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Abstract

:

The Drake Passage is known for its abundant mesoscale eddies, but little is known about their three-dimensional characteristics, which hinders our understanding of their impact on eddy-induced transport and deep-sea circulation. A 10-year study was conducted using GLORYS12 Mercator Ocean reanalysis data from 2009 to 2018. The study analyzed the statistical characteristics of eddies in the Drake Passage, spanning from the surface down to a depth of 2000 m in three dimensions. The findings indicate that the mean radius of the eddies is 35.5 km, with a mean lifespan of 12.3 weeks and mean vorticity of 2.2 × 10−5 s−1. The eddies are most active and energetic near the three main fronts and propagate north-eastward at an average distance of 97.8 km. The eddy parameters vary with water depth, with more anticyclones detected from the surface to 400 m, displaying a larger radius and longer propagation distance. Cyclones have longer lifespans and greater vorticity. However, beyond 400 m, there is not much difference between anticyclones and cyclones. Approximately 23.3% of the eddies reach a depth of 2000 m, with larger eddies tending to penetrate deeper. The eddies come in three different shapes, bowl-shaped (52.7%), lens-shaped (27.1%) and cone-shaped (20.2%). They exhibit annual and monthly distribution patterns. Due to its high latitude location, the Drake Passage has strong rotation and weak stratification, resulting in the generation of small and deep-reaching eddies. These eddies contribute to the formation of Antarctic intermediate water and lead to modulation of turbulent dissipation.
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1. Introduction


The Drake Passage (shown in Figure 1), a narrow and deep stretch of water that separates South America and the Antarctic Peninsula, serves as a choke point for the Antarctic Circumpolar Current (ACC), and plays significant role in the global oceanic and atmospheric systems [1]. The ACC flows through the Drake Passage from the south-west to the north-east, and it comprises three major fronts, namely, the Sub-Antarctic Front (SAF), the South Polar Front (PF) and the South Antarctic Circumpolar Current (SACCF), which are arranged from north to south [2]. The peculiar topographical features and instability of these fronts contribute to the formation of eddies [3,4]. Additionally, the presence of strong winds, large waves and intense currents in the area also play a crucial role in the formation and dynamics of ocean eddies in the Drake Passage.



Recent research has focused on understanding the behavior and dynamics of ocean eddies in the Drake Passage, which are important for the meridional transport of heat, salt and nutrients across the ACC and their influence on biogeochemistry. The strong zonal ACC creates a significant obstacle for cross-frontal interaction, but eddies can overcome this barrier by reducing potential vorticity gradients, flattening the isopycnals and facilitating cross-frontal transport [6,7]. Early analyses rely on ship measurements and mostly focus on individual eddies. Joyce, et al. [8] observed that the polar front was curved toward the equator to form a cold-core cyclone ring of 100 km diameter that drifted in a 5–10 cm s−1 direction to the north-east. Subsequent research by Hofmann and Whitworth [3] found that mesoscale activity within the Drake Passage is dominated by the migration of three cold-core rings and one warm-core ring within the SACCF north to the SAF south. In recent years, with the increasing availability of satellite observations and improvements in numerical models, extensive research on eddies in the Drake Passage have been carried out. The eddies in the Drake Passage are mainly distributed between the three fronts, with higher eddy kinetic energy between SAF and PF [9]. The number of eddies varies monthly, with a higher number of anticyclones occurring from March to May, while a greater number of cyclones happen in July and August [10]. Eddies in the Drake Passage are mainly generated by the oblique pressure instability near the front. The meandering of fronts due to rugged bottom topography and twisting, narrow, deep canyons result in the continuous shedding of cyclones and anticyclones [11]. The anticyclonic eddies are generated in coherence with the meandering of PF and SACCF, while the cyclones are mainly from the southern fronts associated with Ona Rise and Terror Rise [12]. Additionally, the eddies in the Drake Passage lead to a northward shift of the front [13], and the eddy momentum force affects the strength and number of ACC fronts [14].



In terms of the contribution of eddies to the meridional heat and salt transport, the values of meridional heat transfer in the ACC region range from −0.4 to −1.1 PW [15]. Along the mid-ACC path, the transient eddies are almost entirely responsible for transporting heat fluxes across the front [16]. Seasonally, the poleward eddies in the Antarctic frontal zone have the strongest eddy heat fluxes in the fall and winter [6]. Furthermore, eddies have a significant impact on distribution of biota and phytoplankton [17]. They can cause phytoplankton blooms around islands, and generate interannual variability in phytoplankton [18,19]. The eddies shed by fronts in the Drake Passage can transport high chlorophyll water up to 100 km offshore [20], and contribute carbon and nutrients that maintain the iron supply and phenology of phytoplankton blooms [21]. The frontal eddies generated in the ACC make cross-frontal fish transport possible [22].



Previous research has focused on the surface characteristics of eddies, including their interactions with fronts, biogeochemical processes and energy transport in the Drake Passage. However, the lack of research into the three-dimensional structures of eddies has limited our understanding of their dynamics and effects. The three-dimensional structures of eddies are essential in their development, sustenance and dissipation [23]. In recent years, many studies have been dedicated to exploring the three-dimensional structure of eddies in several oceans. For example, the three-dimensional structures of eddies in the South China Sea (SCS) have been constructed and discussed using a combination of moored and altimeter data [24]. More than 7000 Argo profiles have been used to determine the composition of the three-dimensional structure of eddies [25]. Additionally, research on the three-dimensional eddy structure in the SCS has been aided by the use of underwater gliders and AUVs [24,26]. Global 3D eddy statistics show that there is a clear latitudinal dependence of eddies, with “small and deep-reaching” eddies at high latitudes playing an important role in linking the deep ocean circulation and the surface circulation [27]. In the ACC, most of the eddies are deep (~2000 m), and have shorter, more chaotic trajectories compared to other seas, with propagation in all directions [28]. However, due to the frequent strong storms and harsh weather conditions in the Drake Passage, observations of the eddies are less frequent than in other areas. Therefore, most studies eddies in the ACC have focused on individual 3D eddy structures [29]. Studies on the 3D structure of eddies in the entire Drake Passage area are lacking, which limits our understanding of eddy induced material and energy transport and the distribution of biological process in the region. To address this, we use 10-year (2009–2018) GLORYS12 Mercator Ocean reanalysis data to identify and track the eddies in the Drake Passage and study their statistically characteristics, including position, number, radius, lifetime and penetrating depth and their 3D structures, etc. This study is the most comprehensive work on the three-dimensional structures of eddies in the Drake Passage, and can provide insights into eddy-induced transport, and help to reveal the linkage between the surface and deep-sea circulation.



