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Abstract

:

Seawater properties in two intense rings in the South Atlantic are considered. One ring separated from the Brazil Current and the other from the Malvinas Current. The analysis is based on the CTD casts and SADCP measurements from the onboard velocity profiler. The optical properties, chemical parameters, methane concentration, and biological properties such as primary production, plankton, and fish were also analyzed. Analysis of strong differences between the eddies is supplemented by observations of whales and birds in the region.
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1. Introduction


Mesoscale eddies are very important elements of the global ocean circulation. Mesoscale eddies transport mass, momentum, heat, and freshwater over the basins of the ocean. They strongly influence the mean sate of the ocean and together with internal waves transport nutrients to the upper layer of the ocean. The energy of eddies exceeds that of the mean circulation by an order of magnitude, which was first reported during the Atlantic Polygon-70 experiment [1]. Eddies are generally formed due to the instabilities of the mean flow [2]. The most energetic frontal rings are formed due to meandering of the jet currents. Mesoscale rings are generated by finite-amplitude instabilities of currents, which result in the spreading of a volume of fluid into a region with different environmental characteristics [3]. It is clear that temperature and salt anomalies associated with these rings are important sources for the transformation of properties of water masses [3].



Two intense currents in the South Atlantic, the warm Brazil Current and cold Malvinas Current, form a confluence region at approximately 38–40° S [4,5]. An intense oceanic front exists between these two currents; rings of opposite sign are generated at the front with intermediate water masses between rings. Thus, one of the most intense oceanic fronts appears that generates rings of opposite sign and forms intermediate water masses. The exchange of mass, heat, and salt between Subantarctic and subtropical waters leads to intense primary production and transformation of water properties [6]. The Malvinas Current is related to the Subantarctic Front (SAF) and the Brazil Current forms the Brazil Current Front (BCF). Some studies indicate that the SAF is organized in two branches [7,8] that merge further downstream at approximately 44° S [9]. In the confluence region the SAF and BCF converge to a single front, the Brazil–Malvinas Confluence Front (BMCF) [10]. Confluence of the Malvinas and Brazil currents forms a strong front that generates many rings and eddies. After the collision, the Malvinas Current turns back to the south as the Malvinas Return Flow [11]. The retroflection of the Malvinas Current and continuation of the Brazil Current results in meandering and formations of rings, eddies, and filaments [12]. It is noteworthy that eddy advection has an important effect on the variability of the Atlantic meridional overturning circulation (AMOC) on different time scales [13,14,15]. Some publications report a strong influence of eddies on the cross-shelf transport of fresh river water from the coast of Brazil in the BMCF region, which can cause sharp changes in the salinity in the study region [11,16].



The studies of the BMCF included CTD surveys and moorings [17], satellite data [18], and modeling [19,20]. A new approach to studying the propagation of eddies was suggested in [21], which involved applying observations of the motion of loggerhead sea turtles to trace mesoscale eddies. Unfortunately, there are very few in situ measurements of the vertical structure of eddies in the study region. One of the rare exceptions is the publication by Gordon [11], in which the data are presented on the thermohaline structure of two anticyclones and one cyclone in the BMCF. The authors showed that a significant modification of the characteristics of water masses occurs in eddies. In particular, it was shown that intense winter mixing in the cores of anticyclones leads to the penetration of salty and cold waters into their lower layers.



Lentini et al., [22] analyzed the statistics of warm-core rings formed in the Brazil–Malvinas Confluence region based on a continuous time series of satellite data from January 1993 to December 1998. On average, seven rings per year were released into Subantarctic waters. The lifetime of the rings ranged from 11 to 95 days, with a mean value of 35 days. These rings were mostly elliptical anticyclonic rings with a mean major radius of 126 ± 50 km and a minor radius of 65 ± 22 km, and with translation speeds ranging from 4.2 to 27.2 km per day (4.8–31.5 cm/s). None of them seemed to remain more than 4 months in the confluence region.



Lentini et al., [23] analyzed rings of the Brazil Current. They report that warm-core anticyclonic rings were shed by the meander of the current after poleward excursions of the Brazil Current. Approximately one ring is formed by the current in 2 months. The observed lifetime ranges between 1 and 4 months, with a mean value of approximately 2 months. Two or three anticyclonic rings of the Brazil Current were observed to coexist in the confluence region. Most of the rings were moving to the south. The mean horizontal scale of the eddies was 55 km; and mean translation speed was 10 km per day [23].



Mason et al., [24] report on the basis of altimetry data that motions associated with mesoscale eddies and meanders are responsible for significant transports of mass and heat. Mesoscale vertical fluxes also influence upper ocean biological productivity by transporting nutrients into the euphotic layer. They estimated that the maximum eddy lifetime in the region varies from 78 to 198 days.



Mason et al., [24] distinguish the following eddy properties: amplitudes, radii, intensity, and nonlinearity. Eddy intensity is the ratio between the eddy amplitude and its radius, A/Ls [25]. Eddy nonlinearity is the ratio between eddy swirl speed and translation velocity, U/c [26]. Eddy intensities generally range from zero to 0.5, while eddy nonlinearity varies from zero to 15. Eddy intensity and nonlinearity are greater in cold cyclones. We emphasize that strong currents exist at the boundary between cyclones and anticyclones. The eddy radii of cyclones based on altimetry data in Mason et al., [24] varies from 69 km in the region at 45° S to 75 km in the northern region (~35° S). The radii of anticyclones vary from 90 to 62 km. The amplitudes do not have a clearly pronounced regularity and vary from 38 to 9 cm; the amplitudes of anticyclones are generally smaller. The swirl speed is generally greater in cyclones and varies from 58 to 17 cm/s. Propagation velocity varies from 0.5 to 8.8 cm/s.



