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Abstract

:

Mesoscale eddies are known to enhance diapycnal mixing in the ocean, yet direct observation of this effect remains a significant challenge, especially in the robust Antarctic Circumpolar Current (ACC). To quantify the diapycnal mixing induced by mesoscale eddies in the standing meander of the ACC, satellite altimeter and Argo profile data were combined to composite eddies, where the 1.6 m dynamic height contour was used for the first time instead of the climatological Northern Sub-Antarctic Front (SAFN) to define the northern boundary of the ACC to eliminate the influence of frontal shift. The 3D structures of the composite anticyclonic/cyclonic eddy (CAE/CCE) were obtained. Both the CAE and CCE were similar in shape to Taylor columns, from sea surface to the neutral surface of 28.085   kgm  − 3    (1689 ± 66 dbar) for the CAE, and from sea surface to 28.01   kgm  − 3    (1491 ± 202 dbar) for the CCE. On the same neutral surface, the diffusivity ( κ ) inside the CCE was one to two orders of magnitude higher than that inside the CAE. Vertically, the maximum influence depth of the CCE on  κ  reached 1200 dbar, while for the CAE, it reached 800 dbar, where  κ  exceeded   O  (  10  − 4   )     m 2   s  − 1    , and  κ  gradually decreased from these depths downwards.
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1. Introduction


Mesoscale eddies play a significant role in enhancing turbulent mixing in the global ocean [1]. Diapycnal mixing drives vertical transport of water and nutrients and is crucial for closing the global overturning circulation in the eddy-rich Southern Ocean [2,3]. Mesoscale eddies are prevalent in the Antarctic Circumpolar Current (ACC), especially in the hot spots with rough topography [4]. The topography in the standing meanders of the ACC drives the generation, propagation, and breaking of internal waves that contribute to turbulent mixing (e.g., [5,6]). However, the impact of mesoscale eddies on mixing in the Southern Ocean remains poorly understood [7,8,9]. In addition, the ACC is full of fronts that shift with time and enhance diapycnal mixing [3,10,11]. Therefore, quantifying diapycnal mixing induced by mesoscale eddies while mitigating the impact of frontal shifts simultaneously presents a formidable challenge.



Proper three-dimensional observations of mesoscale eddies would greatly assist in their evaluation of diapycnal mixing. Three categories of methods have been used to explore mesoscale eddies: observational case studies (e.g., [12,13]), composite analyses to construct eddies (e.g., [4,14]), and model investigations (e.g., [15]). The second and third methods primarily explore the contribution of mesoscale eddies to the larger-scale processes or impacts such as water mass, heat, or salt transport (e.g., [16,17,18,19]). However, almost none of these composite-based studies investigate small-scale processes influenced by mesoscale eddies in the Southern Ocean, especially in hotspots of the ACC.



The ACC, the largest current in the Southern Ocean, combines upper and lower layers and has a ventilated thermocline of circulation with sloping neutral density surfaces [20,21]. Standing meanders serve as hotspots for ventilation and subduction with strong interior mesoscale stirring [9]. Moreover, standing meander regions have high eddy kinetic energy (EKE) with vigorous mesoscale eddy fields [22,23], are major pathways for upwelling deep water [24], and play a pivotal role in transporting heat, salt, and water masses [25,26,27]. Mesoscale eddies with upward propagating internal waves enhance mixing in the standing meander region [13,28].



Here, we improve the composite analysis method using dynamic height to investigate the three-dimensional (3D) structure of diapycnal mixing due to mesoscale eddies in the ACC Macquarie Ridge (MR) region, which is one of the major standing meanders of the ACC, extending from 47°S to 58°S between Australia and New Zealand with rough topography [24,29,30]. Our study also builds on the observed shear-strain variance ratio (  R ω  ) within mesoscale eddies of [13] to estimate composite eddy mixing using fine-scale strain parameterization. Previous study [13] observed   R ω   using Electromagnetic Autonomous Profiling Explorer (EM-APEX) floats in the MR region. The mean vertical values of   R ω   exhibit approximately 6 throughout most of the water column above 1600 m within both anticyclonic and cyclonic eddies. More details about the methods and data are described in Section 2. Section 3 investigates the horizontal, vertical, and 3D structures of composite mesoscale eddies and their impact on mixing along the neutral surface. Section 4 provides a concluding discussion and conclusions of the study.