The paper is structured as follows: Section 2 provides the materials and methods to detect eddies. Eddy dataset evaluation, the characteristics and three-dimensional structures of mesoscale eddies are discussed in Section 3. Finally, the discussion is provided in Section 4.




2. Materials and Methods


2.1. Materials


The GLORYS12 is a reanalysis product of global eddy-resolving physical ocean and sea ice reanalysis data at 1/12° horizontal resolution, covering the period from 1993 to 2018, produced by Mercator Ocean International in the context of the Copernicus Marine Environment Monitoring Service (CMEMS, https://marine.copernicus.eu, accessed on 13 January 2022) [30]. The system is based largely on the current real-time global forecasting CMEMS system [30,31], with ocean observations assimilated through a reduced-order Kalman filter. GLORYS12 assimilates the along-track sea level anomaly (SLA) from satellite altimetric data from CMEMS [32], AVHRR satellite sea surface temperature (SST) from NOAA, Ifremer/CERSAT sea-ice concentration [33] and in situ temperature and salinity vertical profiles from the latest CORA in situ databases [34,35]. Note that the CORA product integrated both data from autonomous platforms (Argo profiles, fixed moorings, gliders, drifters, sea mammals) and vessels (CTDs, XBTs, ferrybox). Compared to the deeper area, no CORA profiles are available in shallow area north of YB, so, in this area, GLORYS could be less accurate. Through quality assessments, GLORYS12 captures the main climate interannual variability signals for oceans [30,31]. It has 50 vertical levels, the velocity standard deviation of GLORYS12 data decreases from the surface down to a minimum of around 2000 m [36]. Ten years’ worth (2009–2018) of data above 2000 m were used to our study, with an uneven interval interpolation: the interval is 50 m for depths up to 150 m, 100 m for depths ranging from 200 to 700 m and 200 m for depths between 800 and 2000 m. GLORYS12 is a widely used and applicable dataset in the Drake Passage, exhibiting good agreement with Argo profiling floats [30]. In addition, a comparison of its EKE with that of the AVISO product shows a good agreement [31], and the general eddy structures and intensities in GLORYS12 align with altimeter data [37]. Moreover, the GLORYS12 data performed well in the Drake Passage, with a 99% agreement with measured data [36,38].



We incorporate the “Mesoscale Eddy Trajectory Atlas” product in our analysis (wombat.ceoas.oregonstate.edu, accessed on 13 January 2022). Eddies in this dataset are detected from the spatially high-pass filtered daily SLA of AVISO, which is considered the most popular eddy dataset [39] and is provided by Chelton, et al. (2011) [40]. The dataset provides global eddy characteristics, including eddy track, location, radius, amplitude, rotation speed and polarity. For more information about this eddy dataset, please refer to Chelton, et al. (2011) [40].




2.2. Methods


In this study, mesoscale eddies are primarily detected using current velocity from GLORYS12. The eddies are identified based on their strong rotational characteristics, accompanied by convergence and divergence motions, which correspond to a positive (negative) sea level anomaly (SLA) within anticyclonic (cyclonic) eddies [41]. There are several mesoscale eddy identification methods, including closed contour [40], Okubo-Weiss (OW) [42,43], winding angle (WA) [44] and the vector geometry-based eddy detection algorithm (VG) [45]. Among these, the VG method identifies the eddy boundary based on the outmost contour of stream function. This method retains the structural consistency of an eddy, and ensures the interior water is fully trapped [46]. The method results in a recognition rate improvement and a lower excess tracking rate of 1.1% as reported in [47]. The VG method is widely used to detect eddies in different seas [48,49,50,51], and also can be used for the identification of three-dimensional eddies [52,53]. Here, we use this method for the identification of two-dimensional eddies. For more detail about the VG method, please refer to Nencioli, et al. (2011) [45].



To detect 3D eddies, we first apply the VG method to 16 layers (surface to 2000 m depth) of the velocity field to obtain information on the location, polarity, radius, generation and termination time of eddies in each depth layer. Next, we determine the vertical direction of the eddy with the same polarity and generation time. If an eddy present in layer k under the condition of     s     i   k + 1   ,   j   k + 1   ,       k + 1 ) − s (   i   k   ,   j   k   , k )   <   1   4   × r     i   k   ,   j   k   , k    , then it is taken to be present in layer k + 1. Otherwise, the depth of this eddy is considered to be in layer k. Here, the notation (i, j, k) represents the location of the eddy center in the (x,y,z) coordinate system. The   s (   i   k + 1   ,   j   k + 1   , k + 1 )   and   s (   i   k   ,   j   k   , k )   are the position of the eddy center in layer k and layer k+1, respectively, and   r (   i   k   ,   j   k   , k )   is the radius of the eddy in layer k [54]. More details on this method can be found in Dong, et al. (2012) [52] and Lin, et al. (2015) [53]. Finally, a discrete 3D eddy dataset is obtained, which includes the polarity, generation and termination time, penetrating depth, drift distance, radius and position of the 3D eddies.





