (
Supplementary Tables S2
, 
S3
) showed significant spatial and seasonal differences between the continental shelf and open ocean (Mann–Whitney, p < 0.05). Along these transects, the SST and SSS reached higher median values in autumn 2018 (22.5°C and 36.2) than in winter 2019 (20.5°C and 35.5) (
Supplementary Tables S2
, 
S3
).


[image: Map comparisons of sea surface temperatures off the southeastern coast of South America for SAMBAR 2018 and 2019. Panel A shows the 2018 map with warm temperatures, indicated by orange and pink hues, and a marked sampling path with red dots. Panel B shows the 2019 map, displaying cooler temperatures in blue and purple tones, alongside a yellow ellipse highlighting a significant feature. Both maps include black arrow vectors representing ocean currents.]
Figure 2 | 
Sea surface temperature (SST; °C) in the southwestern Atlantic Ocean during the (A) 2018 and (B) 2019 campaigns, derived from the CMEMS reanalysis. The SST data have a 9 km resolution and represent an 8-day average (April 23–May 1, 2018, and June 18–26, 2019). The grey contours indicate isobaths, whereas the red dots represent sampling stations from both campaigns over the continental shelf and open ocean. The arrows indicate the currents. The yellow circle indicates the presence of eddies.




[image: Two line charts compare sea surface salinity (SSS) and sea surface temperature (SST) for SAMBAR in Autumn 2018 (A) and Winter 2019 (B). Both charts display SSS on the vertical axis and longitude on the horizontal axis, with SST color-coded from 16°C (blue) to 24°C (red). Key water masses labeled include PPW, STSW, TW, and SACW.]
Figure 3 | 
Continuous salinity (SSS) and sea surface temperature (SST; °C) data from the vessel’s thermosalinograph in the transect region during campaigns (A) in the autumn of 2018 and (B) winter of 2019. The water masses are indicated in the figure: Plata Plume Water (PPW), Subtropical Shelf Water (STSW), Tropical Water (TW) and South Atlantic Central Water (SACW).




For the SST and SSS, the surface seawater pCO2 significantly differed between the autumn of 2018 and winter of 2019 (Mann–Whitney, p < 0.05). The median pCO2 value in the winter 2019 (434 μatm) was higher (
Supplementary Table S3
) than that in the autumn of 2018 (380 μatm) (
Supplementary Table S2
). Moreover, there was a clear division (p<0.05) between the relatively higher (>450 μatm) pCO2 values on the continental shelf and the relatively lower (<400 μatm) pCO2 values in the open ocean waters at the continental slope in the autumn of 2018 (
Figure 4A
), with higher median in shelf waters (445 μatm) (
Supplementary Table S2
). On the other hand, during winter 2019, the pCO2 did not significantly differ spatially (p > 0.05), and both areas presented the same median (433 μatm) (
Supplementary Tables S2
, 
S3
). The same features are observed for the spatial variation in ΔpCO2 values (
Figures 4C, D
). In 2019 (winter), the median ΔpCO2 was 28 μatm both on the shelf and in the open ocean. During 2018 (autumn), the shelf region had a median ΔpCO2 of 39 μatm, whereas in the open ocean, it was –28 μatm. These results highlight strong seasonal and spatial patterns in the SST, SSS, and pCO2, while also indicating continental freshwater mixing — particularly in autumn—when cross-shelf gradients become less pronounced. Spearman correlation analyses indicated a negative correlation between pCO2 and the SST, as well as between pCO2 and the SSS. Both correlations were statistically significant at α = 0.05.


[image: Six-panel map showing sea surface carbon dioxide data along the SAMBAR transect. Panels A and B display measured pCO₂ for Autumn 2018 and Winter 2019, respectively, showing color-coded concentrations on the map. Panels C and D present the difference in pCO₂ (∆pCO₂) for the same periods, while panels E and F illustrate the CO₂ flux (FCO₂). Depth contours are labeled, and a color bar indicates concentration levels from blue (low) to red (high).]
Figure 4 | 
Continuous (A, B) partial pressure of CO2 (pCO2; µatm), (C, D) difference between ocean pCO2 and atmospheric pCO2 (ΔpCO2; μatm) and (E, F) fluxes of CO2 (FCO2; mmol m–2 h–1) data in the transect region during the campaigns in the (A, C, E) autumn of 2018 and (B, D, F) winter of 2019. The grayscale shading represents the variation in bathymetry, with the shallowest areas being identified by darker grey and the deepest areas represented by lighter grey. The lines represent the isobaths.








