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The Agulhas rings transport warm and salty waters that feed the surface limb of the Atlantic Meridional Overturning Circulation. Some studies have focused on the conveying capacity of ocean eddies, and recently, the role of the Agulhas rings in advecting water masses and organisms has been explored. Here we show evidence that the Agulhas rings are responsible for the advection of mode waters from the Cape Basin to the western side of the Atlantic. We analyzed more than 3,200 temperature profiles and 2,400 salinity profiles from historical databases collocated with 52 long-lived Agulhas rings tracked from 1993 through 2016. An automated algorithm was used to identify thermostads in the profiles acquired within the rings. The data revealed mode water layers trapped inside 88% of the rings. The joint distribution of temperature and salinity indicated two types of mode waters in the range 16.2 ± 0.6°C, 35.6 ± 0.1 (Type I) and 12.9 ± 0.7°C, 35.2 ± 0.1 (Type II). The majority (67%) of the rings carrying mode waters had both types detected inside. Moreover, considering only those rings sampled west of the Mid-Atlantic Ridge, we found that 45% of them advected mode waters to the western basin. Therefore, our results demonstrate that, despite the long journey, interaction with the bottom topography and other vortices, ocean-atmosphere exchanges, and decay, the Agulhas rings are responsible for spreading mode waters initially available at the Cape Basin throughout the South Atlantic, contributing to a positive anomaly in temperature and salinity along the eddy corridor joining the Cape Basin to the Brazil Basin.
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1.  Introduction.

The Agulhas Leakage refers to the transferring of warm and salty Indian Ocean waters into the Atlantic, whose main component is the spawning of anticyclonic rings from the retroflection of the Agulhas Current that takes place south of Africa (de Ruijter and Boudra, 1985; Gordon, 1985; Gordon, 1986; Lutjeharms and Gordon, 1987; Lutjeharms and van Ballegooyen, 1988; Lutjeharms, 1996; de Ruijter et al., 1999; Richardson, 2007).

Several studies have explored the role of the Great Agulhas System on the Earth's climate. The retroflection works like a gateway to the warm return flow of the Atlantic Meridional Overturning Circulation (AMOC) (de Ruijter et al., 1999; Beal et al., 2011). So as the retroflection behavior depends on its position, determined by the wind field, the leakage variability has been known to range from interannual to decadal periods (Witter and Gordon, 1999; Biastoch et al., 2009; van Sebille et al., 2009; Backeberg et al., 2012). As an example, Rouault et al. (2009) point out that since the 1980s, a temperature increase in the Agulhas system has been observed due to the wind’s intensification with maximum southward displacement. The increased leakage has implications for stabilizing the AMOC, which may counterpoint a trend toward weakening the thermohaline circulation in a scenario of glaciers melting in Greenland (Weijer et al., 2002; Beal et al., 2011).

Fossil records from the Cape Basin indicate that the exchanges between the Indian and Atlantic oceans have been highly variable, alternating water cooling during glacial periods and warming in interglacial intervals in the last 450,000 years (Rau et al., 2002). Some studies have suggested that the onset of an increased Agulhas Leakage is crucial in glacial terminations resulting in a resumption of the AMOC (Peeters et al., 2004). However, there was doubt due to a lack of evidence of leakage spread reaching the West and eventual deep-water convection in the North Atlantic. Recently, Ballalai et al. (2019) put forward the results of a comparative analysis of a new fossil record from the Brazilian coast and another from the Cape Basin, which suggest a common mechanism responsible for increasing the salinity on both sides of the Atlantic. The authors proposed that the observed salinity anomaly responded to an increased Agulhas Leakage through Agulhas rings’ progression connecting both sides of the Atlantic. The arrival of Agulhas rings to the western border, once hypothesized (Gordon and Haxby, 1990; Byrne et al., 1995; Nof, 1999; Azevedo et al., 2012), was recently confirmed with in situ evidence by Guerra et al. (2018). Subsequently, Laxenaire et al. (2018) conducted research on the role of Agulhas rings connecting the western boundaries of the Indian and Atlantic Oceans, using a new technique for eddy tracking that keeps records of merging and split-off events.

Vortices are well known for their capacity for transporting heat, mass, and other scalars trapped in the inner core, isolated from the external world (Danabasoglu et al., 1994; Volkov et al., 2008; Dong et al., 2014; Jayne and Marotzke, 2002; Souza et al., 2011; Zhang et al., 2014; Wang et al., 2015). Even though Agulhas rings experience an exponential decay, with a reduction of ~80% in amplitude within a year after shedding (Byrne et al., 1995; Schouten et al., 2000; van Sebille et al., 2010; Guerra et al., 2018), many studies have identified mode waters inside rings in the Cape Basin and beyond the Walvis Ridge at the Mid-Atlantic (McCartney and Woodgate-Jones, 1991; Olson et al., 1992; Toole and Warren, 1993; McDonagh et al., 2005; Guerra, 2011). New estimates of the transport of Agulhas rings heat content showed that most heat anomalies are associated with the mode water layers advected westward during the rings translation along the South Atlantic (Laxenaire et al., 2020).

Mode waters (MWs) are vertical homogeneous layers of the thermocline waters formed by subduction from the mixed layer during wintertime conditions (Hanawa and Talley, 2001). Different types of MW have been identified and described in the literature in the South Atlantic. The South Atlantic Central Water comprises three MWs with distinct ranges of properties (Provost et al., 1999; Sato and Polito, 2014). Each MW was observed in different regions of the subtropical gyre: the western side of the gyre near the Brazil Current recirculation, the southern edge of the gyre in the central and eastern South Atlantic, and on the east side of the basin, including the Cape Basin region (Sato and Polito, 2014; Bernardo and Sato, 2020).While it is generally agreed that there are three varieties of subtropical MW (STMW) in the South Atlantic, there is less consensus over whether or not they are influenced by remote central waters or locally formed. De Souza et al. (2018) revisited data from WOCE cruises and Argo floats and found an important contribution of the Subtropical Indian MW (SIMW) in the thermocline waters of the South Atlantic. Surprisingly, the presence of the SIMW increased westward, and the authors suggested that this tendency was related to the advection of Indian MW trapped inside Agulhas rings as they traveled westward. Using numerical modeling, Capuano et al. (2018) demonstrated the role of turbulence and instabilities in the Cape Basin on the transformation of water masses from the Indian Ocean and subduction of MW inside Agulhas rings. Using a new algorithm to detect MW in Argo profiles, including outcropping MW, Chen et al. (2022) suggested a new interpretation of the origin and formation of the MWs found in the upper thermocline of the South Atlantic Ocean. Their results led to a redefinition of the three types of South Atlantic STMW, where the origins of both the lightest and the densest varieties were found mainly inside the southeastern Cape Basin, related to the Agulhas Leakage, while Sato and Polito (2014) argued that two varieties are related to the Brazil-Malvinas Confluence.

