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Motivated by the recurrent formation of eddies in the eastern upwelling areas, we examine cross-basin connectivity that is promoted by coherent, long-lived and long-propagating mesoscale eddies in the Atlantic Ocean. By applying the TOEddies detection and tracking algorithm to daily satellite observations (AVISO/DUACS) of Absolute Dynamic Topography (ADT), we characterize mesoscale eddy activity and variability in the North and South Atlantic. This method provides a robust eddy-network reconstruction, enabling the tracking of eddies formed in the Atlantic eastern upwelling systems together with any merging and splitting events they undergo during their lifetime as long as they remain detectable in the altimetry field. We show that during the years of observations, mesoscale eddies are long-lived coherent structures that can ensure oceanic connectivity between the eastern and the western boundaries, as a result of complex inter-eddy interactions. Moreover, alignment of South Atlantic eddies of eastern boundary origins with available Argo floats achieves a mean cross-basin connectivity signal from both anticyclonic and cyc5lonic eddies which is particularly evident at depth, along thermocline isopycnal layers of γn = 26 - 27 kg m–3. We explore two individual cyclonic eddy trajectories from in-situ measurements gathered by different Argo profiling floats trapped inside the eddy cores. Our results support the hypothesis that mesoscale eddies sustain and transport water masses while subducting during their westward propagation.
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1 Introduction

Eastern boundary upwelling systems (EBUS) are dynamically complex circulation systems characterized by enhanced mesoscale activity (Correa-Ramirez et al., 2007; McGillicuddy et al., 2007; Stramma et al., 2013; Amos et al., 2019). In the Atlantic Ocean, the Canary Current upwelling system (CCUS) and the Benguela Current upwelling system (BCUS) are among the major EBUS of the world ocean. These areas support highly productive marine ecosystems and sustain significant fisheries (Hutchings et al., 2009; Harvey et al., 2020). Their particular dynamics, influenced by the combined effect of strong Ekman transport of surface waters and upwelled waters along the coast, give rise to various flow instabilities including the formation of mesoscale eddies (Chaigneau et al., 2009; Chelton et al., 2011; Pegliasco et al., 2015).

Eddies in the CCUS and BCUS are a priori expected to be generated by instabilities of the upwelling current fronts (Marchesiello et al., 2003; Marchesiello and Estrade, 2007; Moscoso et al., 2021). Wang et al. (2015, 2021)  showed a strong correlation between frontal activity (estimated from Sea Surface Temperature fields) and the variability of alongshore winds. Nevertheless, both upwelling systems have their own specificities and it is difficult to separate the physical mechanisms that are involved in eddy generation. As far as CCUS is concerned, the presence of islands near its upwelling shelf (Canary Islands in the north and Cape Verde in the south) contributes to eddy generation through island-induced mechanisms (Sangrà et al., 2005; Caldeira et al., 2014; Stegner, 2014; Ioannou et al., 2020a; Ioannou et al., 2020b) while downstream of the Gran Canaria, the shedding of both cyclonic and anticyclonic eddies is observed (Arístegui et al., 1994; Arístegui et al., 1997; Basterretxea et al., 2002; Barton et al., 2004; Arístegui and Montero, 2005; Sangrà et al., 2005; Sangrà et al., 2007). On the other hand, high eddy occurrences are found near the African coast (Schütte et al., 2016a) where various instabilities and coastal processes are involved in eddy generation (Dilmahamod et al., 2021). Continuous interactions between island-induced eddies and eddies or filaments from the upwelling have also been reported to entrain nutrient-rich waters further offshore (Arístegui et al., 1994; Arístegui et al., 1997; Basterretxea et al., 2002; Arístegui and Montero, 2005; Sangrà et al., 2005; Sangrà et al., 2007). On the basis of 14 years of satellite observations (1992-2006), Sangrà et al. (2009) have furthermore noted the westward propagation of long-lived eddies from the upwelling. Distinct eddy corridors along which organic matter could be exported into the oligotrophic subtropical gyre in the North Atlantic were documented.

Meanwhile, in the South Atlantic, the BCUS upwelling regime, especially its southern part, is intrinsically bounded to the Agulhas Leakage (Doglioli et al., 2007; Blanke et al., 2009; Veitch and Penven, 2017) that together with the regional circulation, also shapes particularly energetic and dynamically complex local dynamics. The intrusion of warm salty Indian water via the spawning of Agulhas Rings from the Agulhas Current retroflection (Arhan et al., 1999; Matano and Beier, 2003; Giulivi and Gordon, 2006; Guerra et al., 2018; Laxenaire et al., 2018; Laxenaire et al., 2019; Laxenaire et al., 2020), along with the BCUS dynamics as well as the complex bathymetry in the Cape Basin (Matano and Beier, 2003), causes strong interactions between cyclonic and anticyclonic eddies (Boebel et al., 2003; Richardson and Garzoli, 2003; Giulivi and Gordon, 2006; Souza et al., 2011). Numerous eddies with high cyclonic versus anticyclonic ratios are observed, (3:2 in favor of cyclones (Boebel et al., 2003)), while various exchanges and water-mass modification processes take place (Rusciano et al., 2012). Indeed, satellite imagery has revealed the strong influence of the Agulhas Rings in the Cape Basin that may also entrain and export cold upwelling waters along their pathway beyond the upwelling shelf (Duncombe Rae et al., 1992). Yet there are only a few studies (Giulivi and Gordon, 2006; Arhan et al., 2011; Souza et al., 2011) that emphasize on the role of cyclonic eddies from the upwelling and their dynamical characteristics. During a recent hydrographic transect along 34.5°S, an Agulhas cyclone originated from an instability along the Benguela upwelling system has been observed near the Southern Africa shelf (Manta et al., 2021). Vessel Mounted Acoustic Doppler Profiler (VM-ADCP) measurements revealed intense velocities for the cyclone that reached 80 cm/s at 100 dbar. Strong temperature anomalies extended between 100 - 700 dbar.

Generally however until now, with the sole exception of the multi-year observations reported in Sangrà et al. (2009), the characterization of eddies with upwelled origins has been surveyed only occasionally and open questions are still raised on how far such eddies may travel in the Atlantic Ocean. Unlike waves, coherent eddies, characterized by rotational speeds greater than their translating motion (Flierl, 1981; Chelton et al., 2011; Polito and Sato, 2015), can trap water masses in their cores for long periods and remain physically isolated from outside perturbations while propagating. Sparse yet significant observations made via Argo floats that stayed trapped inside eddies for significant time periods (Ioannou et al., 2017; Guerra et al., 2018; Laxenaire et al., 2018; Laxenaire et al., 2019; Nencioli et al., 2018) confirm the existence of such long-lived and long-propagating eddies.

