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The southwestern tropical Atlantic is a region of complex ocean dynamic where originates the strong western boundary current system composed of North Brazil current and North Brazil undercurrent. The region includes a variety of features including the Atoll das Rocas (AR) and Fernando de Noronha (FN) ridge that may favour mesoscale eddy dynamics. However, origin, occurrence and characteristics of mesoscale eddies were still not described in the region. Using satellite altimetry data from 1993 to 2018 off Northeast Brazil (37-25°W; 13-1°S), we reconstruct eddy trajectories and analyse the main eddy surface characteristics (e.g., size, amplitude, polarity) and their spatiotemporal variations. The study reveals two distinct dynamic regions before quantifying mesoscale eddies characteristics. Approximately 2000 mesoscale eddies crossed the region during the study period, among which 76% were generated inside the region, with amplitudes and radii ranging between 1 and 2 cm and 25 and 205 km, respectively. Eddies are preferentially formed between August and September and propagate westward. In the region around the FN Archipelago (36-26°W; 6-1°S), the formation of cyclonic eddies is likely favoured by barotropic instabilities of surface currents and the wind stress curl. On the other hand, in the south of the region (36-26°W; 12-8°S), eddies formation is likely associated with the barotropic instabilities, wind stress curl and the meandering of surface currents. Based on vertical temperature and salinity profiles from Argo floats’ data, we determined that in average, the core of cyclonic eddies is centred at ~ 130 m (140 m) in the northern (southern) region while the core of anticyclonic eddies is centred at ~90 m (125 m) in the northern (southern) region. Moreover, mesoscale eddies formed in the tropical Atlantic do not connect the eastern tropical Atlantic and northeast Brazil.
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Introduction

Mesoscale eddies, which are a common feature of the World Ocean, are one of the main contributors to oceanic variability. During their formation, they can trap local water inside their core and transport its properties over long distances toward remote regions (see for instance Chelton et al. (2011) or Laxenaire et al. (2018), for very long-lived eddies). Therefore, they can significantly contribute to the transport and redistribution of heat, salt, nutrients and other biogeochemical properties (Wunsch, 1999; Chelton et al., 2011; Gaube et al., 2014; Dufois et al., 2016; Gaube et al., 2019). Moreover, on their pathway, they can influence ocean-atmosphere exchanges by affecting heat-fluxes at the air-sea interface, winds, cloud cover and precipitations (e.g., Frenger et al., 2013; Villas Bôas et al., 2015). They can also affect temperature, salinity and velocity fields from the sea surface to ~1000 m depth (Kang and Curchitser, 2015; Pegliasco et al., 2015; Keppler et al., 2018; Aguedjou et al., 2021).

In the south tropical Atlantic Ocean (STAO), mesoscale eddies are frequently formed in the Benguela eastern boundary upwelling system (EBUS) (10-30°S; 0-30°E) (e.g., Chaigneau et al., 2009; Chelton et al., 2011; Pegliasco et al., 2015) and the region of the Brazil current (RBC) (10-20°S) (e.g., Campos, 2006; Soutelino et al., 2011; Arruda et al., 2013; Soutelino et al., 2013; Aguedjou et al., 2019). In the Benguela EBUS, mesoscale eddies are mostly generated from baroclinic/barotropic instabilities, topographic features, strong wind shear, and large-scale currents interaction with the shelf (e.g., Djakouré et al., 2014) (Djakouré et al., 2014) while in the RBC, mesoscale eddies generation are mainly due to the Brazil Current (BC) meandering along the shelf break, topographic and baroclinicity effect (e.g., Schmid et al., 1995; Campos, 2006).

From a biogeochemical point of view, mesoscale eddies contribute to the horizontal and vertical transport of mineral and organic matter in the ocean (e.g., Mahadevan, 2014). In general, surface intensified cyclonic eddies (CE) are associated with a pycnocline rise and hence nutrient vertical transport into the euphotic layer, while surface intensified anticyclonic eddies (AE) are associated with a pycnocline deepening and hence nutrient deficiency in the euphotic layer. Nevertheless, for subsurface eddies, the opposite can be observed. The northeastern Brazil (NEB) is an oligotrophic region due to the presence of a permanent thermocline preventing nutrient-rich subsurface waters from being advected to the surface (e.g., Assunção et al., 2020). This region is characterized by various water masses advected in the region by large-scale currents. The relatively warm (T> 25°C) tropical water is observed above ~100 m depth. At ~ 80-150 m depth, lays the subtropical underwater (SUW). Below the SUW down to ~500 m depth is encountered the South Atlantic central water, characterized by large temperature (T~10-23°C) and salinity (>35) ranges. Then, below lays the Antarctic Intermediate Water, characterized by low salinity. During their propagation, mesoscale eddies can contribute to the transport and mixing of these water masses, connecting the open ocean and regional seas (Huang et al., 2021) or the eastern boundary and the western boundary of Atlantic Ocean (Laxenaire et al., 2018). Nevertheless, a probable connection between the NEB and the eastern tropical Atlantic remains unexplored.