These previous studies (op. cit.) mainly focused on detecting STMW along the South Atlantic using Argo profiles without giving a detailed comparative analysis of the thermocline waters inside and outside Agulhas rings. Therefore, this paper analyzes twenty-three years (1993-2016) of in situ measurements collocated with Agulhas rings to clarify their role in Agulhas Leakage spreading. Temperature and salinity profiles from free-drifting Argo floats provided a view of the time evolution of the ring’s cores, while data from multiple cruises crossing rings provided a synoptic view of their vertical structure in several opportunities. The use of water masses to track the Agulhas Leakage may be complex because of the similarity between thermocline waters from the South Indian and South Atlantic (Gordon and Haxby, 1990; van Aken et al., 2003). Nevertheless, mode waters, which present a unique vertical homogeneity and whose formation occurs at specific spots under certain well-known winter conditions, can work as tracers (McCartney, 1982). We sought profiles with a low vertical temperature gradient using an automated algorithm, looking for MW signals. Our results showed that 45% of the Agulhas rings sampled at the western basin carried at least one type of MW initially available at the Cape Basin.

The paper is organized as follows. Section 2 presents the data sets, a description of the automated collocation method between the rings’ trajectories and hydrographic profiles, the detection of MW, and the two-layer model with reduced gravity to estimate ring properties. In Section 3, we summarize the results of the MW classification, show their advection throughout the South Atlantic, and explore in detail three particular cases of super-sampled Agulhas rings. These rings, named Ana, Eliza, and Jeannette, spent two consecutive winters in the Cape Basin but in different years. They were sampled in Lagrangian and Eulerian forms, inside and outside the basin, showing the presence of MW. A discussion about the formation of MW, rings decay and conveyor capacity, and their possible sinking at the western basin is presented in Section 4. Finally, Section 5 is dedicated to the concluding remarks.



2 Methods


2.1 Rings detection and tracking

The method used in this study to detect and track eddies on altimetric maps consists of an automated hybrid algorithm that combines closed contours of sea surface height and the Okubo-Weiss parameter. The eddy’s radius is calculated by fitting a circle of area equivalent to that defined by the maximum radial velocity around the eddy, regardless of whether it is circular or not. A thorough description of the entire method is available in Halo et al. (2014) and Guerra et al. (2018).

The daily maps of sea level anomaly are from the multi-satellite global DUACS DT2014, delayed time, provided on a regular Cartesian grid of 1/4° × 1/4° (Le Traon et al., 1998; Ducet et al., 2000; Le Traon et al., 2003). A detailed description of the altimetry dataset can be found in Pujol et al. (2016).

The eddy tracking data used here, the same as in Guerra et al. (2018), spans January 1993 to May 2016. Among the whole set of anticyclones and cyclones detected in the South Atlantic, the original dataset also includes 74 Agulhas rings with life spans longer than one year. In the present study, we focused on those 56 rings that crossed the Mid-Atlantic Ridge, reaching the western South Atlantic Basin (Figure 1A). A discussion about the skills of the method to detect and track Agulhas rings, including a comparison with the Chelton atlas, is presented in Guerra et al. (2018).




Figure 1 | (A) Tracks of 56 long-lived Agulhas rings (blue lines) between 1993 and 2016 identified using an automatic algorithm. The set includes only the rings that reached the western basin. The acronyms WR, MAR, VTR, and RGR refer to Walvis Ridge, Mid-Atlantic Ridge, Vitória-Trindade Ridge, and Rio Grande Rise, respectively. The red circles mark the final tracking position of each ring. The bottom topography is shown in the background in gray. (B) Map with the paths of the Agulhas rings (blue lines) and the sites of detection of thermostads coincident with anticyclones (red x). (C) Map with the sites of detection of thermostads coincident with cyclones (blue x). (D) Map with the sites of detection of thermostads in profiles outside eddies (green x).





2.2 Temperature and salinity profiles

We sought profiles coincident in time with eddies. All profiles occurring within an area defined by twice the respective eddy radius were selected. Nevertheless, as mentioned, the eddy radius is an approximation, and it is not rare that the actual eddy does not fit a circular form. Thus, the chosen search radius aims to increase the chance of capturing coincident profiles close to the eddy edge (see Supplementary Figure 1).

We used the vertical profiles from the EN4.2.1 dataset (Good et al., 2013). The EN4.2.1 dataset includes eXpendable BathyThermograph (XBT) and Conductivity-Temperature-Depth (CTD) profiles from different cruises and programs (e.g., data from the XBT transects AX18 and AX97, provided by the NOAA/AOML High-Density Transects Program, and Argo profiles as well). Temperature and salinity profiles passed through an automatic analysis based on a quality control manual (U.S. Integrated Ocean Observing System, 2020).



2.3 Detecting mode waters

Temperature and salinity profiles were interpolated to a regular vertical interval of 5 meters using a piecewise cubic Hermite interpolating polynomial (Fritsch and Carlson, 1980). A difference criterion was applied to determine the mixed layer depth, defined as the depth where the temperature deviates by 0.5°C from the sea surface temperature (Foltz et al., 2003). Between the mixed layer depth and the 1,000 m depth, an automated algorithm identified layers defined by a threshold of vertical temperature gradient of 0.01°C/m (dθ/dz<0.01°C/m) (Provost et al., 1999; Sato and Polito, 2014). Only thermostads with temperatures in the range 18.0°C > t > 10.5°C, with a minimum thickness of 50 meters, and entirely inserted in the referred depth interval were considered. Afterward, each profile was visually inspected to guarantee that the thermostads were detected appropriately inside a ring (e.g., Supplementary Figure 1).