Studies of variations in biooptical characteristics in the eddy zone of the Southwest Atlantic have been carried out mainly using satellite ocean color imaging [12,21,27,28]. In these works, the surface distribution of remotely determined chlorophyll-a in anticyclonic and cyclonic eddies was mainly considered, and there are almost no works that analyze a wider number of biooptical characteristics, and also do not consider the features of their vertical distribution. At the same time, with the help of multidisciplinary analysis of biooptical and other oceanographic characteristics, a more detailed study of physical and biological processes in the eddy structures is possible.



Despite numerous above-mentioned papers dedicated to studies of eddies in the Southwest Atlantic, there is still no available data on synchronous measurements of physical, optical, chemical, and biological properties of waters within eddies of different polarity in this region. The main goal of this multidisciplinary study is to trace changes in water properties between the waters of the subtropical and Subantarctic origin, which are observed in anticyclonic and cyclonic eddies, respectively. With this in mind, we selected an eddy dipole based on satellite altimetry data and performed measurements at seven stations along a section across the rings connecting their centers (Figure 1).




2. Data and Methods


This study is based on the multidisciplinary data linking physical and biological processes in a pair of cyclonic and anticyclonic rings near the BMC zone in the Southwest Atlantic. In this section, we describe our approach for the selection of rings for our measurements based on satellite altimetry data (Section 2.1), present Lagrangian simulation methods for studies of water origin (Section 2.2), discuss measurements of thermohaline eddy structure together with its velocity field based on CTD and SADCP measurements (Section 2.3), describe the measurements of optical water properties (Section 2.4), and the biological studies of waters within selected eddies (Section 2.5, Section 2.6 and Section 2.7).



The measurements over the section across two rings were carried out on 11–13 January 2022; seven stations of CTD profiling were occupied with an AML probe up to 500 m. water sampling with Niskin bottles was performed up to 200 m. According to the altimetry data and the data of the survey, the section crossed two rings: with warm waters from the warm Brazil and cold Malvinas currents. Their centers were at stations 7286 (Brazil Current ring) and 7290 (Malvinas Current ring). Stations 7285, 7287, 7289, and 7291 were peripheral, and station 7288 was in the mixing zone.



2.1. Satellite Altimetry Data


In this work, we used satellite altimetry data for selection of a section between the centers of the cyclonic and anticyclonic eddies and locations of stations along the section. We used the Data Unification and Altimeter Combination System (DUACS) near real time altimeter gridded product of 0.25° [30] available from Copernicus Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/ (accessed on 15 February 2022)). This product includes the data from all available altimeters and consists of the absolute dynamic topography (ADT), sea level anomalies (SLA), surface-geostrophic velocities, and surface-geostrophic velocity anomalies, which are sampled daily on a Mercator regular grid. Thus, we can estimate the location of eddy centers with an accuracy of 0.25°, which corresponds to 28 km in the meridional direction and 21 km in the zonal direction at this latitude (40° S).




2.2. Lagrangian Analysis


Lagrangian analysis has been applied to study the origin of waters in the study area, in which geostrophic current velocities calculated from the AVISO satellite altimetry data (0.25 × 0.25°) were used to calculate particle trajectories. A large number of synthetic particles (the area shown in Figure 2 has been seeded daily with tracers on a grid of 700 × 700 points) and their trajectories have been computed back in time for a fixed period of time [31]. The back-in-time integration period in our study is two years. One obtains an origin Lagrangian map (O-map) by marking the particles with different colors, which arrived from the northern, western, southern, and eastern boundaries of the study area in the past. The origin Lagrangian maps were computed daily on 11–13 January 2022.




2.3. SADCP, CTD, and Hydrochemistry Data


Direct velocity measurements were carried out from the R/V Akademik Mstislav Keldysh (R/V AMK) equipped with an SADCP system Teledyne RD Instruments Ocean Surveyor (TRDI OS) with a frequency of 76.8 kHz. During the survey the profiler was set in the narrowband mode, which increases the profiling range up to 700 m depth. We set 60 vertical bins 16 m each with an 8 m blank distance immediately below the transducer. The draught of the ship is 6 m, which gives 22 m depth for the center of the first bin (the depth of the uppermost layer of velocity measurements). Time averaging of the raw data was made over 120 s intervals. Since the ship speed varied between 8 and 10 knots, this time average represents an along-track averaging of roughly 500 m. Measurement errors in the amplitude of the horizontal velocities were small, approximately 1–2 cm/s [32]. The TPXO9 model [33] was used to subtract the barotropic tidal velocities at the moment of measurements. Typical tidal velocities in the region are less than 2–3 cm/s which is insignificant for the high-velocity jets at the periphery of the rings.



The CTD data were collected at seven stations performed from the sea surface to 500 m depth (Table 1). An AML Oceanographic BaseX CTD probe was used for these measurements. Sampling rate was set to 4 Hz, the CTD vertical speed was 1 m/s, which gives the initial vertical resolution equal to 0.25 m. Only downcast data were used as the CTD profile data. The standard SeaCast software (Version 4.4.0) (software was supplied with the purchased instrument from SBE-electronics Inc. Bellevue, USA) was used for the data collection.