The western part of the STAO, the region enclosing the concave coastline between Maceio and Natal (Northeast Brazil, 10-3°S; 37-30°W), constitutes the pathway of two major western boundary currents, the North Brazil undercurrent (NBUC) and the North Brazil current (NBC) (Figure 1A). It is also a region of complex bathymetry, with the presence of Islands (Fernando de Noronha and Atoll das Rocas) and seamounts (along the Fernando de Noronha ridge) acting as obstacles for large-scale circulation (Silva et al., 2021). In the near-shore region, the main northward undercurrent, the NBUC, shifts from northeastward to northwestward at about 7.5°S as the coast orientation change (Dossa et al., 2021). Moreover, the central branch of the south equatorial current (cSEC), which flows westward across the tropical Atlantic, coalesces with the NBUC at about 4 - 5°S, to form the NBC (e.g., Schott et al., 1995; Schott et al., 1998; Dossa et al., 2021).




Figure 1 | Spatio-temporal distribution of the 6134 Argo valid profiles used in this study. (A) Position of Argo profiles and schematic representation of mean currents off northeast Brazil. Blue (red) dots indicates Argo profiles inside CE (AE). Green dots indicate Argo profile outside eddies (AE & CE). Solid orange (black, respectively) lines indicate surface (subsurface) currents. sSEC, southern branch of South Equatorial Current; cSEC, central branch of South Equatorial Current; BC, Brazil Current; NBC, North Brazil Current; NBUC, North Brazil Undercurrent; SEUC, South Equatorial Undercurrent. (B) Meridional variation of the number of valid Argo profiles in one-degree latitudinal bands. (C) Yearly variation (2000-2018) of the number of valid Argo profiles.



In the western STAO, very few studies emphasized the mesoscale activity. Using a series of XBT data Bruce (1984), observed mesoscale eddy occurrence off North Brazilian coast. These eddies mostly occur in boreal summer and fall between 3°-10°N and can extend up to 300 – 400 m depth vertically. In the Northeast region, Silveira et al. (1994) was the first to observe a clockwise recirculation of the cSEC at the surface, when it approaches the northeast Brazil coast at ~33°W. However, the authors suggested that it might be occasional and seasonal. Then, based on numerical simulations, Silva et al. (2009) pointed out the high surface mesoscale activity along the cSEC patches close to the northeast Brazil region. More recently, mesoscale activity was studied in the region based on altimetry data at specific periods (Dossa et al., 2021; Silva et al., 2021). However, to the best of our knowledge, no study provided a general vision of the characteristics of mesoscale activity and its seasonal variation in northeast Brazil (NEB). Here, we took advantage of 26 years of altimetry data to determine the origin, occurrence and characteristics of mesoscale eddies within the NEB. We depicted the presence of two regions with different characteristics. The region of the Fernando de Noronha ridge was characterized by the dominance of cyclonic eddies while in the region where the sSEC bifurcates both cyclonic and anticyclonic eddies occurred comparably. Moreover, we reveal that there is no any connection between the eastern tropical Atlantic and the NEB.



Data and methods


Altimetry data and eddy tracking

To investigate mesoscale activity off northeast Brazil, we used altimetry observations including absolute dynamic topography (ADT) and derived surface geostrophic velocities data available from January 1993 to December 2018. These data were produced by Ssalto/DUACS multi-mission products with support from CNES (http://www.AVISO.altimetry.fr/duacs/). Multi-mission products refer to the combination of all satellites data available at one time: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, and ERS1/2. This dataset is mapped daily onto a 0.25° × 0.25° latitude/longitude grid (Ablain et al., 2015; Dupuy et al., 2016) and distributed by the Copernicus Marine Environment Monitoring Service (CMEMS: http://marine.copernicus.eu). 

Mesoscale eddy identification is based on ADT daily maps, using the eddy detection algorithm from Chaigneau et al. (2008; Chaigneau et al., 2009). This algorithm finds the possible eddy centres corresponding to local extrema of ADT (maxima for AE, minima for CE), and defines the outermost closed contour around these extrema as eddy edges. Most previous studies on mesoscale eddies, have based eddy detection on sea level anomaly (SLA) fields because of inaccuracies in the geoid definition. However, recent improvements in estimation of the Mean Dynamic Topography, depending on the geoid (Rio et al., 2011; 2014) allowed to provide more accurate ADT fields. Thus, following Laxenaire et al. (2018) and Aguedjou et al. (2021), and the recommendations of Pegliasco et al. (2021), mesoscale eddies were detected on ADT fields instead of SLA. Eddy trajectories were then reconstructed using the tracking method developed by Pegliasco et al. (2015).

For each detected eddy, several properties were computed. The eddy amplitude corresponds to the absolute value of the difference between the ADT at the eddy centre and at the eddy edge. In our study, only eddies with amplitudes higher than 1 cm were retained. The eddy radius corresponds to the equivalent radius of a disk having the same area than the eddy. Only eddies with radii larger than 25 km were retained. The eddy kinetic energy (EKE) was computed as the average EKE inside the eddy, based on the geostrophic velocity components. Eddies with lifetime higher than 14 days were retained in the present study.