2.4 Rings properties

We used a two-layer model with reduced gravity to study the structure and dynamics of the Agulhas rings following Olson et al. (1985). In this model, a cylindrical coordinate system has its origin at the ring’s center, and the interface between the two layers with different densities (ρ1<ρ2) is approximately defined by an isotherm representing the main thermocline. Considering the high correlation between the sea surface height and the 10°C isotherm depth at the Agulhas Retroflection vicinities and along the rings’ corridor, this isotherm was used as a proxy for the thermocline (Olson and Evans, 1986; Garzoli et al., 1997).

The assessment of the volume and energy of the rings in the upper layer was performed using formulations derived from the model as follows:

 

 

 

where h1 is the depth of the thermocline within the ring, h∞ is the depth of the undisturbed thermocline in the far-field, A is the surface area of the ring, g′ is the reduced gravity, and v is the azimuthal velocity. Considering that the rings are frequently associated with other vortices that disturb the mass field in the actual ocean, we used the 10°C isotherm climatological mean depth from the World Ocean Atlas 2018 (WOA18) (Garcia et al., 2019). The azimuthal velocity (v) was calculated as the maximum of the average geostrophic speeds around the closed contours of sea surface height inside the ring, according to Chelton et al. (2011).

The reduced gravity that measures the restoring force and depends on local stratification was calculated according to:

 

where g=9.8 m/s2 is the gravitational acceleration, ρ1 and ρ2 are the mean potential density of the upper and lower layers calculated using temperature and salinity from the WOA18. The density integration in the lower layer was limited to 1,500 m depth or the ocean bottom when in shallow waters.

The instantaneous upper layer thickness in the center of the eddy was computed from the satellite sea level anomaly and the known mean thermocline depth and reduced gravity, using the following equation (Goni et al., 1996):

 

where   is the mean upper layer thickness, equivalent to the thermocline depth at the far-field, η’ is the amplitude of the ring, that is the difference between the sea surface height in the center and at the border of the ring (Chelton et al., 2011), obtained from the altimetry, and B’ is the barotropic contribution to the sea surface level anomaly, where  ' = 0, since |B'|≪|η'| .

Additionally, we calculated the upper layer thickness fitting a Gaussian function to the depth of the thermocline obtained at different distances from the ring center by temperature profiles, following Olson et al. (1985) and Goni et al. (1997):

 

where r is the radial distance measured from the center of the ring, assuming it is radially symmetrical, h0 is the maximum depth of the thermocline measured from h∞ at the ring’s center, and L is the ring radius. This method was used in two cases where at least five temperature profiles were synoptically available.




3 Results

We started exploring the occurrence of thermostads in the South Atlantic between the latitudes 20°S and 43°S from January 1993 through May 2016. The analysis included 99,167 profiles, of whom 10.4% (10,281) displayed thermostads. We found that 49.6% (49,186) of the profiles were collected within eddies, considering a search distance of twice the length of the radius centered on each eddy. When using a search distance of one eddy radius, we obtained percentages similar to Sato & Polito (2014), despite analyzing a more extended period and a dataset with three times the number of profiles. Most thermostad detections were inside vortices (62.8% of detections, or 6.5% of the profiles), with the number of occurrences in anticyclones being twice as many as in cyclones (see Supplementary Table 1).

Figure 1B shows the occurrence of thermostads within anticyclones (4,385). They extend along the parallel 35°S with concentrations west of 20°W and in the Cape Basin, east of 0°W. This pattern is roughly repeated for the thermostads within cyclones (Figure 1C) and thermostads outside eddies (Figure 1D). However, a distinctive characteristic is their spread along the eddy corridor depicted by the paths of long-lived Agulhas rings (Figure 1B). In contrast, regarding the thermostads in cyclones and thermostads outside eddies, there is a clear space along the corridor (Figures 1C, D). In the Cape Basin, there is a predominance of thermostads within anticyclones. While west of 20°W, thermostads outside vortices are more frequent.

The general picture emerging from this analysis is that the occurrence of thermostads inside anticyclones along the eddy corridor crossing the South Atlantic seems to be related to the translations of long-lived Agulhas rings. We will analyze this matter in detail below.

Our principal analysis focused on the 56 long-lived Agulhas rings tracked from the origin at the Cape Basin until the Brazil Basin between 1993-2016 (Figure 1A). The general characteristics of this subset of Agulhas rings are very similar to those presented by Guerra et al. (2018) for the original set of long-lived rings. The average lifetime of the 56 rings is 1,041 ± 213 days, and the average travel distance is 6,268 ± 1,286 km (mean ± standard deviation), including parent rings in case of merging and split-off events in the Cape Basin.

The interior of the Cape Basin is a well-known spot of turbulent mixing and stirring, where the anticyclonic Agulhas rings interact with topography, other anticyclones, and cyclones, resulting in dissipation, intensification, splitting, and merging events (see Boebel et al., 2003; Dencausse et al., 2010). Consequently, several short trajectories are crowded in the Cape Basin until the ring shows up as an isolated eddy ready to cross the Walvis Ridge (Figure 1A). The rings leave the Cape Basin after overcoming the Walvis Ridge (WR) and continue in a west-northwest course to eventually cross the Mid-Atlantic Ridge (MAR), in the case of long-lived ones. They reach the western basin in a latitudinal band, limited North by the Vitória-Trindade Ridge (VTR) and South by the Rio Grande Rise (RGR).

The number of identified coincident profiles with the Agulhas rings sums to 3,217 temperature profiles and 2,476 salinity profiles, produced by 741 XBT, 70 CTD, and 2,406 Argo profilers. The quality control rejected 141 temperature profiles and 282 salinity profiles. There is a corresponding temperature profile for every approved salinity profile in the qualified set. Figure 2, top panel, shows the number of coincident temperature profiles along the path of the 56 sampled Agulhas rings. The data reveal that roughly 75% of the coincident profiles occurred east of the Mid-Atlantic Ridge, while the other 25% sampled 38 rings in the western.