2. Materials and Methods


2.1. Materials


2.1.1. Mesoscale Eddy Trajectory Atlas Product


We used the Mesoscale Eddy Trajectory Atlas dataset (META3.1exp), distributed by AVISO+, https://www.aviso.altimetry.fr/en/data/index.php?id=3280 (accessed on 17 April 2022), where the Eddy Tracker algorithm provides eddy position, speed, effective radius, and associated shape contours [31]. In addition, the dataset provides daily information on mesoscale eddies with lifecycles exceeding 10 days observed from January 1993 to March 2020.




2.1.2. Argo Profiles


This study utilizes quality-controlled Argo profiles. These profiles exhibit a vertical resolution of approximately 2 m and encompass depths exceeding 1000 m. The temporal scope of the dataset spans from January 2000 to July 2020 and is sourced from the European Research Infrastructure Consortium (ERIC).




2.1.3. The Other Data


Sea level anomaly is provided by Copernicus Marine with one-day temporal resolution and 0.25° × 0.25° spatial grid from January 1993 to December 2021. Bathymetry is provided by ETOPO1, which is a 1 arc-minute global relief model of Earth’s surface that integrates land and ocean topography. The positions of the main Southern Ocean Polar Fronts, Northern Sub-Antarctic Front (SAFN), Sub-Antarctic Front (SAF), and Polar Front (PF), computed from AVISO DUACS REF MSLA are taken from https://www.aviso.altimetry.fr/en/data/products/value-added-products/acc-fronts-product.html (accessed on 17 June 2019). We used weekly mean front positions between 21 October 2009 (the start time of the Argo profiles we used in Figure 1) and 19 April 2013.





2.2. Methods


2.2.1. Eddy Composite Analysis


To display the 3D structures of mesoscale eddies, the composite analysis method was employed and improved, following [4,16,32] and others. We will describe the improvement in detail in the following three steps:



In step 1, we chose the research area as the Antarctic Circumpolar Current (ACC) near the Macquarie Ridge (MR), spanning from 50°S to 60°S and 140°E to 170°E, as shown in Figure 1. Within this research region, we filtered a total of 13,150 Argo profiles that met the quality control criteria, with a vertical resolution of 2 m and an observation depth exceeding 1000 m. We utilized the mesoscale eddy dataset META3.1exp available in this region to identify the mesoscale eddy centers and shapes. Subsequently, we selected Argo profiles located within the mesoscale eddies, resulting in 782 (740) Argo profiles inside of AEs (CEs). To improve the accuracy of eddy identification, we double-checked the sea level anomaly (SLA) at the eddy centers and the location of Argo profiles inside them, ensuring that the SLA values are positive (negative) for AEs (CEs). Consequently, we obtained 751 (405) Argo profiles inside of AEs (CEs), which collected information on mesoscale eddies across all latitudes in the MR region, as depicted in Figure 1 and Table 1. Because positive SLAs in CEs occur more frequently than negative SLAs in AEs, the final numbers of Argo profiles in CEs and AEs show significant differences.



In step 2, dynamic height (DHT/m) was used to classify different water masses, as each DHT value is associated with a specific hydrographic profile in the ACC [27,33]. DHT was calculated at 100 dbar referenced to 2000 dbar, which minimizes the influence of mixed layer variability and encompasses all information of the Argo profiles, as 55% of Argo profiles we used have depths exceeding 1990 dbar. For Argo profiles with reference depths less than 2000 dbar, we corrected them using the linear correlation between pressure and DHT from profiles (2529 in total) with depths exceeding 2000 dbar within the study area [34]. To mitigate the impact of shifting fronts on composited mesoscale eddies over 20 years, especially to differentiate the warmer and saltier water of subtropical regimes from the ACC waters, the 1.6 m DHT contour was used as the climatological SAFN to define the northern boundary of the ACC (Figure 1), which suggested by gravest empirical mode (GEM) climatological data [34,35].