3.2 SSH and ΔpCO2



The spatial distributions of the SSH and ΔpCO2 values significantly differed between the 2018 and 2019 campaigns (
Figure 5
). In 2018, a well-defined gradient was observed along the transect, with strongly positive (reddish tones) and negative (bluish tones) ΔpCO2 values. Notably, the westernmost portion of the transect predominantly indicated CO2 release to the atmosphere, whereas the eastern portion was characterized by CO2 uptake by the ocean. In contrast, during the winter of 2019, the ΔpCO2 gradient was less pronounced, with a predominance of positive values and near-equilibrium conditions with the atmosphere (white tones).


[image: Maps showing Sea Surface Height (SSH) anomalies with changes in partial pressure of CO2 (pCO2) off the South American coast for SAMBAR 2018 and 2019. Each map highlights temperature variations with a color gradient; red indicates higher temperatures and pressure, while blue indicates lower. Contour lines mark geographical and oceanic features.]
Figure 5 | 
Map of the study region, showing the surface height anomaly (SSH; m) and continuous data of the difference between ocean and atmospheric pCO2 (ΔpCO2; μatm; https://resources.marine.copernicus.eu). The top map refers to the 2018 campaign (autumn), whereas the bottom map refers to the 2019 campaign (winter). The first bar indicates the variation in ΔpCO2 values along the transect (red, white, and blue), where red tones represent CO2 sources to the atmosphere, white tones indicate equilibrium, and blue tones denote CO2 uptake. The second color bar (orange, white and green) corresponds to SSH variations across the study area. The black contour lines represent temperature isolines (°C).




The variation in SSH, represented by green and red tones, suggests distinct ocean circulation patterns between the two analyzed years. In 2018, a positive SSH anomaly (> 0.2 m) east of the transect may have been associated with the influence of an oceanic feature, such as an anticyclonic eddy. In 2019, the more uniform SSH distribution indicated a weaker influence of mesoscale structures in the study area. Mesoscale dynamics, defined here as features with horizontal scales of ~10–100 km (Martínez-Moreno et al., 2022), were less evident during this period. Although a SSH anomaly was detected around 48°W, it likely represents a smaller-scale or transient feature rather than a well-developed mesoscale eddy.


The observed SSH anomalies were associated with ΔpCO2 variability, consistent with the influence of mesoscale structures. These results point to the importance of mesoscale circulation in driving surface CO2 variability in the SWAO.






3.3 Ocean–atmosphere CO2 fluxes


The shelf region acted as a weak source and the open ocean region acted as a CO2 weak sink during the autumn campaign (2018). The median FCO2 was 0.1 mmol CO2 m−2h–1 for the shelf and −0.1 mmol CO2 m−2h–1 for the ocean (Wanninkoff 2014 parameterization) (
Supplementary Table S2
). Although the shelf region acted as a source, when considering the entire transect, there was a weak CO2 sink with a median FCO2 of −0.1 mmol CO2 m−2h–1 (
Figure 4E
). The wind speed was constant throughout the autumn campaign, with overall median values of ~10 m s–1 (
Supplementary Figure S5a
). On the other hand, during the entire winter 2019 campaign, the region behaved as a weak CO2 source (
Figure 4F
), with some areas showing CO2 equilibrium between the ocean and the atmosphere along the transect. A relatively strong CO2 sink area was observed ~48°W, where wind speeds with 10 m s–1 were also observed (
Supplementary Figure S5b
).







4 Discussion





4.1 Hydrographic conditions in the southwestern Atlantic Ocean


The analyzed period exhibited SST and SSS patterns consistent with the water masses typically found in the southwestern Atlantic Ocean (Bianchi et al., 1993; Piola et al., 2000; Möller et al., 2008). The pattern of wind directions in the study region changed from predominantly northerly winds in autumn to predominantly southerly and southwesterly winds in winter (Möller et al., 2008). Our observed thermohaline properties indicated that the relatively fresher, cooler and nutrient rich PPW was more common off the Argentine–Uruguay coastal area in autumn, with the STSW covering the northern portion of the shelf.