Figure 2 | Temperature profiles inside Agulhas rings along the South Atlantic between 1993 and 2016. Top) Distribution of coincident temperature profiles and Agulhas rings, totaling 3,076 profiles, in a 1° x 1° resolution grid. The bottom topography is shown in the background in faded gray lines. Left) Temperature profile acquired within an Agulhas ring on the geographic coordinates 27.92°S of latitude and longitude 20.22°W, on 27-Jul-2006, close to the ring center (ratio distance/radius = 0.2). The red line indicates the vertical temperature gradient, and the red dots mark the mixed layer. The vertical dashed line marks the threshold for the vertical temperature gradient at 0.01°C/m. Right) The number of profiles acquired within Agulhas rings versus the ratio between the distance from the ring center and ring radius. Cyan: all the profiles; Orange: profiles with mode water signal. Red line: the percentage of profiles with detected thermostad in each class interval of distance.



Aiming to find signs of MW within the Agulhas rings, the set of coincident profiles was examined by an automated algorithm for thermostads searching, followed by a visual inspection. The search returned a total of 912 thermostads. Figure 2, left panel, illustrates a MW detection, presenting a temperature profile acquired within an Agulhas ring, in which we observe two thermostads: 16.5°C between 125-215 m, and 12.5°C between 385-505 m. As shown in the figure, when the vertical temperature gradient threshold is crossed, the limits of the layers are determined.

We examined the relationship between thermostads detection and profile distance from the ring center. Despite being detected throughout the entire range, from the center of the ring to twice the radius, it is noticeable that thermostads detection is relatively more frequent at a distance within a half-ring radius, where 73% of the profiles showed thermostads. As the distance from the center increases, the lesser the chances to detect them, as indicated by the decreasing percentage of profiles with MW towards the ring’s periphery (Figure 2, right panel).

Figure 3 shows a graphic summary of the classification of the Agulhas rings according to sampling and geographical distribution of MWs. Only 52 of the 56 long-lived Agulhas rings were sampled during the journey. We found the occurrence of thermostads in 46 rings, but only 38 of them were sampled in the western basin. Of those, 45% (17) had MW detected west of the Mid-Atlantic Ridge. On the other hand, 12 rings had MW detected during the life span but were not sampled on the western basin. Thus, for this specific subset, it is not possible to affirm that they were able to transport MW to the western basin. Half of the 34 rings sampled on the western side, with previous records of MW, did not show any signal west of the Mid-Atlantic Ridge. Thus, these figures should be considered with some caution due to the nature of the sampling. Besides, the mentioned 17 rings with no detected thermostads west of the Mid-Atlantic Ridge had four rings sampled a maximum of five times and whose profiles were undertaken at distances greater than one ring radius, which implies a lower probability of MW detection.




Figure 3 | The Agulhas rings (ARs) classification according to sampling and presence of mode waters passed through a dichotomous tree. The 13°W meridian was used as a watershed for the South Atlantic, representing the Mid-Atlantic Ridge (MAR).



The temperature and salinity of the isopycnal layers showed bimodal distributions (Figure 4, top and right panels). A hypothesis test, applied separately for temperature and salinity, confirmed the difference between the two modes, with a p=0.0001. Then, we used the k-means method (Lloyd, 1982) to distinguish the two populations and determine their statistics, considering the pairs of temperature-salinity. The analysis evidenced two clusters of MW, which we named Type I (16.2 ± 0.6°C, 35.6 ± 0.1) and Type II (12.9 ± 0.7°C, 35.2 ± 0.1). The Type I MW is centered near the 26.2 isopycnal, and it is lighter than the Type II (centroid close to the 26.6 isopycnal). Figure 4, central panel, presents the clusters’ centroids (white circles) and the temperature-salinity pairs (triangles) corresponding to the pycnostads.




Figure 4 | Temperature-salinity diagram including all qualified profiles acquired inside the rings (gray dots), and histograms of mean salinity (top) and mean temperature (right) of the pycnostads identified. The triangles show the t-s pairs of the pycnostads, and the white circles show the centroids of each mode water cluster (Type I in red and Type II in blue). The centroids have the following characteristics: Type I (16.2 ± 0.6°C, 35.6 ± 0.1 psu, 26.2 ± 0.1 σθ) and Type II (12.9 ± 0.7°C, 35.2 ± 0.1 psu, 26.6 ± 0.1 σθ).



The Type I MW was present in 45 rings, while Type II was in 32 rings. A total of 31 rings showed more than one variety of MW at least once during the lifetime. Only one ring studied in this work showed the isolated occurrence of Type II without the presence of Type I. When evaluating this single case, which is a ring sliced in a meridional section at position 27°S/9°W, we found remnants of a layer with the characteristics of Type I MW but already quite eroded.

Examining profiles with simultaneous occurrence of Type I and Type II MW in the environment outside eddies, we found 11 cases: five in the Cape Basin, three east of MAR, and three west of MAR. This subset represents 0.003% of the total number of profiles with detected thermostads outside eddies (3,820).

The spread of each type of MW trapped inside the rings is shown in Figure 5. Both types of MW were detected inside Agulhas rings from the southeastern region of the Cape Basin until the western basin at 34°W. They spread along the eddy corridor crossing the South Atlantic. Type I was more frequent than Type II, in general, as shown in the map and TS diagram (Figure 4), but the second was also detected at the westernmost recorded position. Type I was relatively more frequent westward from meridian 10°E.




Figure 5 | Map of occurrence of mode waters in Agulhas rings. Both mode water varieties were detected from the Cape Basin until the western basin. The bottom topography is shown in the background in faded gray lines.



We assumed the meridian 13°W as the watershed of the eastern and western basins, representing the Mid-Atlantic Ridge, to compare the characteristics of mode waters Type I and Type II on both sides of the South Atlantic Ocean. The total number of detections in the east is four times larger than in the west. Comparing the MW layers on both sides of the Atlantic, the maximum thicknesses for Type I and Type II are more prominent on the eastern, but there is no significant difference in the mean for the two types (295 m for both; see Supplementary Table 2). However, there is a significant increase in the depth of the core of Type I in the west. While on the eastern side, the average vertical distance between the two cores within the rings is 259 m, this space shrinks to 230 m on the opposite side. Ultimately, the temperature and salinity show no variation from the eastern to the western side, evidence that the water masses in the core of the rings may be preserved for time scales of years.