Water samples for chemical analysis and methane were taken from the Niskin bottles to 200 m. The contents of the main forms of nutrients were determined: inorganic forms of silicate, mineral phosphorus, nitrate, nitrite and ammonium nitrogen, as well as dissolved oxygen, total alkalinity (Ta) and pH. Further processing of samples for the study of all these parameters was carried out in the onboard laboratory immediately after sampling.



The “HeadSpace” equilibrium concentration method [34] was used to analyze the methane content. The gas chromatograph Crystal Lux 4000 was used. Calculation of dissolved methane concentration in seawater was performed using the method described in [35] and modified in [36] using the calculated methane solubility constants.




2.4. Biooptical Measurements Using a Hydro-Optical Profiler


Biooptical measurements were carried out to the depths of 250 m using a complex of profiling hydrooptical equipment, consisting of Turner C6P and Kondor meters (manufactured by Akvastandart-Yug, Sevastopol, Russia, http://ecodevice.com.ru/ecodevice-catalogue/multiturbidimeter-kondor, accessed on 1 December 2021). Chlorophyll-a (Chl-a) and colored dissolved organic matter (CDOM) fluorescence intensity measurements were performed using a Turner C6P instrument. The Kondor probe determined the attenuation index of directional light at 660 nm (BAC660) and photosynthetically active radiation (PAR). BAC660 in the red band of the spectrum was determined from the absorbing and scattering properties of the total suspended matter (TSM); it depends on the CDOM absorption [37]. The PAR measurements were made only during daylight hours.



The fluorescence intensities CDOM (FCDOM) were calibrated to the quinine sulfate units (QSU) under laboratory conditions just before the expedition. Chl-a fluorescence intensities were recalculated into mass concentrations of Chl-a (Cchl-a, μg/L) based on the results of standard measurements by the extract method in water samples [38] taken synchronously with hydrooptical profiling. Calibration of the BAC660 was carried out in the laboratory before the expedition based on the results of measurements in suspension solutions of formazin with a given concentration (FTU units).




2.5. Primary Production


Water samples were taken from five depths within the euphotic layer (0–80 m), where the levels of illumination allow photosynthesis. To assess the primary productivity of phytoplankton, the following parameters were determined: the rate of primary production, potential photosynthetic activity, and the concentration of the main phytopigment chlorophyll “a”.



The rate of primary production was determined experimentally using the radiocarbon method [39] by simulating light and temperature conditions using the original laboratory phyto-incubator developed by the authors with adjustable LED illumination. Subsamples were exposed for 3 h, then filtered through Vladipor membrane filters (0.45 µm). The radioactivity of the stock solution and filters was determined using a Triathler liquid scintillation counter (Hidex, Finland). The assimilation number (AN, specific primary production, mg C/mg chl/h) was calculated by normalizing the value of primary production at individual depths based on the corresponding concentration of chlorophyll “a”. Chlorophyll “a” concentration in water was measured by the acetone extract fluorescence method [38].



Active fluorescence of chlorophyll “a” was measured using an ultrasensitive PAM fluorometer WATER-PAM (Walz, Germany). To estimate the current state of phytoplankton and its adjustment to light, the “fast light curves” method was used, according to which the effective quantum yield of phytoplankton photosystem II (PPSII) is measured and the relative electron transport rate in photosystem II (rETR) is calculated as a function of illumination [40,41]. The rETR value reflects the rate of conversion of light energy captured by chlorophyll “a” into chemically bound energy in phytoplankton cells, which provides the processes of biosynthesis of organic matter by phytoplankton. Photosynthetic efficiency reflecting the extent of use of the light energy in organic matter synthesis can be expressed through the ratio between AN and rETR values.




2.6. Fish and Invertebrates


Materials on fish and invertebrates were collected using a pelagic double square micronekton net (DSN) with an inlet area of 1 m2 and a 6 m long filter cone made of gas with a mesh size of 0.5 mm [42], equipped with a water flow counter (Hydrobios, Germany) and a pterygoid deepener weighing 24 kg (Hydrobios, Germany). Oblique catches were carried out in the 600–0 m layer at a vessel speed of 2 knots. The hauling depth was determined based on the pressure sensor of the Senti DT probe (StarOddi, Iceland) readings. Samples were fixed in 2% formaldehyde solution, followed by transfer in 24 h to 96% ethanol. The species identification of ichthyoplankton was based on available data in the literature [43,44,45,46,47,48].




2.7. Sea Birds and Mammals


On-board ship observations of marine mammals and birds were performed in the study site. The observations were carried out continuously during the daylight hours at winds (Beaufort scale < 5) and visibility more than 50 m by two observers simultaneously from the port and starboard sides of the vessel from the direction-finding deck located at a height of 17 m above the sea level. The birds were detectable approximately 300 m from the ship.





3. Results


The data collected during the survey on 11–13 January 2022 in the Southwest Atlantic revealed the existence of a strong front between the relatively warm and saline subtropical waters within the anticyclonic eddy and cold and fresh Subantarctic waters within the cyclonic eddy. The physical, optical, chemical, and biological properties of these waters were studied along the transect between centers of the eddies. The results of these multidisciplinary measurements are presented separately below for each subject.