3. Results


3.1. Evaluation of GLORYS12 Dataset


Prior to utilizing GLORYS12 for eddy detection, we conducted a comparison of the surface kinetic energy (EKE) distribution between GLORYS12 and AVISO, as well as the 1/12° HYCOM data (Figure 2). The spatial distribution pattern of EKE obtained from GLORYS12 is consistent with the altimeter data, showing that a high value of EKE is located in a general north-east to south-west direction, along the path of ACC [12]. This direction corresponds with the three main fronts between the Subantarctic front and the Polar front, particularly north of the Yaghan Basin and the Northeast Scotia Sea Basin [37]. GLORYS12 exhibits higher EKE intensity compared to AVISO, due to its higher resolution (1/12°), which reveals more frontal and eddy instabilities and submesoscale processes like filaments around the three main fronts (Figure 2b). AVISO’s lower resolution (1/4°) results in a lower EKE intensity at the same location. Additionally, the flow field of AVISO only consists of geostrophic currents, which is another contributing factor (Figure 2a). In contrast, the EKE distribution of HYCOM has a weak correlation with AVISO, with the maximum EKE found in the north of the Yaghan Basin and along the south-west part of SAF, which differs from the other two datasets (Figure 2c). GLORYS12 and HYCOM display relatively consistent vertical EKE distributions at different depths in the Drake Passage. EKE generally decreases with water depth (Figure 3). As depicted in Figure 3, the surface exhibits the highest EKE values, with average values of 271.3 cm2 s−2, 492.4 cm2 s−2 and 317.8 cm2 s−2 obtained from AVISO, HYCOM and GLORYS12, respectively. The mean EKE difference between GLORYS12 and HYCOM at the surface is 174.6 cm2 s−2, but the difference between GLORYS12 and AVISO is 46.5 cm2 s−2. GLORYS12 data is different from the HYCOM model data in shallower depths, but similar to the AVISO data. Below 50 m, mean EKE from GLORYS12 and HYCOM are nearly identical. As depth increases, the mean EKE decreases to a minimum of 76.2 and 77.4 cm2 s−2 for GLORYS12 and HYCOM, respectively, at a depth of 2000 m (Figure 3).



Quality assessments were conducted on global ocean 1/12° physical reanalysis GLORYS12V1 [30,31]. The mean zonal velocity from 2003–2016 at 15 m and 900 m between GLORYS12 and the observation results (that are not assimilated in situ and Argo data) were compared. The results showed that the general circulation pattern, including major currents and their intensity, were well-represented in the Drake Passage. The vertical distribution of GLORYS12′s annual mean temperature was evaluated and compared to the Argo results. As shown in Figure 4a, the annual mean temperature varied with water depth. In the upper 250 m, the mean temperature of GLORYS12 was slightly higher than that of Argo by approximately 0.1–0.2 °C. The largest difference between the two datasets was at the bottom of the thermocline (about 110 m), reaching 0.32 °C. Beyond a depth of 250 m, the average temperature of GLORYS12 was approximately 0.12 °C lower than that of Argo. The vertical sections along 57.5°S (Figure 4b,c) showed similar patterns, with the average temperature in the west Drake Passage being higher than that in the east. In the western part of 60°W, a significant warm core temperature was observed, with the warm water mass extending to a depth of 1200 m. On the other hand, the two cold cores were located in the eastern region of the Drake Passage, with one cold core presented at the upper 200 m, and the other extending from 800 m to 2000 m. Moreover, in the upper 200 m, the warm core of GLORYS12 was more extensive than Argo, while the range was smaller at deeper depths. Correspondingly, the cold anomaly amplitude at depths of 800 m in GLORYS12 was larger, and the area was smaller than that of Argo. Overall, the vertical distribution of the annual average temperature for the two datasets was relatively consistent.



We further applied the VG method to identify eddies in AVISO, HYCOM and GLORYS12. A snapshot from each dataset is randomly selected and displayed in Figure 4. The eddies detected by GLORYS12 in the Drake Passage are more consistent with background flow field in AVISO than in HYCOM, which is similar to the EKE distribution (Figure 3). The larger and stronger eddies are primarily located near the three main fronts, while the meanders of the PF near the Northeast Scotia Sea Basin are more likely to shed eddies (Figure 5). Conversely, fewer eddies were detected in the north-west of the Drake Passage. Although HYCOM currents are stronger, fewer eddies were detected from the HYCOM data (Figure 5c). Therefore, GLORYS12 is better for eddy detection in the Drake Passage.



For statistical characteristics, the eddies detected by GLORYS12 are compared with the “Mesoscale Eddy Trajectory Atlas” product in the Drake Passage (45°W–70°W, 55°S–65°S). To reduce noise during eddy detection, several constraints are applied. Firstly, for the VG eddy detection method, at least three adjacent gird boxes are required, since the horizontal resolution of GLORYS12 is 1/12°, eddies with an average radius less than 25 km are removed, to avoid the misidentification of elongated features as eddies. Although eddies are ubiquitous in the Drake Passage, and short-lived eddies also play an important role in air-sea interactions in the area, eddies with lifetimes of less than 8 weeks are excluded in order to prevent uncertainty caused by the detection and tracking procedure, and to ensure the eddies are persistent.



There are two methods for counting the number of eddies: Lagrangian and Eulerian. The former considers the entire lifespan of an eddy as one, while the latter identifies one snapshot of an eddy as one. For example, if an eddy survived for 100 days, with Eulerian methods, it would have had 100 snapshots. Using the Lagrangian method, we tracked a total of 680 eddies over a 10-year period (2009–2018), including 332 cyclones (CEs) and 348 anticyclones (AEs) in the Drake Passage. For the Eulerian method, we detected a total of 58,540 eddy snapshots, of which 28,804 were cyclones and 29,736 were anticyclones. The number of AEs was slightly higher than CEs.