3.1 Particular cases: Three supersampled Agulhas rings

After a general description of the MW properties and spreading throughout the South Atlantic inside Agulhas rings, we will focus on three supersampled rings, whose MW characteristics and evolution were captured both in Lagrangian and in Eulerian sampling.


3.1.1 Ring Ana

The first ring, referred to as Ring Ana, was first detected at 38.26°S/17.10°E on 15-Aug-2004 and tracked until north of the Rio Grande Rise at 33°W, on 09-May-2007, in the western basin. Around longitude 7°W, the Argo float number WMO (World Meteorological Organization) 1900487 was captured by the ring and carried for more than 2,000 kilometers, performing 36 profilings inside the ring for 350 days (from 09-Nov-2005 to 25-Oct-2006). The trajectory of the advected Argo exhibits seven anticyclonic loops (Figure 6 - yellow triangles) between the eastern and the western side of the Mid-Atlantic Ridge. Two other Argo floats also profiled the ring, but for shorter times: WMO 1900525 (24-Oct-2005 to 21-Feb-2006) and WMO 1900285 (12-Mar-2006 to 31-May-2006).




Figure 6 | The path of the Ring Ana between 15-Aug-2004 and 09-May-2007 (white dots) and the locations of Argo (yellow), XBT (red diamonds), and CTD (green squares) profiles within the ring radius. The bottom topography is shown in the background.



The time evolution of the temperature and salinity vertical profiles made with the Argo 1900487 data showed two regions of the water column with low potential vorticity, with potential temperatures ranging between 16-17°C and 12-13°C, and their respective halostads of 35.6-35.7 and 35.1-35.2, between depths of 70-280 m and 400-550 m (Figure 7). They were classified as Type I and Type II MW, respectively, and they are present in this record only during the period the profiler was trapped inside the ring, as shown in Figure 7. The associated pycnostads for Type I and II were 1,026.1-1,026.2 kg/m³ and 1,026.6-1,026.7 kg/m³, respectively. The vertical dashed lines mark the period the Argo 1900487 was trapped (ratio distance/radius< 2). Before and after this period, it is possible to observe the surrounding stratification outside the ring, showing no thermostads or halostads in the same range of the properties of the two types of MW.




Figure 7 | Temperature and salinity sections from Argo 1900487. Vertical dashed lines delimit the time the Argo remained inside the ring (from 09-Nov-2005 to 25-Oct-2006). It is possible to see two thick thermostads (16-17°C and 12-13°C) and halostads (35.6-35.7 and 35.1-35.2), classified as Type I and Type II. Top panel: the ratio between profile distance from the ring center and ring radius.



While Type I is noticed in the ring throughout the entire sampling duration, Type II is more evident during three periods only (February-March 2006, June-August 2006, and September 2006), when the profiling occurred closer to the ring’s center (d/r<1) (Figure 7, top panel). The thickness oscillation of the pycnostads suggests a lenticular shape of the MW layers, thicker as much closer to the ring’s center and thinner in its peripheral region. The profiler was entrapped during the austral spring and stayed sampling inside the ring until the following spring. The two other mentioned profilers (WMO 1900285 and WMO 1900525) confirm the temperature and salinity values (vertical profiles not shown) of the two MW at the same depth ranges. Despite the winter’s surface cooling, the recapture of the 16-17°C layer did not occur, evidencing the role of the ring in transporting MW away from the formation zone. The Argo data provide clear evidence that a well-defined front at the ring’s edge retains the MW in its interior core as the Argo profiles acquired outside the ring exhibit no signal of them. These Lagrangian observations provided by the Argo profilers unequivocally evidenced that MW can be preserved within the Agulhas rings for long distances.

Just before Ring Ana leaves the Cape Basin (near the Greenwich meridian), it was sampled by XBT probes from an AX18 cruise on 25-26-May-2005 (Figure 8, left panel). Even though the Type I MW was present trapped inside the ring five months later (Figure 7), the temperature profiles in May show alternatively a presence of a well-developed 12°C thermostad (classified as Type II) with 300 m thickness and a surface signal of the 17°C (Figure 8, right panel) associated with the local mixed layer. These results suggest that the formation of the Type I MW may occur even on the verge of the ring leaving Cape Basin and translating to the ocean interior. Unfortunately, the analyzed data could not capture the subduction of Type I, and it is hypothesized that the MW formation had occurred in the interval between the sampling events.




Figure 8 | Left panel: Altimetry map showing the Ring Ana just before leaving Cape Basin and XBT launches in a section crossing it towards the west. The dashed circle marks the radius of the ring, estimated at 67 km. Right panel: Temperature profiles from the XBT section. The profile colors identify the deployments.





3.1.2 Ring Eliza

The second ring, referred to as Ring Eliza, results from a split-off occurring approximately on position 38°S/16°E from a ring shed from the retroflection on 01-Aug-2007, just one month before the split-off. It was tracked for 1,007 days from the shedding until its demise in the western basin near 29°W on 04-May-2010 (Figure 9).




Figure 9 | The path of the Ring Eliza between 01-Aug-2007 and 04-May-2010 (white dots) and the locations of Argo (yellow) and XBT (red diamonds) profiles within the ring radius. The bottom topography is shown in the background.



Along its path, the ring was sampled on different occasions but remarkably at longitudes 8°W, 16°W, and 24°W, by three consecutive AX18 cruises in February and July 2009 and January 2010, respectively, when it was sliced. During the cruises, XBT probes were deployed every 50 km, reaching a depth of 850 m. The temperature sections illustrate the vertical structure of the ring in distinct moments of its evolution (Figure 10). On all three occasions, the data showed a large volume of Type I MW (16.4°C) inside the ring, with a thickness of approximately 200 m, evidencing the lenticular structure of the imprisoned water.




Figure 10 | Three temperature sections were sampled across the Ring Eliza in successive AX18 cruises in February 2009, July 2009, and January 2019. The top panels show altimetric maps of the ring with numbered deployment stations. The red circle delimits the area defined by one ring radius (93 km, 95 km, and 88 km, from older to younger). The bottom panels show the three temperature sections.