3.1. Origin of Waters within the Eddy Dipole


Figure 2 shows the backward-in-time Lagrangian origin map on 12 January 2022, which highlights the considered pair of interacting rings of opposite vorticity (Figure 1b). Similar methods of Lagrangian analysis were used in [49,50]. It can be seen that waters of various origins are involved in the rings, namely, subtropical (blue), Subantarctic (yellow), as well as waters from the South American shelf (pink). The anticyclonic ring (in the figure, the centers of anticyclones are marked with green triangles) contains mainly waters of subtropical origin, and the cyclonic eddy (the centers of cyclones are marked with red triangles) contains Subantarctic waters.




3.2. SADCP and CTD Measurements and Chemistry


Thermohaline structure of the eddy dipole was studied based on CTD measurements at seven stations along a section connecting centers of the cyclonic and anticyclonic eddies (Figure 3; the locations of stations are shown in Figure 1 and Table 1). The second (station number 7286) and sixth (station number 7290) stations were made exactly at the centers of the eddies; the rest stations were made at a constant distance of 70 km (38 nm) from each other. All CTD measurements were performed from the sea surface to 500 m depth.



Distributions of potential temperature and salinity (Figure 3) show significant difference in properties of subtropical and Subantarctic waters. Thus, the potential temperature at 100 m depth changes from 17.6 °C (station 7286, subtropical waters, center of anticyclonic eddy) to 9.6 °C (station 7290, Subantarctic waters, center of cyclonic eddy) while the salinity changes from 36.02 PSU to 34.67 PSU. Corresponding differences are observed at all measured depths; for example, the changes at a depth of 500 m are from 11.1° to 4.3 °C and from 34.97 PSU to 34.23 PSU. The depth of 12 °C potential temperature isotherm changes from 468 m in subtropical waters to 37 m in Subantarctic waters. Note that the thermohaline structure of the upper 30 m ocean layer is not affected by the influence of subtropical and Subantarctic waters. This layer is warm and relatively fresh in comparison with deep layers of the ocean. The stratification is defined by temperature distribution; the pycnocline is observed at 25–35 m depending on a station. The thickness of the mixed ocean layer is almost the same within the cyclonic and anticyclonic eddies.



The θ,S-diagrams were analyzed from the data of seven stations along the section through the eddy dipole (Figure 4). Intense transformation of water masses takes place in the eddies. Saline surface tropical waters (TW) accumulate in anticyclones. They are differently grouped in the upper and lower parts of the water column. As a result, waters of almost uniform salinity (S = 35.5–36.0 PSU) with a temperature of 15–20 °C appear. Anticyclones contribute to the transfer of salt to the lower layers of water, as a result of which salty and relatively cold waters form in their lower part. Such conditions are favorable for the formation of salt fingers [11], which transport saline waters to the deep part and the salinization of South Atlantic Central Water (SACW).



Fresher SACW waters in cyclones ascend to the surface. They become warmer and mix with the tropical waters under the influence of the wind. As a result, relatively fresh waters with salinity (S = 34.5–34.7 PSU) are formed; their temperature varies from 10 °C to 18 °C, which is similar to the data reported in [11] for the Cleopatra eddy. In the upper part of the cyclones, due to the warming of fresh waters, waters of very low density appear and stratification increases, strongly blocking the vertical exchange (Figure 4).



The CTD stations were accompanied by along-track SADCP measurements (Figure 5). Measured velocities were projected to a direction of 120° (East-south-east), which corresponds to the direction of maximum velocity at the periphery of the eddies. This periphery is organized in a form of two main high-velocity jets. They are located at a distance of 73 km from each other; maximum velocity of 84 cm/s in the first jet (40.2° S) is located at the sea surface while the second jet (39.4° S) with maximum velocity of 71 cm/s is located at a depth of 165 m. Velocities near the centers of the eddies are much lower and do not exceed 20 cm/s.



Three types of water can be clearly distinguished over the section: waters of two rings with different hydrochemical parameters and pronounced centers and a zone of their mixing. The warm ring of the Brazil Current is characterized by low concentrations of oxygen and nutrients as well as an increased total alkalinity. The cold ring of the Malvinas Current is characterized by high oxygen content and nutrients such as dissolved silicates, phosphorus and nitrates (Figure 6, Figure 7, Figure 8 and Figure 9).




3.3. Methane Concentration in the Rings


We detected significantly different methane concentrations in the anticyclonic and cyclonic rings, as well as between them. In the anticyclonic ring, the average concentrations of methane are lower than in the cyclonic ring.



Medium (4.5–6 nM/L) and high (6–12.9 nM/L) methane concentrations were observed in the layer 2–200 m, and low (2.8–4.5 nM/L) between 200 and 500 m (Figure 10). Lower methane concentrations were observed in the central parts of the cyclonic (up to 3.8 nM/L at station 7290) and anticyclonic (up to 2.8 nM/L at station 7286) rings at a depth of 200 m and 500 m, respectively. The maximum concentration of methane (12.9 nM/L) was observed at the central station 7288 of the section between the rings at a depth of 110 m.