Combined hydrographic observations in the CCUS (Basterretxea et al., 2002; Brandt et al., 2015; Schütte et al., 2016a; Schütte et al., 2016b; Karstensen et al., 2017) have pointed out that upwelled eddies may substantially contribute to the global offshore transport of properties. Given that eddies inhibit lateral exchanges with the outside environment, they may be responsible for the gradual development of anoxic environments within their cores (Brandt et al., 2015; Schütte et al., 2016b; Karstensen et al., 2017). Eddy-resolving numerical models (Gruber et al., 2011; Nagai et al., 2015) have shown that such eddies can act as the main exporters of nutrients and biological components out of coastal areas. Subduction of upwelling filaments is also suggested as a possible mechanism contributing to the offshore transport of upwelled waters affecting biological productivity by moving phytoplankton and nutrients in or out the euphotic zone. In other upwelling systems, their contribution to the offshore transport of nutrient- and carbon-rich coastal waters has also been highlighted (Amos et al., 2019). In the global ocean, increased chlorophyll concentrations have been continuously reported within eddies (McGillicuddy et al., 2007; Lehahn et al., 2011; Villar et al., 2015; Dufois et al., 2016; Cornec et al., 2021a; Cornec et al., 2021b). Mesoscale eddies may thus significantly alter the distribution of properties along their propagation. Further characterization and quantification of eddies shed from upwelling areas is therefore crucial in order to deepen our understanding of cross-shore export of properties, the dynamical processes shaping local marine ecosystems and marine connectivity.

Satellite altimetry remains a powerful tool for characterizing the ocean mesoscale. Despite its various limitations and uncertainty (Amores et al., 2018; Laxenaire et al., 2018; Stegner et al., 2021), the development of automatic eddy detection algorithms has made the characterization of eddies from satellite altimetry an easier task, allowing them to be quantified and their temporal variability followed over long time periods. Automatic detection and tracking algorithms can thus identify eddies via their imprints on sea surface height, locate their centers and quantify their main horizontal dynamical parameters such as size, intensity, surface geostrophic velocity, drifting speed, etc. Recent techniques (Li et al., 2014; Le Vu et al., 2018; Laxenaire et al., 2018; Cui et al., 2019) now also provide methods to identify merging and splitting events. In this study, we use the TOEddies Global Atlas to detect and follow eddies in the Atlantic Ocean, building on the approach taken by Laxenaire et al. (2018) to investigate the Agulhas Rings in particular. The TOEddies Atlas not only provides information on eddy dynamical characteristics together with their merging and splitting events, but also reconstructs a complex eddy network, linking eddy trajectories associated with the merging with other eddies or the splitting into two or more eddies. TOEddies is among the few algorithms that has been qualified against an independent dataset, with eddies derived from surface drifter trajectories and dubbed as “loopers” (Lumpkin, 2016). Moreover, in recent years TOEddies has successfully aided the positioning and tracking of eddies in near-real time during several oceanographic cruises (Manta et al., 2021; Stevens et al., 2021). The TOEddies Atlas furthermore incorporates available colocalized vertical information from Argo floats with its eddy detection (Laxenaire et al., 2018; Laxenaire et al., 2020). This combination of satellite altimetry with autonomous measurements has been proven especially useful for analyzing the vertical properties of eddies (Chaigneau et al., 2011; Pegliasco et al., 2015; de Marez et al., 2019; Laxenaire et al., 2019; Laxenaire et al., 2020)

Indeed, vertical information on eddies offers to shed valuable light on their structure and behavior. For example, Pegliasco et al. (2015), through comparisons of the surface and subsurface characteristics of long-lived eddies originating from four of the major EBUS in the global ocean, found a high percentage of anticyclonic and cyclonic eddies to be subsurface-intensified. Surface-intensified eddies that experience summer restratification can potentially separate from the surface, becoming subsurface-intensified eddies and retaining a homogeneous water layer in their core. Such “mode-water”eddies, as they are called in the scientific literature, have been surveyed in the Canary upwelling system (Schütte et al., 2016a; Schütte et al., 2016b; Karstensen et al., 2017; Dilmahamod et al., 2021) and in the Cape Basin (Laxenaire et al., 2019; Laxenaire et al., 2020). Karstensen et al. (2017) surveyed an anticyclonic mode water eddy reporting low oxygen in its eddy core that originated from the Mauritanian upwelling region. Barceló-Llull et al. (2017) also discussed a subtropical intrathermocline four-months-old anticyclonic eddy in the Canary eddy corridor in 2014. In the south Atlantic,  Laxenaire et al. (2019, 2020) found that Agulhas Rings subside gradually in deeper ocean layers, transforming in subsurface-intensified eddies along their westward propagation. This transition is associated with an important decrease in their surface imprint on altimetry maps and other properties such as sea surface temperature and salinity. Even if the surface signal of such eddies attenuate over time, the reconstructed eddy vertical structure shows no significant changes. The intense heat loss that these eddies experience at the Agulhas Current retroflection and during their displacement in the southern Cape Basin area can lead to significant cooling and increased density of the rings’ upper 400-600 m layers (Arhan et al., 2011). As a result, a subsidence transition from surface to subsurface eddies occurs while drifting westward and encountering the warmer South Atlantic subtropical gyre waters (Laxenaire et al., 2019; Laxenaire et al., 2020). This transition to subsurface introduces a new challenge when identifying mesoscale eddies from satellite observations as the altimetric signal can capture as well as surface-intensified eddies and subsurface-intensified ones (Assassi et al., 2016; Dilmahamod et al., 2018; Laxenaire et al., 2020). Also, when the eddy signal disappears from altimetry maps, this is very likely not due to the eddy’s dissipation but to its increased penetration at depth.

In this paper, we examine the contribution of mesoscale eddies with origins in the EBUS to the offshore export, transport and distribution of properties in the Atlantic Ocean. Our approach consists in characterizing the horizontal and vertical extent of mesoscale eddies with a combination of satellite altimetry and Argo floats measurements using the TOEddies Atlas (Laxenaire et al., 2018; Laxenaire et al., 2020). We focus on the two major eastern boundary upwelling systems of the Atlantic Ocean, namely the Benguela Current upwelling system (BCUS) and the Canary Current upwelling system (CCUS), that are characterized by enhanced mesoscale activity. We thus explore the oceanic connectivity that is potentially promoted by coherent, long-lived and long-propagating mesoscale eddies across basins.

The paper is organized as follows: in section 2 we describe the various datasets that we used, with an overview of the TOEddies Dynamical Atlas and the available Argo float measurements. Section 3, presents the dynamical characteristics of eddies in the Atlantic Ocean and in the upwelling systems considered in this study. We then discuss the mean horizontal and vertical structure of oceanic connectivity that is achieved by mesoscale eddies of eastern upwelling origins. We also present two cyclonic eddies that were sampled by a high number of vertical profiles over a one-year period along their dynamical evolution in the South Atlantic. Finally our results are summarized in section 4.



2 Data and Methods


2.1 TOEddies Global Dataset and Argo Profiles Co-Location

To characterize mesoscale eddies, we used the TOEddies Global Atlas dataset (Laxenaire et al., 2018) that provides daily eddy detection and tracking from satellite observations of Sea Surface Height (SSH), over a 24-year period from 1993 to 2018. The TOEddies Global Atlas is applied on fields of Absolute Dynamic Topography (ADT) that are projected on a ° (dX≃25 km) all-sat-merged dataset and distributed by AVISO/DUACS.

Firstly, eddies are identified by TOEddies as points of extreme ADT. ADT fields are chosen over Sea Level Anomaly (SLA) fields even though the latter have been widely used (Chelton et al., 2011; Cui et al., 2019; Tian et al., 2019), since SLA fields represent a deviation of SSH from a temporal SSH mean and potentially lead to misinterpretations of the eddy signals (Pegliasco et al., 2020). Next, closed contours of SSH that exceed an eddy amplitude threshold, delimit the eddy outer boundary. Once the eddy outer boundary is identified, the SSH contour of maximum azimuthal speed Vmax is also detected. The latter delimits the eddy dynamical core that physically remains uninterrupted by lateral exchanges with the environment. The outer 〈R out 〉 and characteristic radius 〈R max 〉 of an eddy can be then estimated. The mean radii will correspond to the same area as that of a circular disc would have when enclosed by the characteristic and the outer contour respectively. In this study, we mainly use Rmax and Vmax to quantify the eddy size and the intensity respectively.