Relative vorticity (ζ ) of large-scale currents is determined from the zonal (U) and meridional (V) geostrophic velocity components as:



Barotropic instability, associated with the change of sign of the gradient of absolute vorticity (C), could drive eddy generation (Johns et al., 1990; Aguedjou et al., 2019). Indeed, it occurs in the region with weak value of C. As in Aguedjou et al. (2019), we computed the gradient of absolute vorticity as:



where   is the unit vector perpendicular to geostrophic streamlines,   is the stream function, f is the Coriolis parameter, g the gravitational acceleration.

To investigate eddy occurrence off Northeast Brazil (NEB) (37°-25°W;13°-1°S), we first build maps of spatial distribution of the number of detected eddies, eddy polarity, eddy properties (radius, amplitude), EKE, as well eddy speed of propagation and eddy life time. Eddy mean properties are accessed after gridding the region onto on 1° × 1° cells. The mean eddy properties correspond to the mean of all eddy-like features with lifetime > 14 days that occur in each cell. The analysis was performed over the study period (January 1993 - December 2018). Eddy number maps were built by considering the number of eddies with lifetime > 14 days within each cell. These maps show individual observations of eddies. For instance, if an eddy is stationary within a cell for 4 days, it will count as four observations within that cell. The eddy polarity is the probability for an eddy to be a cyclone (polarity < 0) or an anticyclone (polarity >0) and is defined as follow (Chaigneau et al., 2009):



where NAE is the number of AE while NCE correspond to the number of CE.

Mean EKE maps correspond to the average mean EKE of eddy detected in each cell over the period of study.

Mean propagation maps of eddy were also built by considering the mean propagation speed of eddies with lifetime > 14 days within each cell. The eddy speed within each grid cell corresponds to the mean propagation speed of all eddy detected in each grid cell. Note that the eddy speed is the speed of a detected eddy from its location at time t to its next location at time t+1.



Argo dataset and classification of Argo profiles

To investigate the vertical structure of mesoscale eddies in the NEB region; we used the available Conductivity Temperature Depth (CTD) profiles acquired from autonomous floats of the Argo international program. These temperature and salinity vertical profiles are available at https://www.coriolis.eu.org/Observing-the-Ocean/ARGO. Vertical profiles from the Argo program in the Tropical Atlantic are available after 2000 (e.g., Aguedjou et al., 2021), reason why we limit our analysis to 2000-2018.

The mean thermohaline structure was first investigated by estimating the mixed layer depth (MLD), the isothermal layer depth (ILD) and the upper and lower limits of isothermal, halocline and pycnocline layers. The MLD was estimated using the criterion recently applied in the region (e.g., Araujo et al., 2011; Assunção et al., 2020). The MLD corresponds to the depth where the density is equal to the density at the reference depth (10 m), plus an increment corresponding to temperature change of 0.5 °C. The ILD was estimated using the same temperature criterion, assuming that it correspond to the depth where the temperature was 0.5°C below the temperature at the reference depth. The upper limit of the thermocline and the halocline/pycnocline corresponds to ILD and MLD respectively while the lower limit of both corresponds to the depth where the buoyancy frequency (N2) ≥ 10-4 (Assunção et al., 2020).

Then, a composite analysis of the eddy vertical structures were performed following Aguedjou et al. (2021). First, we retained only vertical profiles with at least 30 data between 15 m and 950 m depth, and with no significant vertical gap between each data (see Aguedjou et al. (2021) for more details). In the study region, 6134 profiles were retained (Figure 1). Second, these profiles were classified into three categories, whether they surfaced inside AE, CE or outside eddies. In average, between 400 and 500 profiles are available in each band of one degree of latitude (Figure 1B), and a maximum of 730 profiles were acquired between 11°S and 12°S (Figure 1B). The temporal distribution shows that the number of profiles was less than 200 between 2000 and 2004 (Figure 1C). The number of profile decreased from 334 in 2005 to 198 in 2005, from where it linearly increased to 800 in 2018.



Wind data

Wind data were used to investigate the contribution of wind stress and wind stress curl in the formation of mesoscale eddies in the study region. The wind dataset used in the present study is the quality-assured monthly update of the ECMWF Reanalysis v5 (ERA5) available from 1979 to 2019 on the grid 0.25° x 0.25°. The dataset includes zonal and meridional wind component estimated at 10 m above sea level. The data is produced by Copernicus Climate Change Service (C3S) and is available at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. We used zonal and meridional component of the wind to estimate the wind stress and the wind stress curl within the northeast Brazil. The wind stress and its curl were estimated based on Gill and Adrian (1982) and considering a non-linear drag coefficient from Large and Pond (1981) modified for low wind speed (Trenberth et al., 1990).