3.4. Biooptics


Studies over a section in the rings made it possible to reveal some features of the vertical distribution of biooptical parameters (Figure 11). In the anticyclonic eddy, the depth of the maximum concentration of chlorophyll-a (deep chlorophyll maximum, DCM) was 70–80 m, which is deeper compared to the cyclonic eddy, where DCM varied in the range of 45–60 m (Figure 11a). At stations located closer to the centers of the rings, the deepest DCMs were found (station 7286, ~80 m) in the anticyclonic eddy, and the least deep ones were in the cyclone (station 7290, ~45 m). This was caused by velocities directed downward in the central part of the anticyclonic eddy and upward in the central part of the cyclonic eddy. In both cases, the vertical velocities increase towards the center of the rings.



One can see on the Cchl-a section (Figure 11a) that in the anticyclonic eddy the width of the peak on the vertical profile of Cchl-a is greater than in the cyclonic eddy (50–70 m and 30–50 m, respectively). This is due to large vertical density gradients in the seasonal pycnocline in the central part of the cyclonic ring compared to the anticyclonic ring. High values of vertical density gradients are a barrier to the vertical motion of phytoplankton cells, nutrients, and other suspended and dissolved substances [51,52,53], which leads to an increase in the concentration of substances in the seasonal pycnocline. This is the reason for the appearance of pronounced layers of increased FCDOM and BAC660 values, and a decrease in the width of the Cchl-a peak in the pycnocline of the central part of the cyclonic ring, which can be seen in the vertical sections of these parameters (Figure 11).



Despite the previously shown differences in the vertical distributions of Cchl-a, the maximum values of Cchl-a in the anticyclonic and cyclonic rings were approximately the same and reached 3 μg/L. However, the maximum values of other biooptical characteristics (FCDOM and BAC660) were different.



The vertical distribution of FCDOM (Figure 11b) differs significantly in the two rings. In the upper mixed layer (UML) of the anticyclonic ring, the mean FCDOM values are lower than those in the underlying layers. At the same time, in the center of the anticyclonic ring, there is a zone of water deepening up to 220 m with reduced FCDOM values (St. 7286, 7287). In the cyclonic ring, within the UML, the minimum values of FCDOM were also observed, and the maximum values, similar to the Cchl-a distributions, were found in the pycnocline. In the layer below the pycnocline up to the maximum sounding depth, FCDOM almost does not change with depth (0.4–0.5 QSU). In the cyclonic ring, the average FCDOM values are higher in each of the layers compared to the values in the anticyclonic ring.



The vertical distribution of BAC660 (Figure 11c) revealed common patterns with the distribution of Cchl-a but some differences were found. In the anticyclonic ring, waters with elevated BAC660 values, such as Cchl-a, deepen in the central part of the ring. However, in the vertical distribution of BAC660 there is no pronounced deepened local maximum, as in the case of Cchl-a. In the anticyclonic ring, the BAC660 values decreased monotonously with depth from 0.55 FTU at the surface to 0.4 FTU at a depth of 250 m. In the cyclonic ring, the vertical profile of BAC660 is similar to that of Cchl-a. Namely, BAC660 slightly changes in the UML; it has a maximum in the seasonal pycnocline of about 0.7 FTU, decreases below the pycnocline to 0.4 FTU at depths of 90–110 m and further to a minimum value of 0.3 FTU at a depth of 250 m. The absolute maximum the BAC660 value was observed in the pycnocline of the central part of the cyclonic ring, similar to the FCDOM distribution.



Based on underwater PAR measurements, the depth of the photic zone (Zeu) was determined as 1% of the PAR incident on the sea surface. The Zeu estimates in the section ranged from 69 to 93 m and are marked as dotted black lines in Figure 11a,c. At night stations 7287 and 7291, Zeu data are not available. In the presented data, Zeu was determined from the total effect on light attenuation of TSM (Figure 11c) and CDOM (Figure 11b).



These features of the vertical distribution of biooptical characteristics indicate that anticyclonic eddies manifest themselves on the satellite images on the color of the ocean as areas with low chlorophyll-a concentrations, and cyclonic eddies appear as areas with increased chlorophyll-a concentrations [21,27]. This is due not only to the chlorophyll-a concentration, but also to the DCM value, and the content of additional TSM or CDOM [54].




3.5. Primary Production


The primary productivity of phytoplankton (i.e., photosynthetic ability) is determined by three main factors: the amount of the main photopigment chlorophyll “a”, the amount of available light energy, and the amount of nutrients (the material basis of photosynthesis). Analysis of the distribution of these factors over the section revealed certain differences.



The total content of chlorophyll “a” (extract method) in the euphotic layer showed a uniform distribution over water masses (45.4–83.9 mg/m2) (Figure 12a) with a maximum content at the northern periphery of the anticyclonic ring (station 7285). The integral primary production in the cold cyclonic ring was more than twice as high as in the subtropical one (on average 155.8 and 72.0 mgC/m2 per day, respectively) (Figure 12 and Figure 13). Distributions of the total content of chlorophyll “a” and the integral primary production in Figure 12 show that the maximum of integral primary production and high chlorophyll “a” content occur in the frontal zone between the rings, i.e., between stations 7288 and 7289. The area of increased primary productivity correlates with the high nutrient content.



The observed distribution of high values of primary production in this water mass is caused by high density stratification in the center of the eddy in the upper zone of the euphotic layer, which retains phytoplankton. In addition, the upward vertical velocity in the central part of the cyclonic (Subantarctic) eddy apparently promotes upwelling of nutrient-rich deep waters into the photosynthesis zone. In the interaction zone, where high velocities were measured, mixing occurs in the euphotic layer, and phytoplankton cells periodically appear in the zones of different illumination. Hence, active phytoplankton occupies the entire thickness of the euphotic layer.