To follow eddies over time, TOEddies requires eddy areas to overlap between successive time steps. This overlapping criterion is additionally combined with a cost-function that takes into account dynamical characteristics such as the eddy size, intensity and distance (Laxenaire et al., 2018; Le Vu et al., 2018) in order to reconstruct the eddy trajectories when eddies split or merge. This technique allows the identification of unique segments of eddies rather than eddy occurrences. Eddies that interact with each other, either by a merging or a splitting event, are assigned orders of interactions and can be tracked in the AVISO time-series. In this way, the TOEddies algorithm reconstructs a complex eddy network and enables the tracking of eddies of specific origins (Laxenaire et al., 2018). The accurate detection of merging and splitting events is necessary as successive eddy-eddy interactions can alter the main eddy pathways and impact the reconstruction of eddy trajectories (Du et al., 2014; Li et al., 2014; Le Vu et al., 2018; Cui et al., 2019).

Moreover, TOEddies combines its derived daily eddy detection with vertical information on temperature and salinity from autonomous Argo floats measurements over the period 2000-2017. For this study, we restricted our analysis to the Atlantic Ocean (80°W-30°E and 60°S-60°N) and around ~ 25% of the total colocalisation dataset corresponding to 276,259 individual Argo profiles of temperature and salinity collected by 3,024 different floats. The spatial distribution of available profiles in the North and South Atlantic is shown in Figure S1. For each profile, temperature and salinity were converted to potential temperature and absolute salinity using TEOS-10 (McDougall and Barker, 2011). Potential density σθ and neutral density γn profiles were also estimated. To reconstruct the hydrography of the “no-eddy” environment around a given position and a given date, Argo profiles were separated in two groups: those detected inside mesoscale eddies by TOEddies, or outside of them (outside the last eddy contour). The latter were considered to sample the environment and are used to construct climatological profiles of T, S and σ in the given area. Thus, the “no-eddy” climatology consists of all profiles located outside of eddies at a radial distance ≤1° around the selected position and during a ±30 day period from the given date (regardless of the year) over the 17 years.

We further limited our selection of Argo floats that were located inside eddies from the different eddy network reconstructions that are considered in this study (see subsection 3.3). To analyze mean vertical properties of the eddy networks, we grouped profiles in 1° × 1° bins. For each bin and at each depth level, we computed the mean characteristics of temperature and salinity as well as their corresponding anomalies with respect to the climatology. Mean properties were also analyzed at different sigma levels by interpolating all properties to constant density layer intervals (Δσθ = 0.01 kg m–3).



2.2 Sea Surface Temperature and Atmospheric Data

We used the ERA-Interim data-set to compute the seasonal and interannual variations of wind forcing and sea surface temperature for the upwelling areas. This reanalysis provided the atmospheric fields at ° spatial resolution and temporal resolution of 1 h. Sea surface wind components at 10 m and sea surface temperature were obtained from the ERA-Interim synoptic fields from 1993 to 2018 (Hersbach et al., 2018). Wind stress components and the wind stress curl were calculated with the standard bulk formula  with ρair = 1.25 kg m–3 and a constant Cd coefficient (Cd = 1.6 10–3). We considered four different upwelling subsystems, separating the CCUS and BCUS into two sub-systems in the North (nCCUS and nBCUS) and the South (sCCUS and sBCUS) as discussed further in section 3.2 (Figure 6). We built the monthly mean estimates of wind forcing and sea surface temperature for the different subsystems and compared their temporal variability.




3 Characterization of Mesoscale Eddies in the Atlantic Ocean


3.1 Mesoscale Activity in the Atlantic Ocean

The TOEddies dynamical dataset detects and tracks more than 14,169,103 eddies (with lifetimes of at least 7 days) and 408,202 eddy trajectories in the Atlantic Ocean.

To characterize mesoscale eddy activity, we present in Figure 1, separately for cyclones and anticyclones, histograms of eddy lifetimes, characteristic radii and velocities. Histograms of eddy dynamical characteristics are shown separately for the North and South Atlantic. In these diagrams we have filtered out mesoscale eddies with radius smaller than ≤ 18 km, in order to avoid small-scale features that are not accurately captured by altimetry. We find an almost equal percentage of cyclonic and anticyclonic eddies with lifetimes exceeding 16 weeks even if cyclones are slightly higher in number than anticyclones (cyclonic eddies represent 51.7% of the total for the North and 53.1% for the South Atlantic). Around 57% of the tracked eddies were detected in the North Atlantic. In total, eddies with lifetimes less than 4 and 16 weeks respectively represent almost 75% and 95%  percentile of the eddy lifetime distribution as provided by satellite altimetry maps (Figures S2, S9) On average, we detected cyclonic eddies with lifetimes more than 16 weeks to have slight smaller radii (by 3%) than anticyclones in both hemispheres, while their characteristic velocities exceeded that of the anticyclones, mostly in the North Atlantic, by 14%.




Figure 1 | Upper-tail cumulative histograms of eddy lifetimes (weeks) (A, B) and histograms of eddy characteristic radius Rmax (km) (C, D) and velocity Vmax (m/s) (E, F) of anticyclonic (red colors) and cyclonic eddies (blue colors) for the North (left panels) and South (right panels) Atlantic Ocean during the 1993-2018 period. We consider only mesoscale eddies having lifetimes ≥ 16 weeks and characteristic radii larger than Rmax ≥ 18 km as indicated by the dashed lines in panels A–D respectively.



Figure 2 shows trajectories of mesoscale eddies in the Atlantic ocean as tracked by TOEddies. Eastward versus westward trajectories were identified by estimating their net displacement between their first and last position. Eastward propagating eddies with lifetimes ≥16 weeks accounted for only 17.5% of the total trajectories and they corresponded mainly to eddies tracked in the Antarctic Circumpolar Current (ACC) and in the subpolar North Atlantic (north of 40°N) (Figure 1). In line with previous studies (Chelton et al., 2011), the majority of long-lived eddies in the North and South Atlantic were found to propagate westward influenced by the β-effect (Figure 2 shows westward eddies with lifetimes ≥52 weeks). The total number of westward-propagating eddies in the North Atlantic was higher than the ones of the South Atlantic (representing 59% of the total westward trajectories).




Figure 2 | Trajectories of eastward (lighter colors) versus westward (darker colors) propagating eddies with lifetimes longer than ≥16 weeks and ≥52 weeks respectively. Anticyclonic (A, B) and cyclonic (C, D) are indicated by blue and red, as detected via the TOEddies algorithm over a 24-year period (1993-2018). Bathymetry shallower than 4,000 m is indicated by gray lines.



Eddy trajectories were also sorted on the basis of their estimated lifetimes in Figure 3. The ratio of cyclone versus anticyclone lifetimes was similar only for eddies with lifetimes of less than 52 weeks (Figure 1 and Figures S2B, C). In agreement with previous findings (Chelton et al., 2011; Tian et al., 2019), eddies with longer lifetimes (≥52 weeks, approximately 1.5 years) were mostly anticyclonic (Figures S2). In the South Atlantic, around 60% of eddy trajectories were indeed anticyclonic, while in the North Atlantic the percentage of eddies of both polarities remained close (51% anticyclonic over 49% cyclonic). Nevertheless, the TOEddies algorithm detected a higher number of long-lived cyclones originating in the upwelling systems of both hemispheres.