The first section was sampled in February 2009 before the ring crossed the Mid-Atlantic Ridge, while the second, in July 2009, was just after. We could find no signs of any possible influence of the ridge on the ring’s structure after its passage. In January 2010, the section sliced the ring closer to the center. On that occasion, the thermocline depth inside the Ring Eliza, represented by the 10°C isotherm, was 150 m below its undisturbed depth outside the ring. The thickness of the lenticular-shaped MW was approximately 250 m near the center of the ring. Like what was observed on Ring Ana, the surrounding waters outside Ring Eliza showed no thermostads in the same depth range.

Between 25°W and 29°W, Ring Eliza was sampled 13 times by three Argo floats until its demise (Figure 9). Four profiles confirmed the presence of a 115 m thickness pycnostad with a temperature of 16.4°C and a salinity of 35.7. The surface signal of the ring was faint past 29°W, and the tracking algorithm could not continuously follow its trajectory except for short periods. Instead, a positive sea level anomaly was going west at the same speed as the ring but not as a coherent eddy. We decided to follow it visually and search for profiles nearby. We could find eleven profiles produced by four Argo floats (Figure 11, left panel). Despite the altimetric signature of the ring as a coherent feature weakening since 29°W, which could indicate the dismantling of the ring, the Argo profiles showed the persistence of the previously detected thermostad with temperature centered at 16.4°C (Figure 11, right panel) and salinity of 35.7 (not shown) until reaching the meridian 38°W, approaching the continental slope region dominated by the southward flow of the Brazil Current.




Figure 11 | Trajectory of the sea level anomaly related to the Ring Eliza between 30°W and the Brazilian coast at 39°W (18-May-2010 through 02-Nov-2010). Left: Triangles mark the positions of the Argo floats that sampled the Type I mode water within a radius of 150 km from the center of the feature. The bottom topography is shown in the background in gray. Right: Temperature profiles measured by the Argo floats. The vertical dashed blue line marks the thermostad temperature at 16.4°C.





3.1.3 Ring Jeannette

The track of the ring referred to as Ring Jeannette begins on 28-Jan-2012 at 39°S/17°E and finishes on 27-Dec-2015 at 21°S/35°W, at the southern flank of the Vitória-Trindade Ridge, Brazilian coast (Figure 12).




Figure 12 | The path of the Ring Jeannette between 28-Jan-2012 and 27-Dec-2015. Besides the Argo profiles distributed along its route through the Atlantic, two XBT sections crossed the ring, one in the Cape Basin and the other next to the Brazilian coast. The bottom topography is shown in the background.



Ring Jeannette is one of those thirty-ones observed rings that carried both types of mode water. Two XBT sections crossed the ring, the first in the Cape Basin and the other next to the Brazilian coast just before its demise. The temperature sections clearly show the two thermostads on both occasions (Figure 13). The temperature shift in the thermostads is more pronounced in the shallow one. While its mean temperature was 15.6°C in the Cape Basin, and two and half years after, close to the Brazilian coast, it was 16.3°C, the deep thermostad conserved 13.8°C on both sides of the Atlantic. However, examining the Argo profiles between the two XBT sections, we observed that the shifting occurred possibly at the passage through the Walvis Ridge. Previous studies reported the role of the Walvis Ridge on the transformation of Agulhas rings due to volume exchanges with the environment (Richardson, 2007; Nencioli et al., 2018). Furthermore, the thicknesses of the thermostads are roughly two times larger in the Cape Basin. The vertical extension was shrunk with the aging of the ring, as previously observed in Agulhas rings by other studies (Guerra et al., 2018; Nencioli et al., 2018), evidencing its erosion.




Figure 13 | Temperature sections were sampled across the Ring Jeannette in the Cape Basin (right) and next to the Brazilian coast (left) in May 2013 and November 2015. The top panels show altimetric maps with numbered XBT deployments. The red circle delimits the area defined by one ring radius (72 km in Nov/2015 and 74 km in May/2013). The bottom panels show the temperature sections.



The ring that propagated along the track shown in Figure 12, and that we named Ring Jeannette, was also studied by Nencioli et al. (2018). However, the authors followed it in two steps. They reported a spawning of a ring, called B12, from the merging of two Agulhas rings at the Mid-Atlantic Ridge. The seminal rings were formed in the Cape Basin and translated to the west in parallel tracks until the encounter. They called the north track AN1 and the south AS2. The entire track of our Ring Jeannette comprises Nencioli’s south track AS2 and B12. A possible interpretation for this distinction is that our tracking algorithm, in the case of merging, continues the track of the nearest eddy from the previous time step (for details, see Guerra et al., 2018).

We examined the profiles coincident with the north track (AN1), including an XBT section crossing the ring, and observed only the shallow thermostad (Type I). Nevertheless, the analysis of the southern track (AS2), coincident with our track, revealed the presence of both Type I and Type II MW. Our findings are consistent with Nencioli’s results showing the southern track (AS2) as the main contributor to the B12. An interesting side finding was that after a merging event, it is possible to identify water masses from the core of the seminal vortices in the newborn vortical feature.





4 Discussion

The Cape Basin receives warm subtropical waters from the Agulhas Retroflection and intense subpolar winds (Gordon, 1985; Gordon et al., 1987). The air-sea fluxes in the region exceed any other in the Southern Hemisphere (Bunker, 1988; Walker & Mey, 1988). Under these conditions, MWs are produced with potential temperatures of 17.4-17.8°C, and those most weathered with temperatures of ~16.5°C, predominantly found around Agulhas Retroflection but also trapped in Agulhas rings, as discussed in the literature (e.g., Olson et al., 1992). The occurrence of deep 17°C mixed layers in the late winter in the Cape Basin is confirmed by several Argo and XBT profiles analyzed in this study (see Figure 8 and Supplementary Figures 2, 3). Figure 14 shows the WOA18 sea surface temperature for September, at the end of the austral winter, in the Southeastern Atlantic Ocean. In the Cape Basin, the average surface temperature is lower than 17°C, while temperatures are higher in the adjacent Angola Basin and Agulhas Retroflection region. The analysis of the trajectories of the three supersampled rings (Ana, Eliza, and Jeannette) reveals that while in the Cape Basin, they experienced two consecutive winters in the region of occurrence of temperatures associated with the Type I MW. The stars in the figure show the positions of the rings in September. The general picture emerging from the analysis is that the Type I MW is formed in the Cape Basin, a region with the necessary conditions to produce it, rather than a modified SIMW. This finding is congruent with the works of Capuano et al. (2018) and Laxenaire et al. (2019), who claimed that the 16-17°C STMW found within Agulhas rings is, in fact, the Agulhas Ring Mode Water (ARMW).