3.6. Invertebrates


The catches of invertebrates at both stations contained elements of both Subantarctic Primnoa micropa (Amphipoda) and tropical Vibia spp., Phronima spp. (Amphipoda) fauna, as well as widespread species Travisiopsis lanceolata (Polychaeta). However, elements of tropical fauna prevailed at St. 7286; amphipods Platyscelidae gen. sp., pelagic polychaetes Lopadorrhynchus appendiculatus, L. cf. nationalis, Rhynchonereella gracilis and Torrea candida were encountered only at this station. St. 7290 was characterized by the predominance of the Subantarctic Themisto gaudichaudi compressa (Amphipoda) and the widespread Nematoscelis megalops (Euphausiidae) and Parandania boecki (Amphipoda). Polychaetes were represented by the large Antarctic species Vanadis antarctica, taxa with unclear distribution Tomopteris spp. and larvae of the families Amphinomodae, Polynoidae, Terebellidae.



It is hard to overestimate the significant ecological role of cold- and warm-core rings in large scale transport and small-scale transition, and finally biogeographical distribution of certain aquatic organisms supporting regional biodiversity and ecosystem functioning. One of the specific zooplankton species from the order Euphausiacea—Nematoscelis megalops is considered as a “sign” organism of transition regions between the tropical-subtropical and the subpolar waters in the Atlantic, Pacific, and Indian Oceans [55,56]. There are fragmental observations on N. megalops in the Malvinas and the Brazil Currents [57]. Thus, there is lack of information to discuss the comprehensive zoogeography in the SW Atlantic region. In our study, it was found that N. megalops was highly abundant in Subantarctic waters of cold-core water ring of the Malvinas Current. In contrast, this species was negligible in subtropical waters of warm-core water ring of the Brazil Current. Our record of N. megalops testifies to the selection of preferable water column and water properties by this species to maintain trophic and reproduction demands. It is known that N. megalops is able to occupy a depth from 800 m up to the surface layers but generally occurs at the depths from 300 to 600 m at favored temperatures ranging 8–10 °C [58,59]. Indeed, N. megalops was collected by us in a steam of cold-core water ring at depths from 640 m to the surface, within the preferable temperature range.



We noted that the occurrence and abundance of N. megalops were associated with the presence of top predators such as baleen whales (Mysticeti) and, in particular, the sei whale Balaenoptera borealis. According to our observations, eight sei whales were found in the cold-core water ring of the Malvinas Current. It is known that sei whales feed on zooplankton. Euphausiids are one of the major food items [60,61].



Moreover, our further studies will be focused on ecological and biochemical characteristics based on lipid and energetic status investigations of N. megalops in the studied area to determine general and specific patterns of euphausiids associated with environmental variables.




3.7. Ichthyoplankton


Species composition of ichthyoplankton samples at both stations considerably differed (Table 2). At St. 7286, warm water species distributed mostly in tropical and subtropical waters were caught, while the catch at St. 7290 was represented mainly by species occurring as a rule in cold waters of the notal zone, Subantarctic, and Antarctic. At the same time, Cyclothone spp. were found in both rings but more frequently within the warm waters of the Brazil Current.




3.8. Sea Mammals and Birds


Two species of sea mammals and eight of the most numerous species of birds were recorded in the rings (Table 3).



Marine mammals occurred in both rings. In the ring of subtropical water, three southern bottlenose whales (Hyperoodon planifrons) were recorded. At the same time, toothed whales were not found in Subantarctic waters, while eight sei whales were (Balaenoptera borealis) sighted in the ring. It is known that these two species have completely different trophic ecologies. The southern bottlenose whale has a circumpolar distribution in the southern hemisphere (south of 30° S). This species is most common in the region of 57–70° S probably migrating to Antarctica in summer. The southern bottlenose is characterized by feeding at great depths exceeding 1000 m, mainly on squid, but also on fish, such as Patagonian toothfish Dissostichus eleginoides. The sei whale is distributed from the tropical to the circumpolar zone in both hemispheres, mainly found in the open ocean far from the coast. The main food of the sei whale is zooplankton and small fish [60].



The majority of birds encountered in the areas of the two rings were represented by two families: albatrosses (Diomedeidae), and petrels (Procellariidae). It was found that the petrel family was the most numerous and diverse in terms of species composition (Table 3). However, a change in the occurrence of some species was noted during the transition from the anticyclonic ring to the cyclonic ring (Figure 14). For example, the number of spectacled petrel (Procellaria conspicillata), a mass bird species in the subtropical area, was 81 individuals, while their number decreased by almost three times in Subantarctic water (29 individuals). A decrease in the number of occurrences during the transition from subtropical to Subantarctic waters was also characteristic of the soft-fin typhoon (Pterodroma mollis) and Atlantic petrel (P. incerta): from 78 individuals to 17 individuals, and from 16 individuals to 7 individuals, respectively.



On the contrary, some species of this family, when moving from one ring to another, began to occur much more frequently. For example, the white-chinned petrel (Procellaria aequinoctialis) was the most abundant bird species in the ring of Subantarctic water, 54 individuals, while this species was recorded only two times in the ring of subtropical water. An increase in occurrence in the ring of Subantarctic waters was noted for the gray petrel (Ardenna gravis) and Cory’s shearwater (Calonectris Diomedea): from 1 to 24 individuals and from 5 to 9 individuals, respectively.