Surface current data

To provide a more comprehensive picture of upper layer’s dynamic, we used the near-surface velocities climatological data derived from Global Drifter Program (GDP). Velocities are obtained from satellite-tracked drifting buoys drogued at 15 m depth. The climatology was built from dataset spanning from 1979 to 2015. The data were low-pass filtered to remove high-frequency currents and oscillations associated with local inertial periods. The data is monthly available on the grid 0.25° x 0.25°. This climatology is an update version of the older version described in Laurindo et al. (2017) (https://www.aoml.noaa.gov/phod/gdp/mean_velocity.php).




Results


Eddy density and mean properties off northeast Brazil

In the NEB, about 1500 eddies with radius larger than 25 km, amplitude larger than 1 cm and lifespan longer than 14 days were identified including 40% (60%) of AE (CE). The spatial distribution of mean annual number (1993 - 2018) of detected eddies (Figure 2A) revealed that eddies are much more numerous south of 8°S where up to 50 eddies per square degree per year were identified than north of 6°S (≤11 eddies per square degree). Considering this main feature, we defined two regions, the northern region A (36-26°W; 6°S-2°S) and the southern region B (36°-26°W; 8°-12°S).




Figure 2 | Spatial distribution of mean annual number of detected eddies per degree square over 1993-2018 period: (A) all eddies, (B) eddy polarity. The dashed rectangles delimit the northern (region A) and southern (region B) part of the NEB. The northern region A includes the Atoll das Rocas (AR) and Fernando de Noronha (FN) archipelago. The black solid line indicates the bathymetric contour at 70 m.



In region A, CE eddies were strongly dominant (85% CE and 15% AE) with a mean polarity that can reach -1 in some cells (Figure 2B). In region B, the proportion of AE and CE was alike (58% CE and 42% AE) with the polarity that can locally reach 1 or -1.

Eddy amplitude ranged between 1 and 2 cm with no clear spatial pattern (Figure 3A). Eddy radii ranged between 25 and 205 km with radii decreasing from North (> 110 km) to South (Figure 3B) in agreement with the decrease of the Rossby radius of deformation. EKE was much stronger in the equatorial region, North of 5°S, where it reached 210 cm2 s-2 than in region B where it was < 70 cm2 s-2 (Figure 3C). The mean meridional variation of eddy characteristics shown that eddies formed north of 3°S have higher mean characteristics (Figure 3D).




Figure 3 | Spatial distribution of mean eddy characteristics per degree square over 1993 -2018 period: (A) eddy amplitude (cm), (B) eddy radius (km), (C) eddy kinetic energy (cm2 s-2) and (D) mean meridional variation of eddy characteristics.





Eddy genesis and propagation off northeast of Brazil

We detected and analysed 1950 eddy trajectories crossing the NEB (60% of CE and 40% of AE). About 25% of these eddies were formed outside the NEB mainly to the east from where they propagated westward into the study region, due to the beta effect (Figure 4). In region A, very few eddy trajectories were detected and they were mostly CE (85%). No AE propagated along the Fernando de Noronha Ridge. In contrast, most of eddy trajectories were concentrated in region B. In the near-coastal zone of region B, from the shelf-break to about 30 km offshore, only AE trajectories were observed.




Figure 4 | Trajectories of (A) cyclonic and (B) anticyclonic eddies which crossed the Northeast Brazil (NEB) region between January 1993 and December 2018. Green dots indicate the positions where these eddies were first identified. Black boxes indicate the NEB region while dashed boxes show regions (A, B) as in Figure 3.



Over the NEB region, eddies mostly propagate westward (Figure 5A). They were faster (> 10 cm s-1) and less persistent (< 30 days) in region A than region B (< 10 cm s-1; > 30 days). Eddies formed near the shelf-break west of 33°W had relatively low velocities and short lifetimes likely due to the interaction with the coast. Eddies within NEB lasted more when they have weak speed of propagation (Figure 5B).




Figure 5 | Spatial distribution per degree square over 1993-2018 period of (A) mean eddy propagation speed (colors) and direction (arrows) and (B) mean eddy life time off northeast Brazil.



Eddy properties within the NEB and regions A and B are summarized in Table 1. On average, 1950 eddies trajectories crossed the NEB between 1993 and 2018. They are subdivided into 775 AE and 1173 CE. Among, these eddies, 1470 (583 AE, 887 CE) were generated within the NEB. The average amplitude of both type of eddies are alike (~ 1.3 cm). However, CE exhibited greater average EKE (51 cm s-2) than AE (35 cm s-2). In region A, only 175 eddy trajectories (41 AE, 134 CE) passed within the region over the period of study while only 94 eddies were formed in the region over the same period. Both types of eddy formed in region A have alike average amplitudes. However, CE have greater average radius, EKE, speed than AE. On other side, 1114 eddy trajectories crossed the region B including 448 AE and 666 CE. Among these eddies, 768 (326 AE, 442 CE) were formed within the region before propagating out of the region or decaying within it. Both type of eddies have alike amplitude (1.2 ± 0.3 cm for AE; 1.3 ± 0.5 for CE). Average radius for AE was greater (91.4 ± 29 km). However, CE exhibited greatest lifetime (41 ± 29 days).