Figure 14 | Mean sea surface temperature, in degrees Celsius, for the Cape Basin in September (WOA18). The trajectories of the three supersampled rings are plotted over the map. The stars mark the positions of the rings in September, the end of the austral winter. The bottom topography is shown in the background in gray.



The Type II MW, characterized by a deeper 12°C thermostad, was also observed inside Agulhas rings, as shown in detail for rings Ana and Jeannette. Some papers have documented such occurrences and earlier attempts to identify their origin (McCartney, 1977; McCartney & Woodgate-Jones, 1991). Previous research has supported the hypothesis that the 12°C thermostad would be a variety of South Indian Ocean Subantarctic Mode Water (SAMW) (McDonagh and Heywood, 1999). Other authors have argued that it results from entraining cold low-salinity Subantarctic Surface Water injected from south to north in the retroflection region as a wedge during the ring-spawning process (Gordon et al., 1987; Lutjeharms and van Ballegooyen, 1988). The high levels of oxygen of this alleged local variety of SAMW provide convincing evidence in favor of a possible origin directly from wintered surface waters from the south of the Subtropical Front, close to the Retroflection, instead of being derived from the Indian Ocean via leakage (Gordon et al., 1987; Arhan et al., 1999; Schmid et al., 2003). Gladyshev et al. (2008), after a detailed analysis of transect data from South Africa until the southern limit of the Antarctic Circumpolar Current, crossing three Agulhas rings, showed that both ways are possible.

More recently, Chen et al. (2022) proposed a redefinition of the three STMWs discussed by Sato and Polito (2014). They reasoned that only one variety originates from the Brazil Current recirculation, whereas the other two develops into the Cape Basin under the influence of the Agulhas leakage. Our Type I MW relates to the most saline variety (SASTMW2), and the Type II MW to the densest variety (SASTMW3). Corroborating the conclusions of McDonagh and Heywood (1999); Chen et al. (2022) demonstrated that, contrary to the findings of Smythe-Wright et al. (1996), a ring in the southeast Atlantic carrying MW with a potential temperature of 13°C and salinity of 35.2 psu originated at the Agulhas Retroflection and not at the Brazil-Malvinas Confluence as initially supposed, corroborating the conclusions of McDonagh and Heywood (1999). Whether the 12-13°C thermostad, by origin, is subantarctic or subtropical, from a remote site in the South Indian Ocean, or locally formed, remains controversial and deserves more research.

Each Agulhas ring is unique, having its characteristics related to its formation, depending on the staying period in the Cape Basin, the intensity of air-sea fluxes, and interactions with other eddies (e.g., Arhan et al., 1999). Several studies reported the occurrence of rings with or without thermostads (van Ballegooyen et al., 1994; McDonagh et al., 1999; Arhan et al., 1999; Garzoli et al., 1999). As shown in Figure 14, the three rings (Ana, Eliza, and Jeannette) had similar trajectories, approached the climatological position of the surface 12°C isotherm, and remained at least two winters east of the Walvis Ridge, but in different years. Unlike rings Ana and Jeannette, the Ring Eliza did not show the Type II MW in any vertical profile, inside or outside the Cape Basin. This result might indicate that this MW was not available during the ring formation. Thirteen other rings analyzed in the present study also contained the Type I MW exclusively.

Conversely, our data show that 31 distinct rings presented Type I and Type II MW during their life span, detected simultaneously or not. That was the most frequently observed situation (67% of the 46 rings with detected thermostads). The causes for some rings having only the Type I MW and others doing both types are still unclear. It is noteworthy that only one ring showed the isolated occurrence of Type II without the presence of Type I.

From the beginning of systematic satellite altimetry with the Geosat until nowadays’ multi-satellite altimetry, some decay curves for Agulhas rings have been proposed, all showing the exponential decline of amplitude along the trajectory (Gordon & Haxby, 1990; Byrne et al., 1995; Schouten et al., 2000; Guerra et al., 2018). The decay curves suggest that most rings disintegrate and diffuse their content within the subtropical gyre. Byrne et al. (1995) argued that mode water volume decays with distance from the formation zone at the same rate as the ring’s sea surface height. However, rings’ structure and hydrography variations while they cross the South Atlantic Ocean are barely known. Our results demonstrate that Agulhas rings can advect mode waters for long distances throughout the South Atlantic Ocean, reaching distances superior to 4,000 km until the western basin. This reinforces the idea that Agulhas rings are essential to the ventilation of the South Atlantic thermocline with relatively warm and saline waters, not restricted to the eastern sector of the subtropical gyre. Regarding the decay rate of the mode water content, the sampling provided by Argo profilers is insufficient to solve this puzzle. Hypothetically, a time series of the thermocline depth at the ring’s center would be necessary to illustrate the erosion of its core. Although Ring Ana has been continuously sampled for more than one year by Argo profilers, it is impossible to confirm the hypothesis since it occurred at different positions relative to the ring’s center and sparsely in time. Oscillations of the thermostads thicknesses associated with profile distance to the ring center (Figure 7) suggest a lenticular shape of the isopycnal layers, but nothing to state about volume.

In the case of Ring Eliza, a serendipitous coincidence of three sequential cruises and the ring trajectory within one year produced slices that reveal its internal structure while crossing the subtropical gyre. Ring Jeannette was also surveyed on two cruises lagged by two and a half years, being the first just before the ring leaves the Cape Basin and the last next to the Vitória-Trindade Ridge. Table 1 presents the volume and energetics of the rings Eliza and Jeannette and the parameters used in the reduced gravity model, calculated as described in Section 2.4.


Table 1 | Parameters used in the two-layer model with reduced gravity. The values of   were obtained from the WOA18 climatology, while η' and L came from the altimetric map. The depth h1 at the center of the ring, Volume, Available Potential Energy, and Kinetic Energy were calculated from the model and from the in situ data for rings Eliza and Jeannette.