The surface haline front (100–200 m) divides the outer shelf and the open ocean regions (Brandini et al., 2018). Warmer and more saline waters predominated on the shelf and in the open ocean up to approximately 47°W in autumn 2018, suggesting a lesser influence of PPW, allowing greater penetration of TW and STSW in the region. On the other hand, in 2019 (winter), a significant reduction in SST and SSS was observed on the continental shelf, indicating an expansion of the PPW (
Figure 3B
). This pattern is consistent with studies (e.g., Möller et al., 2008) that showed that the Plata River discharge and the consequent expansion of the plume are intensified in winter. During this period, the prevailing winds from the south and southeast favored the dispersion of less saline water to the north.


Additionally, the SACW was observed during the winter of 2019, between the STSW and TW in the open ocean area (
Figure 3
). The presence of cooler and less saline waters in winter is also associated with the displacement of the BMC to more northern latitudes (Combes and Matano, 2014). The BMC marks the meeting point between the warm and salty BC and the cold and less saline MC. During winter, the MC intensifies its influence on the shelf, promoting the cooling of surface waters and contributing to the intrusion of subantarctic water masses.


Although no direct comparison was made between the model outputs and the in-situ measurements — as model validation was not the aim of this work — the CMEMS modeled fields were useful for supporting the interpretation of circulation patterns and thermohaline structures observed across the shelf and open ocean. The limitations of the CMEMS fields were considered during the interpretation of results, and care was taken to avoid overinterpreting features below the model’s resolution capability. No interpolation was applied to the model fields, and only daily mean values were used as provided by CMEMS.






4.2 Distribution of pCO2



The median pCO2 concentration in the winter of 2019 (434 μatm) was greater than that in the autumn of 2018 (380 μatm). In addition, the behavior of the regions (continental shelf vs. open ocean) was different during the study period. The pCO2 was greater than that of open ocean waters in autumn 2018, while both areas presented the same median (433 μatm) during the winter of 2019. One of the factors associated with these variations may be associated with the SST. SST highly modulates pCO2 variations (e.g., Takahashi et al., 2009; 2014). In this region, Ito et al. (2016) reported that the thermal effect is the main factor controlling the solubility of CO2. However, several processes can stimulate seasonal variations in ocean surface pCO2 (e.g., respiration, production, carbonate dissolution, and precipitation) (Sarmiento and Gruber, 2006).


In autumn 2018, when the influence of the PPW was lower, the shelf had higher pCO2 values. The observed warmer and saltier water conditions suggest a lower renewal of water masses and the predominance of oligotrophic TW, which tends to have higher pCO2 values (Ito et al., 2016).



Lencina-Avila et al. (2016) and Ito et al. (2016) noted that less saline water (<30), which is rich in organic matter and nutrients, can considerably reduce pCO2 by stimulating primary productivity. The PPW is rich in nutrients and may play a key role in promoting phytoplankton blooms (Lima et al., 2019), as does the SACW (Pezzi et al., 2009). After blooms, these organisms produce organic matter and decompose, potentially generating carbon in the water (Carvalho et al., 2022). Similarly, Bordin et al. (2019) demonstrated that CO2-rich waters at the surface increase pCO2, even at lower temperatures. During the 2019 winter cruise, the combination of enhanced vertical mixing and the presence of SACW likely increased surface carbon, raising pCO2 despite cooler temperature. In this context, variations in total alkalinity further modulate the signal: lower total alkalinity in river-influenced sectors reduces buffering and amplifies pCO2, whereas higher total alkalinity locally mitigates it. This interpretation is consistent with the temperature-normalized patterns and with regional total alkalinity–salinity relationships documented by Albuquerque et al. (2025). Together, these findings suggest that the observed homogenization of surface pCO2 in winter of 2019 resulted from an interplay of physical mixing, biological processes, and carbonate chemistry. However, full seasonal studies are still required to confirm these dynamics, and a complete carbonate-system decomposition (e.g., Kerr et al., 2024) will be addressed in future work.