Figure 3 | Trajectories of anticyclonic (A, B) and cyclonic (C, D) eddies as detected via the TOEddies algorithm over a 24-year period (1993-2018) having a lifetime longer than ≥ 52 weeks. Each trajectory is colored on the basis of their estimated lifetimes (weeks). Bathymetry shallower than 4,000 m is indicated by gray lines.



Figure 4 compares the cumulative number of Atlantic mesoscale eddy first (A, B) and last detections (C, D) as well as eddy-eddy interactions (merging and splitting events) (E, F) computed on a 1° × 1° gridded map as detected daily during the study period (1993 - 2018). In order to account for all possible eddy-eddy interactions, we counted centroids of eddies that were tracked for at least 4 weeks. Hot spots of eddy activity were characterized by high density of eddy generations exceeding N > 30 eddies per degree square. We found a higher rate of eddy generation near the eastern boundary of the ocean basin and, in particular, within the major eastern upwelling boundary systems (Canary in the North and Benguela in the South Atlantic) as well as within the western boundary currents (Brazil Current in the South Atlantic and the Gulf Stream in the North Atlantic).




Figure 4 | Frequency maps of first (panel A, B), last (panel C, D) detection points and merging and splitting points (panel E, F) of mesoscale eddies with lifetimes longer than ≥ 4 weeks as detected in the South and North Atlantic from the TOEddies global Atlas over a 24-year period (1993-2018) gridded over 1° × 1° bins (smoothed using a 1° × 1° window). The mean dynamic topography (MDT in cm) is shown by black contours and bathymetry shallower than 4,000 m depth by gray lines.



Several areas where eddies were frequently generated were also areas where eddies disappeared from altimetry maps. Nevertheless, the difference on average between generation and termination points (not shown here) consists mostly of areas favorable for the generation of eddies. We noted that high spatial distribution of merging and splitting events also occurred in similar places, a fact that emphasizes the importance of accounting for eddy-eddy interactions to provide a complete dynamical description of the evolution of detected eddies. Merging and splitting events in the North Atlantic involved 53% of cyclonic eddies while in the South Atlantic a similar percentage of 54% was associated with interactions between anticyclonic eddies.

Areas of strong mesoscale activity are usually identified by estimating their eddy kinetic energy (EKE). Similarly to Chelton et al. (2011), we computed the total kinetic energy (KE) from the geostrophic velocity fields as derived from the daily ADT maps, namely by subtracting the temporal mean of the velocity geostrophic components over the study period



where  and . Based on TOEddies daily eddy detection, we were further able to distinguish the percentage of EKE attributed only to anticyclonic and cyclonic eddies respectively, and thus recover areas of eddy kinetic energy associated only with mesoscale eddy activity. This is achieved with a delta function δ(x, y, t) set to zero when the KE lay outside the last eddy contour and 1 when inside



We plotted in Figure 5, the ratio of eddy kinetic energy versus total kinetic energy separately for cyclonic and anticyclonic eddies. The eastern upwelling areas are among the most energetic areas in the Atlantic Ocean. In the CCUS upwelling areas, the signatures of both cyclonic and anticyclonic eddies contribute to this eddy kinetic energy. In the BCUS, strong KE signal are mostly associated with cyclonic eddies near the upwelling areas, while the intense Agulhas eddy contribution to KE is visible in the right panel of Figure 5.




Figure 5 | Ratio of the contribution of mesoscale eddy kinetic energy (EKE) to the total kinetic energy (KE) in the North (left panels) and South Atlantic (right panels), respectively for anticyclonic (A, B) and cyclonic (C, D) eddies gridded over 1° × 1° bins. The mean dynamic topography (MDT in cm) is shown by black contours and bathymetry shallower than 4,000 m depth by gray lines.





3.2 Dynamical Characteristics of EBUS Trajectories

The mean statistical properties of all the eddies detected by TOEddies in the Atlantic Ocean show that the EBUS represent areas of increased eddy density due to frequent eddy generations, interactions as well as high EKE. In particular, several long-lived and long-propagating eddies were found to originate from the EBUS.

To investigate the eddies’ role in greater detail, we firstly defined eddies originating from the upwelling systems as those initially detected within the BCUS and CCUS regions before propagating into the Atlantic Ocean. To represent the upwelling fronts and broadly capture eddies generated from shelf’s instabilities, we chose the 4,000 m isobath. In accordance with previous studies (Cury and Shannon, 2004; Desbiolles et al., 2014; Ndoye et al., 2014), we additionally divided the BCUS upwelling system into two subsystems: the north and south upwelling cells (nBCUS and sBCUS) at approximately 26.5°S near Lüderitz. This south and north division has been reported to be distinct in terms of climatological wind conditions and regional frontal dynamics (Wang et al., 2015; Wang et al., 2021) but also in terms of biological clustering (Blamey et al., 2015; Kirkman et al., 2016). A similar north and south division was made for the CCUS at around 20°N near Cape Blanc (nCCUS and sCCUS) (Barton et al., 1998; Benazzouz et al., 2014; Pelegrí and Benazzouz, 2015). The different upwelling subregions are indicated in Figure 6 in different colors (blue for the north and green for the south).




Figure 6 | Eddy trajectories originating from the four upwelling subsystems: nBCUS and sBCUS (A, E) and sCCUS and nCCUS (B, F) as obtained from TOEddies Global Atlas with lifetimes more than ≥ 16 weeks. The mean annual and monthly number of eddies are indicated in panels C, G and D, H respectively for anticyclonic and cyclonic trajectories. The north and south upwelling regions of the BCUS and CCUS are indicated by the blue and green patch areas respectively.



In Figures 6A, B and E, F we display the eddy trajectories originating from the different subsystems that could be tracked from satellite altimetry maps for more than 16 weeks during the 1993-2018 period. Taking all eddy trajectories into account, both cyclonic and anticyclonic eddies were found to populate the upwelling subregions. In total numbers, TOEddies tracked more eddies originating from the CCUS subsystems than from the BCUS while the highest number of individual eddy trajectories was found for the nCCUS. The number of tracked cyclones was consistently higher than that of the anticyclones with the nCCUS being the only subsystem to be populated by an equal mixture of eddy types (50% cyclones/49% anticyclones). The asymmetry between cyclonic and anticyclonic eddies was the strongest for the sBCUS where 83% of the eddies are cyclonic. Slightly lower percentage (67%) was found for the sCCUS, while cyclonic eddies originating from the nBCUS were almost double the number of the anticyclonic ones. These findings are in line with previous observations (Boebel et al., 2003).

Moreover, eddy generation can vary considerably from year to year (Figures 6C, G). On average, in the sCCUS, the rate of cyclonic eddy generation was close to 8 ± 1.8 eddies per year (lifetimes ≥ 16 weeks in Figure S4). Stronger interannual variations with an average rate of 7.7 ± 2.6 cyclones/year were found for the sBCUS. In the nBCUS, this rate was estimated close to 5.3 ± 1.7 cyclones/year. Anticyclonic and cyclonic generation in the nCCUS yielded similar rates, close to 8 ± 2 eddies/year. Conversely, anticyclonic generation rates were consistently lower in the other systems: below 4.2 ± 1.8/year for the sCCUS, 2.8 ± 1.2/year for the nBCUS and 1.9 ± 1/year for the sBCUS.