The amplitude and radius of the rings were determined from the altimetry. The mean upper layer thickness,  , was obtained from WOA18 climatology. The instantaneous upper layer thickness, h1, was calculated using altimetry and verified with the in situ data. The radial distribution of profiles along the rings’ sections made a Gaussian curve fitting possible to determine the thermocline depth within the rings, even if the section had not crossed its center. The root mean squared error (rmse) expresses the difference between the thermocline depth measured by each profile and the value from the Gaussian fitting (i.e., how well the curve fits the data). The derived Volume, APE and KE, were computed from the h1 estimated by the two methods. Using in situ data, we could then examine the time evolution of the ring’s characteristics (Volume, APE, and KE) and assess the uncertainties of estimates based exclusively on altimetry data.

Olson et al. (1985) remind us that a simple diagnosis of eddy evolution could be made by assessing its volume. The decay curves are generally time functions of eddies’ amplitude obtained from satellite altimetry. The high correlation between the sea surface height and thermocline depth turns possible to assess the eddies’ volume. However, the analysis of the rings Eliza and Jeannette using synoptic in situ measurements revealed significant differences from satellite estimates (see Table 1). The volume calculated using temperature profiles for Ring Eliza was 6%, 40%, and 86% larger than the satellite estimates. The same was observed for Ring Jeannette with 107% and 210%. The difference is because the observed thermocline within the rings is deeper than the estimated with the altimetry.

Regarding the APE, the difference between the values calculated from the altimetry for both rings and the mean values presented by Guerra et al. (2018) for the Agulhas rings along the Atlantic is not significant. Nevertheless, the APE values calculated with in situ data show a significant increase since the difference between the thermocline depth within the ring and its undisturbed mean is squared. On the other hand, the KE values present an average increase of just 17%.

The numbers indicate that the usual estimates based on satellite altimetry could be overrated regarding the decay rate. The volume of Ring Eliza estimated with altimetric data reduced by 44% between February 2009 and January 2010, while the calculated with in situ data decreased by 2%. The analysis of Ring Jeannette displayed a distinct scenario where the variation of satellite estimates and in situ data converge. Between May 2013 and November 2015, its altimetric volume reduced by 78% and 67% for the in situ. At least for Ring Eliza, there was a negligible mass loss in the studied interval, despite the decay indicated by the altimetry. The results provide preliminary evidence that the rings’ decay rate based on satellite altimetry might not be an accurate measure to evaluate their life span and, ultimately, their impact on circulation.

A remarkable fact about the Ring Eliza is its sinking and consequent loss of coherence on the surface. As Laxenaire et al. (2019) observed, a reduction in the eddy surface intensity may not necessarily be associated with its dissipation but with its subsidence. Future studies will have to investigate further why some rings do not fit the model estimate.

In addition, the thermostads within anticyclones west of 20°W and north of 30°S might be related to Agulhas rings even if apparently without connection with the trajectories depicted in Figure 1B (blue lines). We tracked the Agulhas rings that left the Cape Basin without considering splitting or merging during their journey. Nevertheless, Laxenaire et al. (2018) developed an interesting concept of a network of Agulhas rings that included the seminal rings (122 trajectories) and their descendants resulting from splitting and merging, linking impressive 730,481 eddies into 6,363 segments over 24 years of satellite altimetry. Therefore, it is probable that those anticyclones were Agulhas rings’ descendants not followed by our algorithm or Agulhas rings that had lost the surface signal but followed existing in the subsurface, just like the super-sampled Ring Eliza.



5 Conclusions

This work analyzed temperature and salinity profiles collocated with 52 long-lived Agulhas rings between 1993 and 2016. We found that 88% (46/52) of the rings carried mode waters. Our results demonstrate that the Agulhas rings can advect mode waters for long distances through the South Atlantic Ocean, crossing the MAR and reaching the western basin, where 45% (17/38) of the rings sampled still carried significant amounts of mode waters. Most long-lived Agulhas rings disappear on the altimetric maps when they reach 30-40°W, where they may dissipate or coalesce with other vortices. Nevertheless, we present new in situ evidence that rings may lose surface signature and continue moving westward below the surface, marked by the low potential vorticity of the mode water core and possibly interacting with the Brazil Current system.

Two types of mode waters were determined in the range 16.2 ± 0.6°C, 35.6 ± 0.1 (Type I) and 12.9 ± 0.7°C, 35.2 ± 0.1 (Type II). Their spread along the eddy corridor crossing the South Atlantic defines a positive anomaly in temperature and salinity, supporting the concept that the Agulhas rings have an essential role in the ventilation of the South Atlantic thermocline not restricted to the eastern sector of the subtropical gyre. The necessary conditions to form the Type I MW can be found in the Cape Basin. Field data show a ring with a well-developed Type II thermostad and an outcropped Type I. Both mode waters were present inside that ring five months later and continued being sampled for one year while crossing the Atlantic.

The occurrence of rings with both Types I and II MW was most frequent (67%). The analysis of three rings with similar trajectories in the Cape Basin, where they remained for two winters but in different years, revealed that only one of them did not show the Type II MW. It has been hypothesized that different processes may influence the formation and the properties variability of MW inside Agulhas rings. Indeed, a common argument is that the intense air-sea fluxes and turbulent mixing play an essential role in setting the water properties inside the rings translating along the Cape Basin. The absence of the Type II MW in the ring could be caused by its scarcity during the ring formation. However, our results do not permit a conclusion about the factors that induced the MW properties or the simultaneous occurrence of different MWs.

Synoptic in situ data revealed issues regarding the volume and decay assessments of Agulhas rings using satellite altimetry. Two rings were examined, and volumes were either 86% or 210% larger than satellite estimates. We also found that the decay rate based on satellite altimetry was, for one ring, twenty times larger than the calculated from in situ measurements, while the rates for the other ring did not differ significantly. A possible interpretation of this finding is that in some cases, for reasons not yet apprehended, the decay of Agulhas rings can be significantly less than that of the usual estimates based on satellite data, which might be related to subsidence and not necessarily to dissipation. Consequently, previous studies may have underestimated the life span and volume transported by the rings.
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