In comparison to GLORYS12 model results, the “Mesoscale Eddy Trajectory Atlas” dataset displays a total of 557 eddies, including 261 CEs and 296 AEs. The number of eddies detected by GLORYS12 was 22.1% higher than that of “Mesoscale Eddy Trajectory Atlas” dataset. The spatial distribution patterns between GLORYS12 results, and the “Mesoscale Eddy Trajectory Atlas” dataset (shown in Figure 6a,b) exhibit no significant contrast. The main concentration of the largest eddies is around three main fronts, particularly in the southern region of the Northeast Scotia Sea Basin. The Yaghan Basin, centered at 63°W, 55°S, has a higher concentration of eddies compared to other areas, mainly because of the existence of barotropic basin modes that have energy at intra-seasonal time scales [37]. Both datasets showed a rapid decrease in eddy numbers with increasing lifetime (Figure 6c,d). In the GLORYS12 reanalysis dataset, the number of eddies with lifetimes exceeding 8, 16 and 32 weeks were 161, 44 and 2, respectively. There are slightly more AEs than CEs with lifetimes of 20 weeks or less (Figure 6c). While CEs dominated among eddies with lifetimes exceeding 32 weeks. Except for the period of 21–22 weeks, the altimeter dataset indicates a greater occurrence of anticyclones than cyclones. Specifically, there are 13 more anticyclones that have a lifespan of 8 weeks compared to cyclones with the same lifespan. The lines in Figure 6c,d have different slopes. Figure 5c shows a more rapid decrease, indicating more short-lived eddies were detected in the GLORYS12 model, but with more eddies lasting 35 weeks. In contrast, Figure 6d shows a relatively flat decrease. Overall, the two types of data show a very similar trend.



To obtain the frequency of eddies in different regions of the Drake Passage during the ten-year study period (2009–2018), we first divided the entire area into several 1° × 1° grids. Next, we counted the number of days on which eddies appeared in each grid over the ten-year period. Finally, the eddy appearing days was divided by 3652 days (the number of days in 10 years) to obtain the frequency of eddies in each grid (Figure 7a,b). Eddies with a lifetime of less than 8 weeks are distributed in almost all regions of the Drake Passage and are relatively discrete, but the frequency of eddies occurring in the north-east region is higher than that in other regions (Figure 7a). For eddies with lifespans longer than 8 weeks, most of them are concentrated in areas with water depths exceeding 2000 m, especially near the three main fronts (Figure 7b). The deeper water regions—such as the Former Phoenix Plate Basin, the Yaghan Basin and the Ona Basin, the Endurance Fracture Zone and the Shackleton Fracture Zone (see Figure 1)—have a higher frequency of eddies. The spatial distribution of eddy polarity in 1° × 1° grids for different lifespan intervals is presented in Figure 7c,d. Eddy polarity, which reflects the dominance of cyclones or anticyclones in a region, is calculated using   P = (   F   A E   −   F   C E   ) / (   F   A E   +   F   C E   )  , where     F   A E     and     F   C E     are the number of anticyclones and cyclones appearing in each grid point, respectively. Hence, if P > 0, it implies that there are more anticyclones than cyclones in that grid point (as the orange bins shown), and vice versa [45,49]. The polarity of eddies varies more in the bend of the fronts. The distribution of eddies is consistent with the EKE distribution shown in Figure 2, suggesting that these eddies between SAF and SACCF are more representative of the characteristics of eddies in the Drake Passage.



Since our aim is to study the three-dimensional structure of the eddies, we compared the penetrating depth of eddies with and without these thresholds (lifetime > 8 weeks, mean radius > 25 km) for 3D detection. For non-threshold eddies, 58.9% could reach depths of less than or equal to 300 m, while only 15.7% and 8% of eddies could reach depths of 700 m and 1000 m, respectively, meaning that only 17.4% of the eddies had a depth exceeding 1000 m (Figure 8a). Most short-lived eddies are usually weak, so they do not penetrate as deep as the long-lived eddies. Moreover, as shown in Figure 7a, eddies with lifespans of less than 8 weeks tend to be located in shallow water areas. However, eddies with a lifetime of >8 weeks and a mean radius of >25 km are always located in areas with water depths exceeding 2000 m, and can reach significantly deeper. The proportion of eddies with depths of over 1000 m increased to 32.5%, and 23.3% of eddies could reach 2000 m (Figure 8b).



In summary, the GLORYS12 reanalysis data is suitable for analyzing eddies in the Drake Passage. Since GLORYS12 could be less accurate north of the YB, where eddies live for less than 8 weeks—and also because the resolution of the GLORYS12 data is 1/12°—we used lifetimes exceeding 8 weeks and average radii larger than 25 km as thresholds for further study.




3.2. Eddy Radius, Voriticity and Propagation


A total of 680 eddies were detected using the 3D eddy detection method, with an average lifetime of 12.3 weeks and an average propagation distance of 97.8 km. The distribution of propagation distances peaks around 50–100 km, with 70.1% of the eddies having a propagation distance between 50 and 150 km (Figure 9a). The numbers of eddies with propagation distances greater than 50, 150 and 250 km are 575, 98 and 13, respectively. The average propagation distance of cyclones (96.7 km) is slightly smaller than that of anticyclones (98.9 km), with the number of cyclones slightly more than that of anticyclones for propagation distances of less than 60 km. However, the number of anticyclones becomes slightly more than that of cyclones as the propagation distance increases. The radius distribution of the cyclones and anticyclones are shown in Figure 9b. They range from 25 to 85 km with an average radius of 35.5 km, and are strongly skewed toward 25–45 km. Approximately 49.9% of the eddies are concentrated between 30 km and 35 km, while only 0.3% of the eddies have a radius greater than 65 km. The distribution of eddy radii is significantly skewed toward large values for anticyclonic eddies. For eddies with an average radius of 25 km to 30 km, there are more cyclones, while, for eddies with a larger radius, there are more anticyclones. The mean lifetime of cyclones (12.4 weeks) is almost same as that of anticyclones (12.2 weeks). For eddies with a lifetime of less than 10 weeks, there are 16 more anticyclones than cyclones. However, as the lifetime of the eddies increases, the difference between the number of cyclones and anticyclones becomes smaller, and, after more than 20 weeks, the number of cyclones slightly exceeds that of anticyclones. Regarding the absolute value of eddy vorticity, it is notable that 90.1% of eddies exhibit an absolute value of vorticity greater than 1.5 × 10−5 s−1 (Figure 9c). The distribution of vorticity features two distinct peaks, occurring at 2 × 10−5 s−1 and 3 × 10−5 s−1, respectively. The average absolute value of vorticity for cyclones and anticyclones is 2.4 × 10−5 s−1 and 2.2 × 10−5 s−1, respectively. It is worth noting that more cyclones have vorticity values greater than 2.5 × 10−5 s−1, while anticyclones typically have vorticity values of less than 2.5 × 10−5 s−1.