During specific years, eddies originating from the Atlantic EBUS were tracked for longer periods of time while propagating westward. After generation, cyclones from the sCCUS and nCCUS mainly translated westward and north-westward, while anticyclones followed very different trajectories and tended to propagate south-westward. Meanwhile, cyclones generated in the nBCUS and sBCUS mainly translated westward and south-westward, towards the southern branch of the South Equatorial Current (Majumder et al., 2019; Luko et al., 2021). Thus, equatorward/poleward deflections for anticyclones/cyclones respectively were also confirmed here in agreement with previous findings (Morrow, 2004; Chaigneau et al., 2009; Chelton et al., 2011; Schütte et al., 2016a). Among these long-lived mesoscale eddies, several stood out with lifetimes exceeding 2 years and propagation distances exceeding 2,000 km (Figure S5).

If we assume that eddy generation in the BCUS and CCUS is mainly driven by instabilities of the upwelling thermal front, we can then expect their formation to be associated with the upwelling seasonal variations. We therefore explored the seasonal variations of different indices for the four Atlantic EBUS subsystems examined in the present study (see Supplementary Material Figures S6, S7). The mean monthly variations of all upwelling indicators showed the nCCUS and nBCUS upwelling subregions to exhibit a permanent upwelling regime while the sCCUS and sBCUS subregions undewent a marked upwelling seasonal cycle (Benazzouz et al., 2014; Pelegrí and Benazzouz, 2015; Brandt et al., 2015).

Even if mesoscale eddies are expected to form more frequently when the upwelling seasonal variations are the strongest, we found that eddy generation does not exhibit marked seasonal variations (Figure 6). Moreover, when a seasonal cycle is detectable in the eddy generation, it does not always coincide with an intenser upwelling seasonal phase (Figure S6). For instance, in the nCCUS, cyclonic and anticyclonic eddy generation peaks in March just after the maximum SSTa (Sea Surface Temperature anomaly) that peaks during winter (November/December). Similarly, in the sCCUS cyclonic eddy generation peaks in August, a period of weak upwelling intensity. On the other hand, in the sBCUS, cyclonic eddy generation peaks in May, at the end of the most intense upwelling season, when the SSTa is at its minimum (Figure S6D). In the nBCUS, increased cyclonic eddy generation is observed from February till May (peak in May for AEs), a fact that could be associated with the minimum SSTa during May. Nevertheless, the maximum number of CEs is observed during August, which is out of phase with any upwelling index considered (SSTa or WSCa,- (Figures S6D, E). Even though we have found no direct correlation, we suspect that eddy generation in the upwelling regions is controlled by nonlinear processes involved. For instance, Marchesiello et al. (2003) have shown mesoscale eddy variability in the California current system to be linked with alongshore current instabilities. Marchesiello and Estrade (2007) have further demonstrated that stratification and topography alone can substantially affect the available potential energy initially provided by regional wind forcing. This suggests that more thorough investigations are necessary to understand the connections between regional forcing and eddy generation.

In Figure 7, we compare the mean horizontal characteristics of the eddies from the four upwelling subsystems. Histograms of eddy characteristic radii and velocities were plotted separately for cyclonic and anticyclonic eddies. Eddy lifetimes longer than 16 weeks were considered. In the nBCUS and nCCUS, the characteristic radii of cyclonic eddies were estimated at 〈Rmax 〉 = 67.1 ± 23 km and 〈R max〉 = 59.4 ± 21 km, 13% and 5% larger than the equivalent average radius of the anticyclones. We found similar sizes (66.3 ± 23 km) for sCCUS cyclones and anticyclones. Cyclones originating from the sBCUS had a mean size of 〈Rmax〉 = 63.4 ± 22 km. These were the most intense eddies among the four upwelling systems with mean characteristic velocities reaching almost 〈Vmax〉 = 30 ±19 cm/s, which was twice those of the sCCUS cyclonic eddies (14 ± 7 cm/s), nCCUS (14 ± 15 cm/s) and nBCUS (12 ± 6 cm/s). We noted that the mean horizontal characteristics of eddies from the upwellings were associated with large standard deviations indicating that eddy sizes and intensities could vary substantially among the years of observations.




Figure 7 | Histograms of eddy characteristic radii Rmax (km) and velocities Vmax (m/s) for anticyclonic (A, B) and cyclonic (C, D) trajectories originating from the different upwelling subsystems considered in this study (lifetimes ≥ 16 weeks).



To investigate the mean vertical structure of eddies from each subsystem, we further investigated certain long-lived trajectories of Figure 6, limiting ourselves only to those that were additionally sampled by at least 1 Argo float at a radial distance smaller than or equal to the eddy characteristic radius (dargo ≤ Rmax). Figure 8 shows the mean vertical structure of temperature and density anomalies of AEs and CEs from each upwelling subsystem. On average, the CEs presented larger anomalies than the AEs. Moreover, BCUS cyclones seemed to contain waters from the environment colder by -1.76°C in the sBCUS and by -1.22°C in the sBCUS in comparison with cyclones from the CCUS whose anomalies remained below 1°C (-0.46°C and -0.7°C in the sCCUS and nCCUS). On average, CCUS eddies displayed shallower vertical extents, occupying mostly shallower and less dense layers (γn = 25.2 - 27.1 kg m–3) in comparison with eddies from the BCUS that extended further deeper at higher density intervals (γn = 26.5 - 27.14 kg m–3). CEs in the sCCUS were characterized by the shallower vertical extent (γn = 25.96 kg m–3 ~ 70 m depth) in comparison with CEs from the sBCUS whose maximum anomaly in temperature centered at γn = 27.07 kg m–3 and at almost 430 m depth. It should be pointed out that all above properties were derived from Argo floats that sampled eddies of the upwelling subregions at different radial distances, while always remaining inside the eddy dynamical core. This selection was made in order to retain a relatively large number of Argo floats for each subregion (NArgo ≥ 20), in our calculation of the estimated mean EBUS vertical properties. Nevertheless, when taking into account floats located at distances close to the eddy center (dargo ≤ 0.5 Rmax), we found that the mean eddy hydrological anomalies intensified by at least 30% (even growing to 60% for the sBCUS and sCCUS subregions). Accordingly, we suggest that the distance from the eddy center should be taken into further consideration when investigating its impact on nutrient or chlorophyll distribution (Wang et al., 2018).




Figure 8 | Mean temperature 〈TA 〉 (°C) and density 〈σA 〉 (kg m–3) anomalies as derived from Argo profiles tracked inside anticyclonic (A, B) and cyclonic trajectories (C, D) with lifetimes more than ≥ 16 weeks originating from the different upwelling subsystems considered in this study. Only Argo profiles located at a radial distance of less than Rmax from the estimated eddy center were kept (dargo ≤ Rmax).





3.3 Mean Upwelled Eddy Connectivity Signal

The main exporters of nutrient-rich waters from the CCUS and BCUS seem to be mostly associated with cyclonic features. Apart being areas of frequent eddy generation these EBUS are also associated with large eddy-eddy interactions that lead to numerous eddy splitting and merging events (Figure 4). Such events alter the main eddy pathways and are supposedly linked with significant transfers of waters. It is hence essential to identify merging and splitting events of both eddy types in order to understand the evolution of eddies.