A change in the occurrence of some species of the albatross family during the transition from subtropical to Subantarctic waters was observed. This family was more numerous in the area of the Subantarctic ring. The wandering albatross (Diomedea exulans) was found five times more often in the Subantarctic ring than in subtropical waters.



Marine life at oceanic fronts is an interesting oceanographic object. Frontal zones are known as regions with favorable conditions for feeding of different species including pelagic fish, mammals and birds. A review of marine life at oceanic fronts is given in [66].



A frontal zone was found in the interval between stations 7287–7291. Marine mammals were not observed here. Most of the birds encountered in Subantarctic waters were found in this narrow frontal region (Table 3). Starting from the frontal zone, the number of some species of birds began to increase compared to in the subtropical water. The number of birds found in the frontal zone increased towards the cold ring. This increase was recorded for some petrels and the great shearwater (Ardenna gravis) (Table 3).



Based on the results of observations, we conclude that marine mammals and some species of birds were more common in the cyclonic ring; however, other species of birds were more common in the anticyclonic one. Some species of birds were common in the frontal zone and their numbers increased towards the cold ring. At the same time, the species composition and abundance of both marine mammals and birds in these two areas differed, indicating that these animals are confined to the conditions of their habitat.





4. Summary


We analyzed the properties of sea water in two intense rings of the South Atlantic in the region of the Brazil–Malvinas Confluence. One ring separated from the Brazil Current and the other from the Malvinas Current. Analysis is based on the CTD casts, ADCP measurements from onboard velocity profiler. The properties of subtropical and Subantarctic seawater were strongly different and a strong current was recorded at the interface between rings. Backward-in-time Lagrangian analysis revealed that waters of various origin from various surrounding regions were entrained in the rings. Analysis of different properties was supplemented by investigation of optical properties and chemical parameters such as dissolved oxygen, nitrates, silicates, pH and methane concentration. We also studied different biological properties in the rings such as primary production, plankton, fish, and invertebrates. The catches revealed different concentrations and species of plankton and other invertebrates. Analysis of the strong differences between the rings is supplemented by observations of whales and birds in the region.
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Figure 1. Location of measurements on 11–13 January 2022. Panel (a): schematic of the surface circulation in the Southwest Atlantic. The location of the Brazil–Malvinas Confluence zone is shown by dotted line; the main surface currents are indicated by white arrows. Bottom topography is shown based on the GEBCO database [https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2021] (access date 21 August 2022); the shoreline is shown based on the GSHHS data [29]. Panel (b): Absolute dynamic topography (ADT) map at the time of in situ measurements (10 January 2022). Gray rectangle indicates the limits of maps (c,d). Panel (c): detailed ADT map in the region of rings. White dots indicate the location of CTD stations. Panel (d): sea surface altimetry-derived geostrophic circulation on 10 January 2022. Solid black line denotes the ship route on all panels. 
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Figure 2. (a,b) shows the backward-in-time Lagrangian origin map on 12 January 2022. Blue color denotes water particles from the northern edge of the map from the subtropical region, yellow color denotes waters from the western edge of the map from the Drake Passage, red color denotes water from the southern edge of the map (Antarctica), green color denotes water from the eastern border of the map. Pink color denotes water particles that “touched” the shore or Antarctic ice edge and spread from the shore or the edge. 
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Figure 3. Sections of potential temperature (a) and salinity (b) across the rings based on CTD measurements. Isolines of potential density anomalies are shown by solid lines. Locations of stations are shown by thick black lines. 
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Figure 4. θ,S-diagram based on data from seven stations through an eddy dipole. The depth of measurements is shown with colors. CE is cyclonic eddy; AE is anticyclonic eddy. 
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Figure 5. Velocity section across the rings based on SADCP measurements. Locations of stations are shown by thick black lines. 
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Figure 6. Concentration of dissolved oxygen (O2, mL/L) (a) and degree of oxygen saturation (b) over the section. 
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Figure 7. Distribution of pH (pH, NBS units) (a) and total alkalinity (Alk, µM) (b) over the section. 
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Figure 8. Distribution of dissolved phosphorus (PO4, µM) (a) and silicates (Si, µM) (b) over the section. 
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Figure 9. Distribution of nitrates (NO3, µM) (a), nitrites (NO2, µM) (b), and ammonium nitrogen (NH4, µM) (c) over the section. 
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Figure 10. Distribution of methane concentration over the section. 






Figure 10. Distribution of methane concentration over the section.



[image: Water 14 02701 g010]







[image: Water 14 02701 g011 550] 





Figure 11. Section of chlorophyll “a” concentration (Cchl-a, µg/L) (a), fluorescence intensity of colored dissolved organic matter (FCDOM, QSU) (b) and directional light attenuation index (BAC660, FTU) (c); Dashed black lines on the sections mark the depth of the photic zone (Zeu). 
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Figure 12. Distribution of the total content of chlorophyll “a” (determined by the extract method) (a) and the integral primary production (b) in the euphotic layer in the section. 
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Figure 13. Spatial distribution of primary production (a) and photosynthetic efficiency (b) of phytoplankton in the euphotic layer. Circles indicate the location of sampling points, and their size is proportional to the values of the corresponding parameter. 
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Figure 14. The Procellariidae family in the region of rings. Note: Pr.c is the spectacled petrel Procellaria conspicillata, Pt.m is the soft-plumaged petrel Pterodroma mollis, Pt.i is the Atlantic petrel Pterodroma incerta, Ca.d is Cory’s shearwater Calonectris diomedea, Pr.a is the white-chinned petrel Procellaria aequinoctialis, Ar.g is the great shearwater Ardenna gravis. 
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Table 1. Location, time, and type of measurements at seven stations between centers of cyclonic and anticyclonic rings in the Southwest Atlantic performed on 11–13 January 2022.