4.3 Ocean–atmosphere FCO2



Several authors have discussed the importance of the South Atlantic Ocean region in the absorption of atmospheric CO2 (e.g., Ito et al., 2016; Lencina-Avila et al., 2016; Padin et al., 2010). During the study period, the SWAO area behaved as both a sink and a source of CO2 to the atmosphere. In the autumn of 2018, the shelf region acted as a weak source, and the open ocean region acted as a weak CO2 sink. However, during the winter of 2019, the region behaved as a CO2 source with some areas showing CO2 equilibrium. In general, open ocean region behaves as an ocean CO2 sink in the SWAO, whereas the shelf region is considered a CO2 source for the atmosphere during all seasons (Ito et al., 2005; Arruda et al., 2015). The same was found in our study in the autumn of 2018. In contrast, the transect region acted as a weak source of CO2 to the atmosphere during the winter of 2019, except in the SACW observed areas (
Supplementary Tables S2
, 
S3
; 
Figure 4
). Lencina-Avila et al. (2016) reported that the continental shelf region acted as a sink for atmospheric CO2 during the spring of 2011 in the southwestern Atlantic Ocean, with a mean flux of −0.5 ± 0.2 mmol CO2 m−2 d −1 in the shelf region and −3.1 ± 2.2 mmol CO2 m−2 d−1 in the open ocean region. The values found in this study were in accordance with those in the literature (
Table 1
) (e.g., Padin et al., 2010). These seasonal contrasts highlight only the large dynamics of the study region due to the intensity of physical processes (Lencina-Avila et al., 2016).



Table 1 | 
Average or median air-sea fluxes of CO2 (FCO2; mmol CO2 m−2 d −1) with standard deviation or interquartile, season and year from several studies along 34.5°S and the surrounding area.





	Area

	Year

	Season

	FCO2 (mmol CO2 m−2 d −1)

	Reference






	Shelf region
	2018
	Austral autumn
	3.2 (1.6 – 9.9)
(W14)
	This study – 34.5°S



	2019
	Austral winter
	2.4 (1.0 – 5.2)
(W14)
	This study – 34.5°S



	2011
	Austral spring
	–0.001 ± 0.005
(W14)
	
Carvalho et al., 2021 – 35°S



	2011
	Austral spring
	–0.5 ± 0.2
(W92)
	
Lencina-Avila et al., 2016 – 35°S



	2010
	Austral spring
	0.0 ± 1.1
(W92)
	
Ito et al., 2016 – 34° to 34.9°S



	2000 to 2008
	Austral autumn
	−8.8 ± 7.4
(W92)
	
Padin et al., 2010 – 31° to 40°S



	Open ocean
	2018
	Austral autumn
	–2.5 (–3.8 – –1.1)
(W14)
	This study – 34.5°S



	2019
	Austral winter
	1.2 (–0.1 – 3.7)
(W14)
	This study – 34.5°S



	2011
	Austral spring
	–3.1 ± 2.2
(W92)
	
Lencina-Avila et al., 2016 – 35°S



	2000 to 2008
	Austral autumn
	−6.0 ± 5.8
(W92)
	
Padin et al., 2010 – 31° to 40°S







W14 and W92 correspond to the equations used by Wanninkhof 2014 and Wanninkhof 1992.




When compared to climatological estimates, our observations show broadly consistent magnitudes. For the open ocean region, Fay et al. (2024) reported climatological fluxes of ~ – 3 mmol m-² d-¹ in April (autumn) and ~ –5 mmol C m-² d-¹ in June (winter), with an annual mean flux at 35°S/54–44°W of –1.94 mol m-² yr-¹. However, our results diverge from these climatological means, particularly in winter of 2019 when a CO2 source was observed instead of the expected sink. This highlights that while climatologies are useful for large-scale generalizations, they may smooth out short-term or mesoscale variability, underscoring the importance of high-resolution regional observations to accurately represent local carbon dynamics, which are still sparse in this dynamic region (Affe et al., 2023).


The contrast in air–sea CO2 fluxes between the autumn of 2018 and winter of 2019 reflects the interplay among thermal structure, freshwater inputs, and wind forcing. The relatively warm surface temperatures (>21°C) and constant moderate wind speeds (~10 m s–1) likely maintained stratification and limited vertical mixing, while allowing for localized biological CO2 uptake offshore in autumn. In winter, however, colder waters and pronounced PPW intrusion (SST < 19°C; SSS < 30) spread over the continental shelf, altering surface water chemistry, as already observed by Albuquerque et al. (2025). Concurrently, stronger and more variable wind speeds (with values >15 m s–1) increased the gas transfer velocity and promoted deeper mixing, reducing the pCO2 gradient and leading to near-equilibrium conditions along the shelf region. The heterogeneity in the SST and SSS, also evident in CMEMS data, supports the influence of mesoscale dynamics and water mass mixing in shaping these seasonal differences. The heterogeneity in the SST and SSS, also evident in CMEMS data, supports the influence of mesoscale dynamics and water mass mixing in shaping these seasonal differences. During winter 2019, strong gradients of SST and SSS along ~36–38°S (
Figure 2
) were linked to frontal zones and cyclonic eddies, while at ~34–35°S (
Figure 3
) the influence of PPW further contributed to the observed variability.