Following Laxenaire et al. (2018), we reconstructed an eddy network comprising all trajectories related with various filiations to eddies of upwelled origins. By assigning the order of eddy-eddy interactions, the resulting eddy trajectories network assembles all eddies connected via merging or splitting and traces them from the upwelling areas further offshore in the Atlantic. Figure 9 shows the eddy-network reconstruction for the two key areas the BCUS and the CCUS upwelling systems. Trajectories indicated in black are the reference trajectories that originated from the shelf and are assigned an order zero. The order number increases in relation to the number of interactions that are needed to trace back or forward to a reference trajectory.




Figure 9 | Eddy network of anticyclonic (A, B) and cyclonic (C, D) trajectories from the CCUS (left panels) and the BCUS (right panels). Each eddy trajectory is colored according to their assigned order. Bathymetry shallower than 4,000 m is indicated by gray lines.



In total, the BCUS and the CCUS eddy networks were composed of 11,764 and 12,969 eddy trajectories respectively (with lifetimes larger than 4 weeks). Overall, eddies from upwelling networks account for only 10% of the total number of trajectories tracked in the Atlantic by the TOEddies algorithm. However, if we only consider long-lived eddies from these networks (with lifetimes greater than 52 weeks), this percentage increases to 61%. Mesoscale eddies of order zero (originating from the upwelling areas) were mostly cyclonic, accounting for 75% of the order-zero eddy trajectories for the BCUS and 57% for the CCUS (lifetimes ≥ 16 weeks). Nevertheless, anticyclonic eddies were also involved in the advection of properties when higher orders of interactions are considered. Indeed, the role of anticyclonic eddies on the advection and entrainment of upwelled waters when situated near upwelling coastal areas has been previously highlighted for both the CCUS and the BCUS (Duncombe Rae et al., 1992; Arístegui et al., 1997). When merging and splitting events are taken into account, both eddy types ensured connections between the eastern and western boundaries contributing to a mean connectivity signal (Figure 9).

The EBUS eddy-network reconstruction shows that long-lived and long-propagating eddies, along with their frequent interactions, may potentially transport waters from the upwelling regions further offshore and in some cases even reach the western Atlantic boundaries (Guerra et al., 2018; Nencioli et al., 2018; Laxenaire et al., 2018; Laxenaire et al., 2019) In order to investigate whether these connections concern only upper-ocean dynamics, we selected all Argo floats co-localised with the TOEddies Atlas that were identified inside the BCUS and CCUS network trajectories (Figure 9). Together, BCUS and CCUS eddy networks were sampled by 28,554 Argo profiles in various positions inside eddies. Around 21% of the total EBUS network trajectories were sampled by at least 1 Argo float. Out of these, 64% sampled anticyclones and 36% cyclones.

In order to estimate the mean connectivity signal represented by these mesoscale eddies in comparison with the adjacent environment, in Figure 10 we plotted mean anomalies of potential temperature estimated from the CCUS and BCUS eddy networks in the upper (〈γn〉 = 25 - 26 kg m–3) and thermocline (〈γn〉 = 26 - 27 kg m–3) isopycnal layers. Anomalies were computed by subtracting the non-eddy climatology in each isopycnal surface. Positive and negative temperature anomalies corresponded to anticyclonic and cyclonic eddies respectively. These properties concerned only Argo floats trapped inside eddy trajectories with origins from the eastern upwelling system (we limited the estimate to up to order 5 trajectories in Figure 9). The subsurface extent of eddy properties was visible well below the surface, reaching intermediate depths.




Figure 10 | Mean temperature anomalies 〈TA 〉 (°C) at upper (γ = 25 - 26 kg m–3) (A, B, E, F) and deeper (γ = 26 - 27 kg m–3) (C, D, G, H) isopycnal layers as measured by Argo floats trapped inside anticyclones and cyclones from the CCUS (left panels) and the BCUS (right panels) eddy trajectory networks. Bathymetry shallower than 4,000 m is indicated by gray lines.



On average, for the CCUS network, anticyclones were associated with mean temperature/salinity anomalies of about 0.45 ± 0.91°C/0.02 ± 0.14 g/kg in the upper layers and 0.26 ± 0.47°C/0.04 ± 0.09 g/kg for denser layers. For the BCUS, these mean temperature/salinity anomalies were stronger for both, the upper layers (0.93 ± 1.29°C/0.1 ± 0.18 g/kg) and for denser layers (0.95 ± 0.94°C/0.12 ± 0.12 g/kg). For CCUS cyclonic eddies, the mean temperature/salinity anomalies were estimated at -0.4 ± 1°C/-0.004 ± 0.12 g/kg for the upper layers and slightly weaker at greater depth (-0.39 ± 0.6°C/-0.04 ± 0.1 g/kg). Finally, BCUS anomalies for cyclones were found to be even positive in the upper isopycnal layers 0.08 ± 1°C/-0.04 ± 0.15 g/kg but reached -0.67± 0.9°C/-0.08 ± 0.11 g/kg for deeper layers.

The mean properties from the eddy networks demonstrated an additional contribution and spreading of heat and salt by mesoscale eddies in comparison with the environment. The comparison between upper and deeper isopycnal layer anomalies indicated that cross-basin connectivity achieved by mesoscale eddies not only concerns the upper layers but seems to extend down to the main thermocline. For BCUS cyclones the maximum of intense anomalies was found to be even stronger in the denser layers here considered (〈γn〉 = 26 - 27 kg m–3) than in the upper layers.



3.4 Individual Eddy Trajectories

In the previous section, by combining available hydrographic properties from Argo floats with the eddy trajectory networks built for the CCUS and BCUS, we estimated the mean temperature and salinity anomalies within isopycnal layers related to mesoscale eddies of EBUS origins in the Atlantic. These mean anomalies of properties associated with eddies are not restricted in the surface layers but can extend through the thermocline. In order to further evaluate vertical eddy properties and how they evolve over time we searched for individual eddy trajectories that were sufficiently sampled by Argo floats among the years of observations.

From the total eddy trajectories networks, we therefore selected specific examples of cyclonic and anticyclonic trajectories that were sampled by more than 30 Argos floats over periods of more than one year, allowing us to gather information on their internal structure along their en-route propagation. Among these, we firstly identified several Agulhas Rings that were previously described in Laxenaire et al. (2019, 2020) and for this reason, omit their discussion in this paper. We further isolated two specific cases of cyclonic eddies in the years 2012 and 2015 that were sampled by a total of 41 and 44 Argo profiles, the dynamical evolution of which we will describe in the following section. To our knowledge, these are among the few occurrences of Argo floats remaining trapped inside coherent cyclones for significant long time periods, providing us with information on their vertical structure and evolution.


3.4.1 BCUS Cyclones: Eddy Signature on Subduction

Figure 11 A shows the trajectories of two cyclonic eddies, C0 and C1, one originating from the nBCUS and one from the sBCUS and sampled by more than 30 profiles (magenta points) during their lifespans. These two cyclones were formed in late fall, in March 2012 (C1) and April 2015 (C0) respectively. They moved mainly west-southwestward and were tracked for more than 1 year with TOEddies. The movies of the two cyclones’ dynamical evolution (see Supporting Information) show their daily tracking by TOEddies in the sea surface height fields along with their sampling rate from the Argo floats.