Table 1 | Mean properties and characteristics of AE and CE within NEB and northern part of NEB (A) and southern part of NEB (B).





Eddy seasonal variability and mechanisms behind its formation off northeast Brazil

In the NEB region, CE dominated over AE throughout the year except in June when the proportion of both types were alike (Figure 6) This seasonal variation is similar with the observation of Bruce, 1984 in the northern latitude (3- 10°N). However, the seasonal variation was alike for both types of eddies with a maximum in August-September and minimum in February-March (but a local minimum in June for CE).




Figure 6 | Seasonal cycle of the number of eddies generated off Northeast Brazil.



We further estimated the seasonal variation of the number of AE and CE as well as the wind stress curl and wind stress magnitude by region. In region A, CE dominated AE from April to November with a peak in October while between December and March the proportion of both eddies was alike (Figure 7A). The seasonal variation of CE in this region seems related to the seasonal variation of wind stress curl (Figure 7A). The wind stress curl was negative throughout the year within region A. Between June and October; it shows similar variations as the number of CE, increasing from -1.6×10-8 N m-3 in June to 0.8×10-8 in October. On other side, the magnitude of the wind stress exhibited a clear seasonal cycle (Figure 7C) within region A from less than 0.03 N m-2 in March-April to 0.06 N m-2 in August-September.




Figure 7 | Seasonal cycle of (A) number of AE and CE (red and blue lines respectively) and wind stress curl (green line) within northern part of NEB (region A), (B) number of AE and CE (red and blue lines respectively) and wind stress curl (green line) within southern part of NEB (region B), and (C) wind stress magnitude in regions A (magenta solid line) and B (dashed magenta line).



In region B, less seasonal variation was observed for the number of both eddy types (Figure 7B). However, AE and CE were respectively minimum in April and June and maximum in August and October. The wind stress curl within the region showed a clear seasonal variation. Two distinct periods of variability were observed: a negative wind stress curl between January and August and a positive wind stress curl between September and December. The maximum wind stress curl (0.7×10-8 N m-3) occurred in November while the minimum wind stress curl (- 1.7×10-8 N m-3) occurred in July. On other side, wind stress magnitude depicted a clear seasonal variation (Figure 7C), increasing from ~0.035 N m-2 in March to ~0.06 N m-2 in July. In both regions, the wind stress curl and the wind stress seem to contribute to the generation of eddies. However, other mechanisms could induce eddy formation in the region.

Indeed, several other mechanisms such as the topographic effect, barotropic and baroclinic instabilities are susceptible to promote the formation of eddies in the world ocean. According to the Rayleigh (1880) criterion extended to nonparallel steady currents and applied in the geostrophic context, barotropic instabilities increase in regions where the gradient of the absolute vorticity (C) of large-scale currents almost vanished. This criterion was recently applied in the region of the NECC retroflection in the tropical Atlantic (Aguedjou et al., 2019) where more than 55% of eddies are formed in areas of weak vorticity gradient. In the same way, we first estimated the seasonal cycle (1993 – 2018 monthly mean maps) of the gradient of absolute vorticity gradient superimposed with the formation position of each eddy detected in regions A and B (Figure 8). In a second step, we assessed the variation of the number of eddies formed in each region as a function of the absolute vorticity gradient (Figure 9).




Figure 8 | 1993 – 2018 monthly mean maps of gradient of absolute vorticity of large-scale currents (color shading) superimposed with eddy location of long-lived eddies generated off northeast Brazil between 1993 and 2018 (blue and red circles for cyclonic and anticyclonic eddies respectively).






Figure 9 | Distribution of the number of detected cyclonic and anticyclonic eddies as function of the gradient of large-scale absolute vorticity C at eddy generation sites for all eddies generated between 1993 and 2018 within: (A) northern part of NEB (region A) and (B) southern part of NEB (region B). Green vertical in (A, B) indicate interval values C within ± 0.1×10-10 m-1 s-1.



The NEB region was dominated by large positive vorticity values throughout the year. Nevertheless, negative gradient values can be observed in some areas (Figure 8). In region A, the distribution did not show a well pronounced seasonal cycle. The region was dominated by positive gradients. However, intense positive values can be observed in some areas. For example, at the northern limit of the region along 2°S, at ~30-25°W, a positive intensification of gradient was observed from January to August, but disappeared in September-October before reappearing in November. At the western limit of the region (36-35°W) at ~ 4 - 3°S, a negative intensification superimposed by a positive intensification was observed all year long. Still, in some places, we can observe some strong positive values of vorticity gradient.

During the first trimester (January-March), very few eddies were formed in the area. Among these, we observed just two CE in January that were formed in areas of gradient close to zero. Between April and October, most of eddies (AE, CE) were formed in low gradient areas.

In the southern part of NEB, in region B, the spatial distribution of the gradient of absolute vorticity showed a strong seasonal cycle. Between April and August, the region was dominated with negative gradient of absolute vorticity, which was much extended during June – July. Between September and March, when the gradient within the region was dominantly positive, very few eddies were generated in the area of weak gradient. Therefore, a better estimation of number of eddies generated within region of weak gradient is necessary. For this purpose, we provided the mean number of eddies generated within regions A and B in function of gradient of vorticity at position of each detected eddy (Figure 9).