It reveals that, in the Drake Passage, there is a positive correlation between eddy radius or vorticity and their lifetime, eddies with a larger radius or vorticity generally have a longer lifetime. Additionally, it appears that anticyclones tend to have longer propagation distances and larger mean radii than cyclones.



Mesoscale eddies are capable of transporting sea water during their movements, which, in turn, can affect the transport of various properties. The eddy propagation speed and direction are generally influenced by mean currents, and complex sea-air interactions can have an impact on the motion of eddies, too. Figure 10a,b illustrates the relative propagation trajectories of CEs and AEs, where both types of eddies start at the origin (0°N, 0°E), and their propagation trajectories are determined in relation to latitude and longitude, respectively. Generally, the average speed of eddies in the Drake Passage is 1.95 cm s−1, and both cyclones and anticyclones have an average velocity of around 1.91 (1.98) cm s−1. The propagation direction of most eddies is north-eastward for cyclones and anticyclones (Figure 10), accounting for 44.8% and 44.7%, respectively. The proportions of eddies in the other three quadrants are similar. Most eddies have propagation distances within 1 degree, consistent with Figure 9, while a few eddies can travel up to nearly 5 degrees. Both cyclones and anticyclones tend to move toward the equator, with cyclones accounting for 65% and anticyclones 64%. The mean zonal movement distances of CEs and AEs are 0.23 and 0.21 degrees, respectively, indicating the dominance of the eastward trend. This is inconsistent with previous research findings [41], which suggested that most cyclonic eddies move poleward, while most anticyclonic eddies move equatorward. In the zonal direction, both CEs and AEs move mainly westward within 50°S–50°N. The interactions between eddies and the Antarctic circumpolar current play a significant role in eddy movements in the Drake Passage, which is related to the flow direction of ACC as the background flow field. Compared with Kuroshio, eddies in the Drake Passage tend to have smaller propagation distances, shorter lifetimes and smaller radii. This is partly due to the fact that the latitude of Drake Passage is higher, and the Rossby deformation radius is smaller. It also because the Antarctic circumpolar current is a significant easterly flow with an average speed of less than 20 cm s−1 [55], which offsets the westward movement caused by the combined effects of the   β   effect and self-advection [41].




3.3. EOF Analysis of Eddy Annual and Monthly Variations


We utilized the EOF method to analyze the spatial and temporal variations of eddy numbers over 10 years (2009–2018) (Figure 11). Initially, we performed an EOF analysis of eddy numbers in a 1° × 1° grid to seek modes that correspond to the patterns and variation of time coefficients. Seven EOF modes are needed to represent 90% of the total variance. The first four EOFs accounted for 22.8%, 19.6%, 17.8% and 10.85% of the total variance and the spatial structures, respectively. The first EOF mode of both monthly and annual eddy numbers (Figure 11a,c) displays several standing eddies staggered in the south of SAF and the north of SACCF, which have a south-west–north-east direction, and are consistent with the positions of main fronts. In the annual distribution (Figure 11a), the eddies are particularly noticeable in significant fracture zones, such as the Endurance Fracture Zone (centered at 51°W, 57°S) and the Shackleton Fracture Zone (centered at 60°W, 59.5°S, as shown in Figure 1), where the frontal inflection is significant (consistent with Figure 7). For the principal components depicted in Figure 11b, the eddy numbers display significant interannual variations. In 2009, 2011, 2013 and 2015, the number of eddies was higher in the red area and lower in the blue area, and this variation decreases in magnitude over the years. The first mode pattern of the monthly eddy number variation exhibits more apparent spatial and temporal variations (Figure 11c,d). Take the PF as a boundary, the eddy numbers north and south of PF exhibit a seesaw pattern, with mainly positive values from October to February and June to August, indicating that eddy numbers increase in the south of the PF, especially in the Ona Basin, while they decrease north of the PF. From March to May, the pattern switches, with a decrease (increase) in eddy numbers in the south (north) of the PF.




3.4. Eddy Variations with Water Depth


By examining the spatial distribution of the eddies (Figure 7a), it is apparent that the regions with the highest concentration of eddies are located in deeper waters, prompting us to investigate whether the activity of the eddies is related to the water depth of their locations. In this regard, we analyzed the eddy lifetime, mean radius, maximum radius, propagation distance and mean water depth at the location of the eddy. Figure 12 reveals that all the eddies in the Drake Passage with a mean radius larger than 25 km are distributed in waters deeper than 3500 m. This finding is consistent with previous research [56], which showed that eddies in the Southern Ocean are absent in water depths less than 2000 m. A significant portion (83%) of eddies in the Drake Passage are concentrated in water depths of 4500–5500 m water depth. Eddies with longer lifespans travel farther distances, and for eddies with a propagation distance greater than 300 km, their lifespan is typically greater than 25 weeks, and their average water depth is approximately 5500 m. However, no clear pattern exists between the lifespan of eddies and their average radius. From the relationship between the propagation distance and the average radius, the average radius of the more distant eddies ranges from 30 km to 50 km.