Figure 11 | Trajectories of long-lived cyclones C0 and C1 originating from the sBCUS (green patch) and nBCUS (blue patch) as detected from the TOEddies database for the years 2012 and 2015 respectively are shown in A. Bathymetry shallower than 4,000 m is indicated by gray shading. The temporal evolution of dynamical characteristics of characteristic radius Rmax (km) and velocity Vmax (m/s) is shown in B, C.



Several snapshots along the temporal evolution of the surface signature of these eddies are presented in Figure 12. Cyclone C0 was initially detected on 5 January 2015 in the nBCUS upwelling frontal zone and was tracked with TOEddies till 1 April 2016, for almost 65 weeks (approximately 1.5 years). The eddy drifted westward covering a distance of 1,793 km, while an Argo float (WMO 1901310) sampled C0 at various radial distances from the eddy center providing in total 44 T/S profiles. According to the TOEddies network reconstruction, this cyclone merged on 25 Feb 2015 with a short-lived cyclone (less than one month old) initially detected on 18 January 2015 (Figure 12A). It also seems that this eddy detached from the nBCUS slightly south of C0 (11.39°E, 26.55°S), and was sampled by the same Argo float that later remained trapped in C0 for almost 8 months. During eddy generation, while eddy scales and the distance from the shore remain relatively small, we cannot guarantee that satellite altimetry resolution is sufficiently accurate to resolve such rapid interactions between eddies. Nevertheless, this detachment was identified as a merging event by TOEddies. The Argo T/S profiles before and after the merging event showed that the eddy water masses were not significantly impacted. During the months that followed, the eddy propagated westward reaching and crossing the Walvis Ridge during the austral winter (June, July, August) of 2015 (Figures 12C, D).




Figure 12 | Snapshots along the temporal evolution of cyclones C0 (A–D) and C1 (E–H). The background colors correspond to the ADT while the gray arrows correspond to surface geostrophic velocities. The characteristic and outer contours detected by TOEddies are shown by the solid blue and dashed black lines. The Argo floats trapped in the eddies are shown by magenta diamonds points. Bathymetry shallower than 4,000 m is indicated by gray shading.



Meanwhile, cyclone C1 was initially detected in sBCUS on 27 February 2012, north-west of Cape Town. This cyclone was tracked with TOEddies for almost 71 weeks (16 months). From March 2012 several different Argo floats sampled the eddy until 12 July 2013 when the eddy was last detected, providing 41 vertical profiles. From August 2012, the cyclone drifted westward while starting to interact with and propagate along an Agulhas Ring that was in the vicinity (Figures 12G–H). Such cyclone-anticyclone interactions in the Cape Basin have been previously documented from observations (Boebel et al., 2003; Souza et al., 2011) and numerical simulations (Doglioli et al., 2007).

Figures 11B, C depict the daily evolution of the geostrophic dynamical characteristics of the radii and azimuthal velocities of the two eddies under investigation. The time series for C1 and C0 show distinct dynamical periods for the eddies. During generation, when the eddies were moving away from the continental slope, variations in their velocity and radius were observed. After generation both cyclones increased in radius and velocity. The latter thus reached a maximum of 40 cm/s and 60 cm/s for cyclones C0 and C1 respectively, 6 months after generation (Figure 11C). It is worth noting that the maximum eddy intensities are at least twice as high as than the mean CE intensities shown in Section 3.2. Indeed, for C0, during the austral summer, the eddy diameter remained constant whereas the eddy tangential speed increased when the eddy crossed the Walvis Ridge. During that period, its translation speed was relatively weak (~ 7 km/day), and its shape remained almost circular with ellipticity below ϵ = 0.3. A decay in the eddy velocity was then observed.

In order to investigate the evolution of the vertical structure of the eddies core, we selected only Argo profiles that were located at a radial distance of ≤ 55 km from their estimated centers (Figures 13A, B). This corresponds to a mean ratio between the Argo radial distance and the eddy characteristic radius of about 50% (maximum ratio of about 74%). The temporal evolution of the temperature and density anomalies in the cores of the two cyclones is shown in Figures 13C, D along with the estimation of their mixed layer depth (MLD). The latter was determined by computing the depth at which the Brunt–Väisälä frequency squared  was found to be at its minimum. We then estimated the density anomaly induced by the eddies on the basis of the climatological eddy background containing a no-eddy signature (Figures 13E, F). To quantify the vertical extent of the eddy we computed the depth of the maximal density anomaly.




Figure 13 | The temporal evolution of eddy characteristic Rmax (km) and outermost radius Rout (km) is shown in panels (A, B), with the blue and black dashed lines indicating cyclones C0 and C1 respectively. The magenta diamond points illustrate the position of the Argo profiles as a function of their distance from the eddy center. Vertical profiles of temperature T (°C)as obtained from the Argo floats trapped in the eddy are shown in panels (C, D). The vertical temperature TA (°C) anomalies are shown in panels (E, F) relative to the TOEddies climatology.



According to Figure 13 during the first 3 months of the formation of C0, the density anomaly of the eddy seemed weak in comparison with the surrounding environment. This makes sense when considering that the eddy had not yet detached from the shelf and the upwelling tongue: during this period the eddy was mainly trapped in the upwelled waters that were not significantly different from the adjacent environment. Once the eddy started to propagate westward, we then detected a temperature and salinity anomaly located at between -200 and -700 m depth, which was -2.8°C/-0.3 g/kg colder and fresher than the environment. The density anomaly of C0 was confined to between -100 and -700 m depth with a maximal density anomaly of σA = 0.34 kg m–3 that was located at -190 m in May 2015. Two months later, the maximal density anomaly seemed to deepen further, reaching Zmax = -210 m on 30 July 2015. In September 2015, the maximal density anomaly reached a depth of Zmax = -240 m while remaining relatively strong σA = 0.37 kg m–3 (with -3.4°C/-0.37 g/kg temperature and salinity anomalies). Unfortunately, no other Argo float was detected inside the eddy after November 2015 despite TOEddies managing to track it until 1 April 2016 (5.5°W, 27.54°S).

As for C1, one month after its formation (on 22 March 2012), the eddy density anomaly was σA = 0.52 kg m–3 at -80 m. Five months later, the maximal σA remained the same in intensity while deepening, reaching a depth of Zmax = -180 m on 25 August 2012, with corresponding temperature and salinity anomalies of -4.4°C/-0.47 g/kg. In November 2012, the maximal density anomaly deepened further reaching Zmax = -250 m probably as a result of air-sea interactions that cooled and mixed the eddy upper layers, deepening its MLD. Indeed, during that period the eddy’s upper layers seemed to be connected to the surface. From November till at least March 2013 (austral summer), in the upper eddy structure, a seasonal thermocline appeared, whereas the eddy core seemed to penetrate further in depth while gradually separating from the ocean surface. Afterwards, the eddy propagated south-westward (0.57°E, 37.9°S) until 12 July 2013 when it was last detected.

The vertical sampling of the two BCUS cyclones, C0 and C1, shows that these eddies accounted for density anomalies of σA = 0.5 kg m–3 and temperature anomalies of 4.4°C in the Cape Basin. Both cyclonic eddies showed a progressive deepening of their vertical structure and a clear separation from the ocean surface, suggesting that they subsided and became subsurface-intensified eddies as they left the upwelling area and penetrated the Cape Basin. This transition was accompanied by a gradual decay of both eddy surface intensities whereas subsurface anomalies remained relatively unchanged.