In region A, 34% of CE were formed within areas where the gradient of absolute vorticity (C) was close to zero (± 0.1×10-10 m-1 s-1) (Figure 9A) while only one AE was formed in regions of weak C. Therefore, others mechanisms may be involved into the formation of both types of eddies within this region. In the southern part of NEB, in region B, most eddies were generated within areas of weak gradient of vorticity (Figure 9B). Among CE formed in the region, ~57% were formed in region of weak C (± 0.1×10-10 m-1 s-1) against 54% for AE. Hence, barotropic instabilities mostly control eddy formation in region B. Due to the complex dynamics of the region, the horizontal shear of the surface currents could also contribute to the formation of eddies off NEB.

Surface current analysis from near-surface drifter data provides information on upper layer dynamics. It revealed a dominant zonal current north of 5°S (Figure 10). Along the coast, current velocities exhibited a seasonal variability. They intensified progressively from January to July with the occurrence of strong values in May-June when the speed can reach 1 m s-1 north of 5°S and 0.8 m s-1 south of 8°S. These velocities along the coast weakened from July to December.




Figure 10 | Mean monthly (1979 - 2015) map of surface currents from drifter off NEB.



In region A, the circulation was mainly westward (characteristic of the cSEC) at the beginning of the year (January-February-March). In April, the current velocities strengthened (>0.8 m s-1). During this month, a cyclonic recirculation around 2°S between 26°-30°W was noted at the northern limit of the region, and remained permanent until May, when it gradually disappeared. From May onward, the circulation slightly changed of direction and progressively shifted to the southwest around 3°S, East of 28°W. This orientation became noticeable in most of the region until August. However, from this month, the strength of the current weakened in the region and became westward until the end of the year.

On the other hand, the current velocities in region B were weaker than those in region A throughout the year. Moreover, the circulation was not as organized as in region A. Early in the year, cyclonic structures were observed around 28°W between 10°-8°S. In addition, around 10°S to about 34°W, there was a retroflection of a zonal flow from the east, remarkable from February. During the retroflection, the zonal flow split in two, one was directed to the north and the other to the south. This southward flow recirculates further south and enter into the northward coastal flow. In April, we noticed that the retroflection occurred a little further north around 8°S, while the recirculation of the southward flow occurred around 10°S. This retroflection remains permanent around 8°S throughout the year. On the other hand, the cyclonic recirculation of the southward flow occurred progressively further south. In July-August, it was quite remarkable around 12°S to ~36°S. Between September and December, it occurs much more to the south. In addition, east of the region at 10°-8°S; 30-28°W, a meander of the surface current was present between August and September.



Eddies connecting eastern and western tropical Atlantic

To investigate possible connection between the northeast Brazil and the eastern tropical Atlantic we used the trajectories crossing three key distinctive regions along the western tropical Atlantic (Figure 11). Few eddy trajectories formed in the tropical Atlantic (40° S- 40°N; 60° W- 30°E) crossed the Amazon River plume (AMZ) (Figure 11A). Most trajectories observed in the region were originated within the region. Very few AE trajectories originated from the eastern Atlantic crossed the AMZ while no CE trajectories originated from the eastern coast crossed it (Figure 11A). South of the AMZ, off the NEB, most trajectories were originated within the region. No eddy trajectories (AE, CE) originated from the eastern tropical Atlantic were observed. The region thus does not have any connection with the eastern tropical Atlantic through mesoscale eddies. Finally, a clear connection between the southeastern Atlantic and the southwestern tropical was revealed (Figure 11C), in agreement with Laxenaire et al. (2018). The connection was mostly made through AE, with up to 8 trajectories originating from the southeastern tropical Atlantic (east of 7°E). On other side, only one CE originated from the southeastern Tropical Atlantic crossed the basin.




Figure 11 | Mesoscale eddy trajectories detected in the tropical Atlantic crossing the: (A) Amazon river plume region (55°– 36°W; 0° – 10°N), (B) northeast Brazil region (37° – 25°W; 13° - 2°S) and (C) southwestern tropical Atlantic (40° – 25°W; 25° - 20°S). Red (blue) lines indicate AE (CE) trajectories. Black dots indicate eddy generation position.





Eddy vertical extent

In order to study eddy vertical extent in the NEB, we first provide the mean temperature, salinity and density profiles from Argo floats in regions A and B (Figure 12). In region A, The MLD and the ILD were respectively 51 m and 56 m. The temperature profile was characterized by relatively weak stratification above 200 m with thermocline extending from 56 to 146 m depth while halocline and pycnocline extending between 51 and 146 m depth (Figure 12A). In region B, the MLD and the ILD were 55 m and 63 m, respectively (Figure 12B). The mean temperature, salinity and density profiles exhibited low stratification, characterized by thermocline extending from 63 m to 185 m depth. The halocline/pycnocline ranged at 55 – 185 m depth.