Table 1. Location, time, and type of measurements at seven stations between centers of cyclonic and anticyclonic rings in the Southwest Atlantic performed on 11–13 January 2022.





	No. st.
	Date/Time (UTC)
	Coordinates
	CTD Depth, m
	Type of Measurements





	7285
	11 January 2022, 12:22
	38°08.3′ S, 43°26.2′ W
	500
	CTD, Optics, Niskin bottles (0, 15, 70, 110, 200, 500 m)



	7286
	11 January 2022, 18:42
	38°41.7′ S, 43°53.2′ W
	500
	CTD, Optics, Double square net (DSN), Niskin bottles (0, 15, 40, 80, 130, 150, 200, 500 m)



	7287
	12 January 2022, 02:16
	39°13.3′ S, 44°17.8′ W
	500
	CTD, Optics, Niskin bottles (0, 20, 60, 83, 130, 200, 500 m)



	7288
	12 January 2022, 08:40
	39°44.7′ S, 44°42.3′ W
	500
	CTD, Optics, Niskin bottles (0, 30, 45, 73, 110, 200, 500 m)



	7289
	12 January 2022, 15:23
	40°16.4′ S, 45°06.4′ W
	500
	CTD, Optics, Niskin bottles (0, 18, 40, 70, 110, 200, 500 m)



	7290
	12 January 2022, 21:55
	40°47.6′ S, 45°31.1′ W
	500
	CTD, Optics, DSN, Niskin bottles (0, 15, 40, 60, 100, 200, 500 m)



	7291
	13 January 2022, 06:05
	41°22.8′ S, 45°58.3′ W
	500
	CTD, Optics, Pleiston net, Niskin bottles (0, 18, 45, 70, 200, 500 m)
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Table 2. Species composition of ichthyoplankton at different stations.
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Fish Taxa

	
Range Type (Source)

	
Number of Specimens(Fry/Larvae)




	
St. 7286

	
St. 7290






	
Phosichthyidae




	
Phosichthys argenteus

	
Subtropical-Notal [62]

	
19/1

	
0




	
Sternoptychidae




	
Argyropelecus hemigymnus

	
Temperate-subtropical [63]

	
3/17

	
0




	
Sternoptyx diaphana

	
Tropical-subtropical [64]

	
0/1

	
0




	
Stomiidae




	
Chauliodus schmidti

	
Tropical [65]

	
3/0

	
0




	
Gonostomatidae




	
Cyclothone braueri

	
Temperate-subtropical [63]

	
52/10

	
6/0




	
C. pseudopallida

	
Temperate-subtropical [63]

	
3/0

	
4/0




	
Cyclothone spp.

	
Not applicable

	
18/0

	
0




	
Myctophidae




	
Diogenichthys atlanticus

	
Temperate-subtropical [63]

	
0/11

	
0




	
Krefftichthys anderssoni

	
Notal-Antarctic [43]

	
0

	
0/4




	
Protomyctophum normani

	
Notal [43]

	
0

	
0/14




	
P. bolini

	
Notal-Antarctic [43]

	
0

	
04




	
Hygophum bruni

	
Subantarctic [43]

	
0

	
0/2




	
H. hanseni

	
Notal [43]

	
0

	
0/2




	
Diaphus anderseni

	
Tropical-subtropical [43]

	
0

	
0/2




	
Diaphus sp.

	
Not applicable

	
0

	
0/1




	
Lampanyctus sp.

	
Not applicable

	
2/0

	
0




	
Fish larvae (inident.)

	
Not applicable

	
18

	
0
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Table 3. Species composition (number of individuals observed) of sea mammals and birds in the rings.






Table 3. Species composition (number of individuals observed) of sea mammals and birds in the rings.





	
Species

	
Subtropical Water

	
Subantarctic Water

	
Frontal Zone






	
Sea Mammals

	




	
Sei whale Balaenoptera borealis

	
0

	
8

	
0




	
Southern bottlenose whale Hyperoodon planifrons

	
3

	
0

	
0




	
Sea Birds

	




	
Spectacled petrel Procellaria conspicillata

	
81

	
29

	
25




	
Soft-plumaged petrel Pterodroma mollis

	
78

	
17

	
13




	
Atlantic petrel Pterodroma incerta

	
16

	
7

	
5




	
Cory’s shearwater Calonectris diomedea

	
5

	
9

	
7




	
White-chinned petrel Procellaria aequinoctialis

	
2

	
54

	
23




	
Great shearwater Ardenna gravis

	
1

	
24

	
12




	
Atlantic yellow-nosed albatross. Thalassarche chlororhynchos

	
7

	
5

	
5




	
Wandering albatross. Diomedea exulans

	
2

	
10

	
7




	
Albatross sp. Diomedeidae sp.

	
2

	
8

	
4
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