Such behavior has been already observed and described for anticyclonic eddies, in particular for Agulhas Rings and for CCUS specific anticyclones (Schütte et al., 2016a; Karstensen et al., 2017; Barceló-Llull et al., 2017; Guerra et al., 2018; Laxenaire et al., 2019; Laxenaire et al., 2020). (Laxenaire et al., 2019; Laxenaire et al., 2020) showed that the majority of Agulhas Rings become subsurface-intensified eddies along their route. However, the results we discuss in the present study, represent the first evidence of such behavior for cyclonic eddies in the South Atlantic.





4 Summary and Conclusion

Motivated by the fact that EBUS are areas of high productivity as well as of frequent eddy generation, we examined cross-basin oceanic connectivity that is promoted by coherent, long-lived and long-propagating mesoscale eddies with eastern upwelling origins in the Atlantic Ocean. We characterized the dynamical properties of mesoscale eddies over a 24-year period (1993 to 2018) throughout the Atlantic with the TOEddies Dynamical Dataset that uses daily satellite observations of ADT.

Among all the mesoscale eddies detected in the Atlantic Ocean with the TOEddies dataset, a small fraction of them will be long-lived (10% with lifetimes more than 52 weeks). In agreement with previous studies (Chaigneau et al., 2009; Chelton et al., 2011), we found that long-lived eddies propagate mainly westward and are predominantly anticyclonic. However, at least 60% of these long-lived westward eddies were found to either originate or interact with eddies from eastern boundary upwelling systems. We have then specifically qualified from the whole Atlantic TOEddies dataset the eddies spawn from the four upwelling subsystems (north and south CCUS and BCUS), analyzing their seasonal and interannual variabilities. By using co-localized Argo float profiles, also provided by the TOEddies Atlantic Atlas, we characterized their mean vertical structures, retaining only the Argo profiles sampling the eddies’ dynamical cores.

To estimate the contribution of eddies on oceanic connectivity, we reconstructed the eddy-trajectory network linking eddies of upwelled origins to all nearby eddies connected to them via merging/and splitting events. The mean eddy connectivity signal was then derived on the basis of a synthesis of the CCUS and BCUS eddy networks with 17 years of in-situ observations from Argo floats. A comparison between eddies from the four upwelling subsystems showed that a higher number of eddy trajectories is associated with cyclonic than anticyclonic eddies. The only exception to this observation is the nCCUS subsystem characterized by an equal proportion of eddies of each polarity. In total numbers, more eddies were detected to originate from the CCUS than the BCUS. On the other hand, our study suggests that the sBCUS is mainly characterized by cyclonic eddies (83%), the mean tangential velocity of which is about double the intensity of cyclones from the other subsystems. Our comparisons with mean upwelling indicators as derived from ERA5 datasets showed that seasonal variations in eddy formation do not always coincide with the mean upwelling climatology. Further investigation of possible connections between specific eddy formations and the processes responsible for their variability is therefore required (Marchesiello et al., 2003; Marchesiello and Estrade, 2007; Moscoso et al., 2021).

We retracted the Canary eddy corridor, first introduced in Sangrà et al. (2009), for the CCUS, while also tracking long-lived eddies that propagated even farther than 35°W. Similar eddy westward pathways were found for the BCUS. Poleward/equatorward deflections for cyclonic/anticyclonic eddies were also confirmed in our study. Nevertheless, cyclones originating from the sCCUS and nBCUS were found to propagate mostly westward, also joining the southern branch of the South Equatorial Current (Majumder et al., 2019; Luko et al., 2021). Several of the upwelled-origin eddies that we investigated, contributed to a mean oceanic connectivity across basins, for example when they managed to reach the western boundary current systems. Eddy mean lifetimes may exceed 1 year and propagation distances of 2,000 km. Moreover, we noted that these eddies were not isolated but often merged and splitted with other structures. We expect that during such events, the resulting eddies will remain stable and retain some fraction of the initial trapped waters. Besides, coherent eddies may interact and exchange properties via their mutual deformation (Dritschel, 1995; Yasuda, 1995; Yasuda and Flierl, 1995; Carton, 2001; Flament et al., 2001; Brandt and Nomura, 2010; Carton et al., 2015). When taking into account eddy-eddy interactions, both cyclonic and anticyclonic eddies are important in transporting water properties across-basins. The mean thermohaline structure as derived from the combination of eddy trajectories with available Argo float measurements displays a mean connectivity signal between eastern and western boundaries that does not only concern surface layers but may extend deeper. On average the vertical extent of eddies from the CCUS was found to be shallower (maximum temperature anomalies ranging between 50 - 190 m, γn = 25.2 - 27.1 kg m–3) than that of eddies from the BCUS which occupyied deeper and denser layers (150 - 530 m, γn = 26.5 - 27.14 kg m–3). Mean anomalies associated with BCUS cyclonic eddies were found to be even stronger along the lower thermocline isopycnal layers (γn = 26.5 - 27 kg m–3).

Finally, we focused on two specific years in which two cyclonic eddies originating from the nBCUS and sBCUS were formed. During these years, Argo profilers were trapped for several months in their cores, allowing us to compare the temporal evolution of their hydrological properties. The two cyclonic eddies that were sampled by Argo floats along their en-route propagation provided additional observational evidence of the transport of properties by coherent eddies. The temporal evolution of their anomalies revealed a progressive deepening of the eddy core into deeper thermocline layers while being advected further west, suggesting a subduction and a transformation of these eddies from surface-intensified to subsurface-intensified structures. Cyclone C0 originating from the nBCUS crossed the Walvis Ridge and left the Cape Basin, contrary to previous findings (Matano and Beier, 2003). Moreover, the multi-month vertical sampling of this eddy by Argo floats showed that the eddy’s core remained unchanged while crossing the Walvis Ridge. While the subduction process has previously been evidenced for Agulhas Rings (Laxenaire et al., 2019; Laxenaire et al., 2020), to our knowledge, this study represents the first description of subduction for cyclonic eddies. Indeed, subsurface eddies have already been surveyed in similar EBUS areas, for example in the CCUS (Schütte et al., 2016a,b; Karstensen et al., 2017; Dilmahamod et al., 2021).

We note that our study provides information for only a small fraction of eddies whose signature is detectable from altimetry maps. With the current satellite and in-situ observations and the TOEddies algorithm, we can only observe part of all mesoscale eddy processes that occur in the ocean, and even these provide only partial glimpses of these events. We hope that with the upcoming altimetry SWOT mission together with dedicated field experiments, it will be possible to gain new insight. The SWOT wide-swath altimetric signal is expected to capture, with higher accuracy, ocean-surface topography globally but also near the BCUS area. Nevertheless, our results already suggest that the Atlantic eastern boundary upwelling systems are important sources of long-lived eddies that may efficiently export heat, salt and other water properties further offshore from the coastal upwelling areas. As documented in this study for two cyclonic eddies spawn from the BCUS, or Agulhas Rings (Laxenaire et al., 2019, Laxenaire et al., 2020) or anticyclones in the CCUS (Schütte et al., 2016a, b; Karstensen et al., 2017; Dilmahamod et al., 2021), many eddies subduct into the subsurface while drifting westward. We therefore suggest that most of the eddies that disappear from altimetry maps do not immediately dissipate but continue to drift into the open ocean, masked by upper-ocean layer stratification. Their potential impact on thermocline ventilation and coastal ecosystems should be addressed in future studies. Indeed, these eddies trap and advect water properties as well as plankton and fish larvae from the nutrient-rich upwelling shelfs. Their ability to connect distant environments should thus be investigated further.
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