We conducted an analysis of the vertical characteristics of eddies, focusing on eddy numbers, average radius and lifespan with respect to water depth (Figure 13). The eddy number gradually decreases as the water depth increases. The highest number of eddies, totaling 734, is observed at a depth of 50 m. Above 400 m, the number of anticyclones slightly exceeds the number of cyclones, particularly at 50 m, where there are 40 more anticyclones than cyclones. Below 400 m, the difference in count between cyclones and anticyclones are negligible (Figure 13a). On average, the radius of anticyclones is slightly larger than cyclones, with the average radius decreasing with increasing water depth (Figure 13b). The mean radius of anticyclones across all depths, ranging from the surface to 2000 m, is 34.6 km (with a standard deviation of ±7.6 km), whereas for cyclones, it is 34.0 km (with a standard deviation of ±6.9 km). The largest average radius of anticyclones is found at around 400 m depth, where it is 1.5 km larger than cyclones. Beyond 900 m depth, the difference in average radius between cyclones and anticyclones is not significant, and at 1500 m the radius of cyclones is only 0.3 km larger than for anticyclones. However, the mean radius of anticyclones is still larger than for cyclones below 1500 m. The lifespan of eddies does not vary significantly with water depth, with an average lifespan of 12.8 weeks from the surface to 2000 m, and cyclones generally live longer than anticyclones (Figure 13c). This difference is more noticeable in the region above a depth of 400 m. Between 400 m and 900 m, the lifespans of the two types of eddies are comparable, but the standard deviation of anticyclones is slightly greater than that of cyclones. The lifespans of anticyclones are only longer than cyclones in the 900 m to 1500 m range, except at 1100 m, where the lifespan of cyclones is longer than anticyclones by up to 4.8 days.



Most eddies are found in regions where the water depths exceed 3500 m, with only a small percentage found in shallower waters (Figure 14). Eddies with a larger average radius are capable of reaching deeper depths. Eddies with radii smaller than 40 km can only penetrate to a maximum depth of 500 m. Eddies ranging from 40–80 km can penetrate to depths greater than 1500 m. Although the surface radius of the eddies is greater than 25 km, the average radius of these eddies at other depth is somewhat smaller, indicating that eddy shapes are different. Thus, further discussion is required to fully understand the three-dimensional structures of eddies.



According to previous research [53,54], three distinct three-dimensional eddy structures have been identified and named: bowl-shaped, cone-shaped and lens-shaped. Figure 15 displays three types of eddy shapes that each penetrating to a depth of 2000 m. The bowl-shaped anticyclone has a maximum radius of 28.2 km at surface and a minimum radius of 13.7 km at 1700 m. It has a warm core, with the warm anomaly extends down to 400 m. The tilting distance from eddy center in surface layer to the center in bottom layer is 5.3 km. The profiles of salinity anomaly and velocity also show significant anticyclone signals. The bowl-shaped cyclone has a maximum radius of 37.6 km at the surface, decreasing to a radius of 14.0 km at 2000 m. Its isotherm rises significantly, with a temperature anomaly greater than 0.5 °C compared to its surroundings. The center of this cold core is located at the surface and extends to a depth of 500 m, with a tilting distance of 5.5 km.



At a depth of 2000 m, the cone-shaped cyclone and anticyclone have maximum radii of 54.9 km and 55.3 km, respectively. The strongest warm temperature anomaly cores are between 300 to 800 m, with strong downwelling at the eddy center, and the velocity of the eddy boundary is 0.4 m s−1. The upwelling of the cold- ore occurs up to 500 m, and the tilting distance of the cone-shaped anticyclone and cyclone are 4.9 km and 5.1 km, respectively.



The maximum radii of the lens-shaped anticyclone and cyclone are 47.9 km and 45.4 km, respectively, at depths of 1100 m and 900 m. The tilting distances of the other two eddies are 10.0 km and 5.2 km, respectively. The tilting distance of six cases ((a)–(e)) is around 5 km, which is consistent with previous results, and this is mainly due to their slow translation speed in each depth [51].



We categorized eddies that can penetrate to depths of 300, 700, 1100, 1500 and 2000 m into five groups. In each group, three types of three-dimensional eddy structures (bowl-shaped, cone-shaped and lens-shaped) are discussed. Figure 16 shows the variations in the number of these five groups of eddies. We found that the number of eddies with a penetrating depth of 2000 m is the largest, accounting for about 50% of all eddy snapshots, with 5822 cyclones snapshots and 5511 anticyclones snapshots. The number of eddies in the other four categories does not change much, with the total number of eddies varying between 2600 and 3200. Additionally, the number of anticyclones is slightly more than the number of cyclones in all other water depths except for eddies reaching 1500 m. For all five types of eddies at different water depths, bowl-shaped eddies are the most common (52.7%), followed by lens-shaped eddies (27.1%), and cap-shaped eddies are the least (20.2%), which is consistent with the findings in the western Pacific Ocean [57]. Moreover, for eddies reaching depths of 300 m and 700 m, the number of lens-shaped eddies and cone-shaped eddies were comparable, but for those deeper eddies, where the number of lens-shaped increased significantly compared to cone-shaped. Except for eddies reaching 2000 m depth, bowl-shaped eddies are more anticyclones than cyclones at all water depths.



Most of the Drake Passage eddies are small and can reach a depth of 2000 m. We explored the annual and monthly variations in the number of those eddies (Figure 17). On average, 1133 instantaneous eddies occur each year, but there is large interannual variability, with a minimum of 845 eddies in 2009 and a maximum of 1400 eddies in 2015. The number of cyclones and anticyclones varies significantly from year to year. The number of anticyclones was the smallest in 2009, with a count of 393, while the number of cyclones was the least in 2010, with a count of 398. In the years 2011–2012, and 2017–2018, there were more cyclones than anticyclones, with the highest number of cyclones occurring in 2018 with 806. While the rest of the years had fewer cyclones than anticyclones. The three types of eddies also show annual variations, with the largest number of bowl-shaped eddies occurring in 2015. Lens-shaped eddies had the highest number in 2012, with 421 (35%), while cone-shaped eddies had the highest number in 2018, with 389 (28%).