Surface pCO2 distribution with a similar spatial structure farther south in the SWAO was also reported along the COSTAL-AR section (Berghoff et al., 2023), where three distinct systems were identified. Their study found significant differences in FCO2 between these domains and in different seasons. In both cases, high average FCO2 values were observed in the coastal zone, with minimum values occurring near the shelf-break front, followed by an increase in offshore waters. These observations support the hypothesis that horizontal gradients in pCO2 are shaped by shelf−ocean exchange and frontal dynamics and reinforce the idea that the shelf-break may act as a biogeochemical transition zone. Our findings align with this spatial pattern, particularly the tendency for lower pCO2 and fluxes near the open ocean in the autumn of 2018 and more homogenized values in winter of 2019.


The observed pCO2 dynamics reinforce the variable behavior of the southwestern Atlantic Ocean, which can act as both a sink and a source of CO2, tending towards CO2 equilibrium, depending on the season and the dominant processes. Lefèvre et al. (2010) highlighted this variability, indicating that the waters of the South Atlantic Ocean respond rapidly to changes in water masses and the influence of the BMC. Furthermore, this seasonal variation alternating between periods of CO2 uptake and release depends on the SST, riverine influence and upwelling (Landschützer et al., 2016).


In addition, lower temperatures can promote the uptake of CO2 through the solubility pump. This process may have contributed to the in gassing of CO2 in the open ocean region during both seasons, as demonstrated by Ito et al. (2005) and Lencina-Avila et al. (2016).


The coastal zone receives larger inputs of nutrients and organic matter because of the greater contribution from the continent (rivers, runoff, and groundwater discharge) (Möller et al., 2008). In addition to the influence of the plumes of the Plata River and Patos Lagoon on the supply of nutrients, Carvalho et al. (2021) reported that physical instability at the water surface and relatively cold water tend to increase phytoplankton permanence in the euphotic zone and favor the dominance of diatoms close to 35°S latitude. Therefore, high pCO2 values are generally observed in shelf water and waters and are influenced by both the physical dynamics of the BC and biological processes (Ito et al., 2016). While photosynthesis tends to lower pCO2, respiration and remineralization in productive shelf environments often enhance carbon concentrations and increase pCO2 values. In the SWAO shelf, this balance is further modulated by nutrient supply from upwelling and riverine input, which can stimulate biological production and subsequently reduce pCO2 at longer timescales. Our observations suggest that, during the study period, the net effect of physical dynamics and remineralization dominated, leading to higher pCO2 in shelf waters. Furthermore, carbon inputs from continents may be associated with groundwater from Patos Lagoon, since records in this region of groundwater discharge represent a potentially important source of dissolved nutrients to the coastal ocean (Souza et al., 2021). Once on the coast, this groundwater can mix with the PPW and influence the pCO2.


Upwelling and deep mixing processes can indeed contribute to the elevated pCO2 values observed in winter. These processes bring subsurface waters, enriched in carbon due to remineralization at depth, to the surface. The excess of carbon increases surface pCO2, often offsetting the cooling effect that would otherwise lower pCO2 in winter. Moreover, the stronger winds typical of this season enhance vertical mixing and air–sea gas exchange, favoring CO2 outgassing. The formation of the western SACW in this area enhances this effect (Liu and Tanhua, 2021). Similar mechanisms have been described for other upwelling systems and regions influenced by the SACW (e.g., Ito et al., 2016; Azar et al., 2021). Thus, the high pCO2 observed during our winter cruise may reflect the combined effect of deep-water ventilation and physical forcing.