Figure 12 | Mean Temperature, salinity, density, and squared buoyancy frequency (N2) inside eddies in the regions (A, B) Solid horizontal line indicates the base of the mixed layer depth while the dashed horizontals lines indicate the upper and lower thermocline depth. The lower thermocline depth also corresponds to the pycnocline depth.



In region A and B, vertical profiles of the mean temperature, salinity and density anomalies were largest within eddies than outside eddies (Figure 13). In region A, the largest mean temperature anomalies (> 0.2°C) in AE were located at ~ 60 – 180 m depth, with a maximum anomaly of 1.4°C at 105 m depth (Figure 13A). The corresponding salinity anomalies were weaker in AE (< 0.1). Salinity anomalies inside AE were negative above 85 m depth. Below this depth, at ~ 85 – 220 m, the anomalies were positive, with largest values (> 0.01) observed between 90 m and 190 m depth. The maximum anomaly (0.09) was reached at ~135 m depth. Below 220 m depth, the anomaly changed sign and became slightly negative. Inside CE, temperature anomalies were mostly positive (Figure 13A) and largest temperature anomalies (< -0.1°C) were observed between ~ 40 and 230 m depth, with an extremum (-1.25°C) at 90 m depth. The corresponding salinity anomalies were positive above 65 m depth, but the highest anomalies in absolute value located practically at the same depth. The extremum in salinity anomaly was reached at 115 m depth. Profile of mean density anomalies were mostly consistent with the temperature anomaly profiles (except in the upper surface layer), demonstrating that in region A, the density distribution is mostly driven by temperature changes. As expected outside eddies, the mean temperature, salinity, and density anomalies were almost null.




Figure 13 | Mean vertical profiles of (A) temperature anomaly, (B) salinity anomaly, and (C) density anomaly in regions A and (B) Solid lines (dashed lines) correspond to the mean profiles obtained in region A (B) for the composite CE (blue lines), AE (red lines) and outside eddies (green lines).



In region B, above 200 m depth, the mean temperature, salinity, and density anomalies within (outside) both types of eddy were weaker (higher) than in region A. Inside AE of region B, the highest temperature anomalies (> 0.2°C) were located at ~60- 230 m depth, with an extremum (0.5°C) at 155 m depth. The corresponding salinity anomalies were negative above 105 m. Below this depth, these anomalies become positive along with the depth until ~800 m depth where they almost vanished. The largest positive anomalies (0.01) ranged at ~100 – 270 m depth, with an extremum (0.09) at 150 m depth. In the CE of the region, the highest temperature anomalies in absolute value (> 0.2 °C) were observed at ~ 60 – 230 m depth with an extremum (-0.6) at 140 m. Salinity anomalies were also positive in the near-surface layer (above 90 m) and below 890 m depth (Figure 13B) and were maximum (> 0.01) at ~110 – 270 m depth. On other side, the profile of mean density anomalies was similar with the profile of mean temperature anomalies (Figures 13A, C), demonstrating that change in temperature also controlled most of the density distribution in region B. Mean sea water properties and associated anomalies at depth where the density is maximum are summarized in Table 2.


Table 2 | Depths of mixed layer, isothermal layer, lower thermocline limit, maximum temperature anomaly and maximum salinity anomaly inside eddies in region A and B.



The definition of the lower limit of the eddy extent in the water column is a challenging task. In the present study, we based our definition on the isotherm and isohaline threshold. Following Sandalyuk and Belonenko (2021), we defined the lower limit of eddy extent as the depth where both temperature and salinity anomalies within eddies correspond to about 10% of the maximum anomalies. Using this criterion, we observed that in region A, AE (CE) lower limit is located at ~ 180 m (250 m) while in region B, AE (CE) extended up to ~ 250 m (270 m).




Discussion and conclusion

Based on altimetry data and Argo data, this study characterized the mesoscale eddies and the possible mechanisms involved in their generation off Northeast Brazil. Gradients of absolute vorticity from AVISO geostrophic velocity fields allowed us to observe the contribution of barotropic instabilities in the eddy generation within the region of interest. Then, wind data from ERA5 and surface velocities data from near-surface drifters enabled us to emphasize the contribution of wind stress curl and dynamics of surface currents, respectively. In addition, an important finding is that mesoscale eddies do no directly connect the eastern tropical Atlantic to the NEB region.

Automatic eddy detection and tracking algorithms applied to daily ADT maps from January 1993 to December 2018 allowed us to reveal 1950 eddies trajectories crossing the NEB. Among these eddies, 1470 eddies (40% AE and 60% CE) were formed within the region of interest. There was no clear geophysical preference for both types of eddy in NEB as observed in the Global ocean (Chelton et al., 2011) and specifically in the tropical Atlantic (Aguedjou et al., 2019).