For the monthly variation, the total number of eddies is the lowest from March to April, and the highest from May to July. For other months, the number of eddies shows relatively little variation. Cyclones and anticyclones also exhibit monthly patterns, with more cyclones than anticyclones in five months, namely January, May and October to December. November has the highest number of cyclones with 641. Conversely, anticyclones dominate over cyclones in the remaining seven months, with July having the highest number of anticyclones at 680. In November, the difference in the number of cyclones and anticyclonic eddies was the largest, with 243 more cyclones than anticyclones, while, in September, the difference was the smallest, with 14 fewer cyclones than anticyclones. The three types of eddies exhibit distinct monthly trends, bowl-shaped eddies peak in June and reach their lowest point in March, while lens-shaped eddies peak in January, and have their lowest occurrence in March. Cone-shaped eddies show a peak in May and a trough in August. Overall, bowl-shaped eddies occur most frequently, followed by lens-shaped eddies and cone-shaped eddies. However, cone-shaped eddies are more prevalent than lens-shaped eddies in March.





4. Conclusions


Using 10 years of GLORYS12 Mercator Ocean reanalysis data (2009–2018), a three-dimensional statistical analysis of eddies in the Drake Passage was conducted. The accuracy of the GLORYS12 data was confirmed by comparing its results with satellite altimetry data and HYCOM model output, which showed good agreement with AVISO data. The surface spatial distribution and statistical characteristics of eddies were found to be consistent with Chelton’s eddy dataset. A 3D eddy dataset at 16 unevenly spaced vertical levels, ranging from the surface to 2000 m was obtained, including eddy temporal evolution of their characteristics, such as location, lifespan, radius, vorticity, propagation speed and distance. A total of 680 eddies, including 332 cyclones and 348 anticyclones, were detected for lifetime > 8 weeks and mean radius > 25 km. The mean lifespans of AEs and CEs were found to be 12.4 weeks and 12.2 weeks, respectively, with no significant difference between the two types of eddies from the surface to 2000 m. The average radius of eddies was 35.5 km, with about half of the eddies concentrated between 30–35 km, which is two to three times the baroclinic Rossby deformation radius. The variation of eddy radius with depth was found to be insignificant. The absolute value of vorticity for 90.1% of eddies was greater than 1.5 × 10−5 s−1, with mean values of 2.4 × 10−5 s−1 for cyclonic eddies and 2.2 × 10−5 s−1 for anticyclonic eddies. Most of the eddies in the Drake Passage propagated north-eastward, influenced by the Antarctic Circumpolar Current, with an average propagation speed of 1.95 cm s-1 and average distance of 97.8 km. About 32.5% of eddies included 50% of eddy snapshots that penetrated deeper than 1000 m, and 23.3% reached a depth of 2000 m. Larger eddies were found to penetrate deeper, and were located over complex and deep-sea floor (>3500 m). Overall, anticyclones were found to be more prevalent from the surface to 400 m, exhibiting larger radius, and longer propagation distance, while cyclones had longer lifespans and greater vorticity. Between 400 and 2000 m, both anticyclones and cyclones demonstrated consistent values in terms of radius, lifetime and vorticity, but the anticyclones always have deeper penetration depth from surface to 2000 m.



Out of all eddies in the Drake Passage, 52.7% are bowl-shaped, and have the largest radius at the surface, followed by 27.1% lens-shaped eddies, with the largest radius at the middle-depth. The least common are cone-shaped eddies, with the largest radius at the eddy bottom. The occurrence of eddies in the Drake Passage varies annually and monthly, with more eddies in 2015 and fewer in 2009. Anticyclones outnumbered cyclones for four years (2011–2012 and 2017–2018), while cyclones outnumbered anticyclones for the remaining six years. For the monthly variation, the total number of eddies was the lowest from March to April and the highest from May to July. EOF analysis revealed significant annual eddy distribution in the Endurance Fracture Zone and the Shack Fracture Zone, while the monthly distribution of eddy number shows a seesaw pattern between the north and south of the PF. The Yaghan Basin is a region of cyclogenesis, and the Ona Basin is populated with deep-reaching eddies. The Drake Passage, located at high latitude with strong rotation and weak stratification, is more likely to generate small and deep-reaching eddies. These eddies are trapped by bottom topography; they do not propagate much, and their radius also not change too much. These deep-penetrating eddies not only affect the formation and ventilation of Antarctic intermediate water, but also interact with topography and induce turbulent dissipation modulation.
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Figure 1. Bottom topography (m) of the Drake Passage. Black thick lines represent the climatological location of the major ACC fronts. Park et al. [5] have made the data on the geographical locations of five altimetry-derived fronts of the Antarctic Circumpolar Current available for open access. The data can be downloaded from https://www.seanoe.org/data/00486/59800/. From north to south: the Subantarctic Front (SAF), the Polar Front (PF) and the Southern ACC front (SACCF). The SAF and PF exit the Drake Passage and enter the Argentine Basin. The main basins in the Drake Passage are: the Former Phoenix Plate Basin (FPPB), the Yaghan Basin (YB), the Ona Basin (OB) and the Northeast Scotia Sea Basin (NESSB). The EFZ and SFZ represent the Endurance Fracture Zone and the Shackleton Fracture Zone, respectively. The 2000 m isobaths are represented by thick gray lines. 
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Figure 2. Mean eddy kinetic energy (EKE, cm2 s−2) calculated from gridded surface geostrophic current anomalies during 2009–2018. (a) AVISO; (b) HYCOM; and (c) GLORYS12. The three black thick lines are the climatological location of three main fronts. 
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Figure 3. The vertical distribution of area-averaged eddy kinetic energy (EKE), along with their corresponding standard deviations. The orange lines and shades are from HYCOM data, while the purple ones represent GLORYS12′s result. At the surface, the mean EKE values calculated from AVISO, GLORYS12 and HYCOM are represented by blue, purple and orange points, respectively. 
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Figure 4. (a) The vertical distribution of area-averaged annual mean temperature. The black and red lines are vertical annual mean temperature from the Argo and GLORYS12 dataset, respectively. (b) The vertical sections of temperature along 57.5°S (the median latitude of the study area) from the Argo data, (c) are the same as (b), but the data is from GLORYS12. The Argo data was downloaded from https://argo.ucsd.edu/data/argo-data-products/, accessed on 2 May 2023. 