Hydrodynamic processes, including mesoscale eddies, influence the regional variability in surface ocean pCO2 (Orselli et al., 2019). Along the transect, in both campaigns, the normalized pCO2 results indicate that this parameter is strongly dependent on the SST. The presence of cyclonic eddies in the region (
Figure 2
), detected from satellite-derived current velocities, suggests that these structures may be associated with variations in pCO2. Cyclonic eddies are characterized in the Southern Hemisphere by clockwise rotation and low-pressure centers, displacing the isopycnals upwards, thus presenting a typical signature of cooling of the sea surface (e.g., Azevedo and Mata, 2010; Talley et al., 2011). Therefore, they are associated with negative heat flux anomalies, which means that in the regions where they can be identified, the ocean takes up heat from the atmosphere and thus tends to cool the atmospheric boundary layer (Villas Bôas et al., 2015). Furthermore, the solubility of CO2 in seawater is greater when the water is cold and less salty. Consequently, cyclonic eddies increase the solubility of CO2 (
Figure 2
) (Smith et al., 2023), changing the pCO2 values, where cooler SST within the eddy core coincided with higher pCO2 compared to surrounding waters.






4.4 Mesoscale dynamics


The surface velocity field significantly differed between the two campaigns. In 2018, the BC region displayed more intense activity, extending its influence farther south to the BMC region. Upon reaching the BMC, the BC underwent retroflection, generating a coastward jet that changes course northwards near 48°W, reaching the SAMBAR transect. In 2019, the BC region was weaker than that in 2018, and the velocity field along with the sea surface height anomaly was characterized by multiple smaller vortical structures (
Figure 5
). Two cyclonic eddies, centered at 51°W 36°30’S and 48°W 35°30’S, present temperatures lower than 18 °C. This spatial variation suggests the influence of physical processes, such as upwelling and horizontal advection. Thus, the BC ocean boundary and its anticyclones are associated with positive sea surface height anomalies. Additionally, cyclonic vortices are characterized by negative sea surface height anomalies (Angel-Benavides et al., 2016; Carvalho et al., 2019) due to the upwelling of cold water (McGillicuddy and Robinson, 1997) and consequent thermal contraction in their interior. This spatial variation suggests the influence of physical processes, such as upwelling and horizontal advection.



Lencina-Avila et al. (2016) identified vortices in the region (open ocean) that promote the absorption of atmospheric CO2 through vertical and horizontal mixing processes and suggested the influence of frontal structures along the subtropical convergence region. This agrees with the results of this study for the open ocean in both periods. This finding reinforces our suggestion that mesoscale structures influence pCO2 dynamics in the study area along 34.5°S. Furthermore, Orselli et al. (2019) reported that eddies in the Agulhas region act as CO2 sinks in the South Atlantic Ocean. The authors explain that cyclonic structures can act in the upwelling of CO2-rich water masses, behaving as a source of CO2 to the atmosphere, despite the presence of anticyclonic vortices acting as CO2 sink zones. This means that the presence of a vortex near the transect region may affect the sink capacity of the southwestern Atlantic Ocean. However, a more detailed investigation should be performed to verify this conclusion.







5 Conclusion


In this study, the variations in surface ocean pCO2 and net CO2 fluxes at the ocean–atmosphere interface at 34.5°S in the SWAO during the autumn of 2018 and winter of 2019 were evaluated. Water mass distributions and physicochemical properties on the sea surface, which are strongly associated with seasonal variation, were considered in the spatial assessment of pCO2. The shelf region acted as a source, whereas the open sea tended towards a weak sink of CO2 in the autumn of 2018. In the winter of 2019, CO2 was predominantly weakly released into the atmosphere, both in the open ocean and on the continental shelf, while it was expected that it would act as a sink. In addition, a relatively strong CO2 sink area was observed ~48°W, where wind speeds with 10 m s–1 were also observed. This highlights that while climatologies are useful for largescale generalizations, they may smooth out short-term or mesoscale variability, underscoring the importance of high-resolution regional observations to accurately represent local carbon dynamics. This study contributes to the understanding of how different mechanisms lead to CO2 exchanges in the outer shelf and open ocean waters in the southwestern Atlantic Ocean. This knowledge provides support for establishing the influence of each factor involved in carbon exchange (e.g., thermal effects and hydrodynamic processes) while considering spatial and seasonal gradients, in addition to contributing to the quantification of the global carbon cycle. For this reason, we suggest further studies of biogeochemical parameters to better understand the variation in pCO2 and its influences.
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