Our results reveal that in the northern part (region A), eddies are rather rare. They tend to have a large radius, a large EKE, low amplitudes and do not live too long. This is due to the baroclinic Rossby radius deformation (e.g., Chaigneau et al., 2009). CE dominate region A. Although barotropic instabilities can contribute to the formation of the CE in the region, negative wind stress curl associated with an increase intensity of wind stress seems to also favour their formation (Figures 7A, C, 8, 9) in accordance with Rodrigues et al. (2007) for the region.

More eddies were formed in the south (region B) than in the northern part of the NEB indicating that different physical processes control the eddy dynamics in each region. Indeed, in region A lies the Fernando de Noronha ridge, which encompasses seamounts, the Fernando de Noronha archipelago and Atoll das Rocas (Figure 2). It is also a region where the intense surface current NBC is formed when the cSEC crossing the region enters the western boundary system (e.g., Dossa et al., 2021). Most of eddies observed in this region were formed in the eastern part of the FN archipelago from where the cSEC flows (Figure 4A). West of AR, few eddy trajectories were observed, but none of them was formed in this region. This is not consistent with the theory indicating that the disruption of the current flow by the islands can induce the generation of eddies in the wake of the obstacle (e.g., Arístegui et al., 1997). This inconsistency may be because the altimeter resolution near the equator is too large and did not allow to capture eddies with lower amplitude. This suggests the need of Surface water and ocean Topography (SWOT) to access fine mesoscale geostrophic currents in near equatorial region, to better capture eddies in the region. Moreover, Silva et al. (2021) showed that the presence of the FN Archipelago induces strong disturbances of the cSEC with a splitting of its core upstream of the archipelago. They also highlighted the effect of the topography around islands on the intensity and direction of the currents, which can favour eddy generation at the wake of the FN archipelago. At the western extremity of region A, where one would expect eddy formation due to the interaction of the cSEC with the western boundary system, no eddies were observed because, eddies in this region have small life and propagate very fast.

More eddies (AE, CE) were observed in region B (Table 1). Several processes are likely to promote their formation. First, it is a region where lies the Pernambuco Plateau at ~8°S (Silva et al., 2022). The interaction of the large-scale currents with this plateau could generate eddies (e.g., Herbette et al., 2003). Dossa et al. (2021) showed that the northward meridional flow originating from the south of the region is slightly shifted eastward until ~7.5°S (northern extremity of the region) where it changes direction to the west as the coast orientation changes. This suggests that the formation of about five AE eddies observed in region B over the continental slope (Figure 4A) may be favoured by the interaction of near-coastal circulation with the topography.

Second, region B constitutes part of the sSEC retroflection zone (10°-14°S, Rodrigues et al., 2007) where the NBUC (BC) is formed and flows northward (southward). The latitude of the retroflection is subjected to south-north migration due to the change in wind stress curl (wind stress curl < 0 or > 0) near the coast (Rodrigues et al., 2007) which is favourable for the generation of eddies. Similarly, we observed that the negative wind stress curl between January and September observed within region B is correlated with the seasonal cycle of the number of CE (Figure 7B). Therefore, the negative wind stress curl likely contributes to the generation of CE formed in region B.

Third, barotropic instabilities also contribute to the formation of both types of eddies in region B. Almost 57% (54%) of the CEs (AEs) formed in this region, are generated in regions where the gradient of absolute vorticity is close to 0, justifying the strong contribution of barotropic instabilities associated with horizontal shear of surface currents in the region (Figure 10).

In both regions (A, B) of the NEB, the formation of both types of eddies seems to be driven not only by the mechanisms highlighted here (barotropic instabilities, wind stress curl, topographic effect), but other mechanisms such as baroclinic instabilities (e.g., von Schuckmann et al., 2008) could be involved in the eddy generation within NEB. The formation of eddies downstream of the islands and the topographic effect need to be investigated through a high-resolution numerical model to better understand their role in the formation of eddies.

Through eddy tracking algorithm in the tropical Atlantic, we did not observe any eddy connecting the eastern tropical Atlantic and the Northeast Brazil (Figure 11A). However, some mesoscale eddies originating from western Africa (southeastern boundary) can eventually propagate until the Amazon River plume (southwestern tropical Atlantic) (Figures 11B, C). The latter connection was also observed by Laxenaire et al. (2018). These authors have reported that anticyclonic eddies can travel from the Indian Ocean from where they carry salty and warm water to the southeastern Atlantic.

The composite analysis of Argo profile revealed that the occurrence of mesoscale eddies have an influence on thermohaline structure off northeast Brazil. In the northern region, CE tend to stretch the thermocline and the halocline vertically of 45 m in depth (Figures 12A, 13A, B and Table 2). AE only stretch the halocline and moved the thermocline 6 m in depth with a vertical extent of ~30 m (Figures 12A, 13A, B and Table 2). In the southern region, both type of eddy (AE & CE) have similar influence on the thermocline and the halocline. They tend to stretch to thermocline 45 m in depth and move the halocline 55 m in depth with an extent of ~50 m (Figures 12B, 13A, B and Table 2). Eddies plays same role on the thermohaline structure in the southern region, because, they have almost the same vertical extent (Table 2).
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