Figure 4. (a) The vertical distribution of area-averaged annual mean temperature. The black and red lines are vertical annual mean temperature from the Argo and GLORYS12 dataset, respectively. (b) The vertical sections of temperature along 57.5°S (the median latitude of the study area) from the Argo data, (c) are the same as (b), but the data is from GLORYS12. The Argo data was downloaded from https://argo.ucsd.edu/data/argo-data-products/, accessed on 2 May 2023.
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Figure 5. Snapshots of the eddy distribution on the same date (6th November, 2010). (a) AVISO; (b) GLORYS12; (c) HYCOM. The quivers represent velocity directions and colors are the absolute velocity. 
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Figure 6. (a) The spatial distribution of eddies with radius greater than 25 km and lifespan greater than 8 weeks obtained using GLORYS12 model; (b) results from “Mesoscale Eddy Trajectory Atlas” product. The variation of eddy number with lifespan obtained by different datasets: (c) eddy number varied with different lifespans from GLORYS12 data and (d) the Chelton dataset. 
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Figure 7. Ratio distribution of eddies production sites in a 1° × 1° grid for various lifespan ranges and corresponding distribution of eddies polarity: (a) distribution of eddy with an average lifespan of less than 8 weeks; (b) eddy with average lifetime of longer than 8 weeks; (c) the distribution of eddy polarities with a lifespan of fewer than 8 weeks; (d) is the same as (c), but for lifespans of more than 8 weeks. The orange bins indicate a higher count of anticyclones compared to cyclones; the blue bins represent a higher count of cyclones over anticyclones. 
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Figure 8. Distribution of penetrating depth for eddies detected using the 3D eddy detection method. (a) The penetrating depth distribution of original eddies without any thresholds; (b) the penetrating depth distribution of eddies with the applied thresholds, i.e., eddies with lifespans greater than 8 weeks and mean radii greater than 25 km. The percentages represent the proportion of eddies at different penetration depths, with a black font for those less than 1000 m and gray and white fonts for those exceeding 1500 m. 
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Figure 9. The number of eddies varied with eddy parameters during their lifespans. (a) Propagation distance, (b) average radius, (c) absolute value of vorticity. 
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Figure 10. The deflections and average displacement of propagation trajectories. (a) Propagation trajectories of all CEs from their initial positions (set as 0°N, 0°E). (b) Same as (a) but for all AEs. Negative changes in longitude (latitude) indicate westward (poleward) movement, while positive changes in longitude and latitude represent eastward and equatorward, respectively. The histograms on the right panels show the average movement of each eddy trajectory along (c) longitude and (d) latitude. The blue and red lines represent CEs and AEs, respectively. 
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Figure 11. EOF analysis of eddy numbers in 1° × 1° grid and their corresponding time coefficients. (a) The first EOF mode of the annual eddy numbers; (b) the corresponding principal components. (c,d) are similar to (a,b), respectively, but for monthly eddy numbers. The three thick black lines from north to south represent SAF, PF and SACCF, respectively. 
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Figure 12. (a) The water depth where eddies occur and the relationship between their lifespan and propagation distance; (b) similar to (a), the relationship between water depth and eddy lifespan and mean radii; (c) the relationship between the maximum radius of eddies and their lifespans and propagation distance; (d) the relationship between the mean radius of eddies and their lifespans and propagation distance. 
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Figure 13. Eddy parameters varied with water depth. (a) Eddy number; (b) mean radius; (c) mean lifetime. The blue lines are the mean values of cyclones, and the red dashed line represents the mean values of anticyclones. The blue and red patches represent the standard deviations of cyclones and anticyclones, respectively. 
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[image: Remotesensing 15 02462 g013]







[image: Remotesensing 15 02462 g014 550] 





Figure 14. Distribution of mean radius and penetrating depth of eddies varied with water depth. The color represents eddy penetrating depth. 
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Figure 15. The three types of eddies with distinct vertical structures. (a) The bowl-shaped cyclones (anticyclones) and their temperature, salinity anomaly and velocity along longitude through eddy center; (b) same as (a), but with examples of cone-shaped cyclones (anticyclones); (c) lens-shaped cyclones (anticyclones). The thick black solid lines denote the eddy centers, while the dashed black lines are contours representing the outermost enclosed streamlines surrounding these centers, thus, delineating the eddy boundaries. 
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Figure 16. The number of different three-dimensional structures for different water depth eddies. Dark blue (orange) circles represent bowl-shaped anticyclonic (cyclonic) eddies, yellow (purple) diamonds represent cone-shaped anticyclonic (cyclonic) eddies and green (light blue) squares are lens-shaped anticyclones (cyclones). 
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Figure 17. (a) Annual and (b) monthly variation of three different structures of eddies reaching depths of 2000 m. The purple, dark blue and light blue bars represent bowl-shaped, cone-shaped and lens-shaped cyclones, respectively. The magenta, pink and orange bars represent anticyclones with different 3D structures. 






Figure 17. (a) Annual and (b) monthly variation of three different structures of eddies reaching depths of 2000 m. The purple, dark blue and light blue bars represent bowl-shaped, cone-shaped and lens-shaped cyclones, respectively. The magenta, pink and orange bars represent anticyclones with different 3D structures.
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