Additionally, we examined the variation of temperature and salinity with respect to DHT in the MR region, as shown in Figure 2, and divided the hydrographic characteristics of the study area into five intervals based on DHT. The group with DHT < 0.83 m belongs to the south of the PF, characterized by a very cold surface and south of where the temperature minimum below the surface develops [36,37]. For the group (0.83 m < DHT < 1.1 m), the subsurface temperature minimum is present, warmer Circumpolar Deep Water is below minimum temperature, and surface water is very fresh. The largest horizontal gradients are in the group (1.1 m < DHT < 1.6 m), which is the transition to warmer and saltier surface waters. The ‘‘plateau’’ near 9 °C at the surface and the thick homogeneous layers indicate this group water (1.6 m < DHT < 1.98 m) is located north of the SAF with subsurface salinity minimum, increasingly warmer and saltier waters. The group (DHT > 1.98 m) belongs to the northern subtropical water mass with warmer and saltier waters [30,37,38,39]. We also verified these intervals by T-S diagrams, as presented in Figure 3. The hydrographic characteristics of the three intervals with DHT less than 1.6 m partially overlap, while the interval with DHT ranging from 1.6 to 1.98 m exhibited high-temperature and high-salinity features compared to the lower DHT intervals. Therefore, we only employed Argo profiles with DHT values less than 1.6 m for subsequent mesoscale eddy composite analysis.



In step 3, we subjected the selected Argo profiles to Cressman objective analysis [40] to composite mesoscale eddies. First, to account for the size of eddies, we normalized the relative positions of Argo profiles to the mesoscale eddy centers using the corresponding eddy radii and transformed them into eddy coordinate space ( Δ x,  Δ y), as [16]. The dimensionless distance was calculated as   D n   = D/R, where D represents the distance between the profile and the respective eddy center, and R is the corresponding eddy radius.   D n   represents the meridional distance ( Δ y) and zonal distance ( Δ x). In contrast to the idealized assumption of circular mesoscale eddy shapes, we employed mesoscale eddy shapes data provided by the META3.1 eddy dataset, so the range of  Δ x and  Δ y mainly fell between −3.5 and 3.5. Second, we projected all variables onto the neutral surface coordinate system. Finally, we applied the Cressman objective analysis method to map and adjust Argo profiles that met the selection criteria and other derived variables onto a regular grid (0.1 × 0.1) in the neutral surface. Using the coordinate system ( Δ x,  Δ y), we reconstructed the 3D structure of an anticyclonic eddy (CAE) and a cyclonic eddy (CCE), with their centers located at  Δ x =  Δ y = 0. At this stage, a total of 467 and 396 Argo profiles were used for the composite anticyclonic and cyclonic eddies, respectively (Table 1, Step 3).




2.2.2. Fine-Scale Strain Parameterization


Fine-scale parameterization is based on two key assumptions: (1) most of the turbulent mixing in the ocean interior is driven by internal waves breaking, and (2) a downscale energy cascade is governed by weak nonlinear internal wave-wave interaction [5,41]. Fine-scale parameterization is not only an effective method to estimate diffusivity and dissipation rate but also helps to fill the gap in direct observational sampling. Following the theory proposed by [42] and observations made by [43], the dissipation rate  ε  is


  ε =  ε 0     N 2   N  0  2        ξ  z  2   2     ξ  z − G M  2   2   h  (  R ω  )  L  ( f , N )  ,  



(1)




where


  h  (  R ω  )  =    R ω     R ω  + 1     6  2     R ω  − 1     ,  



(2)






  L  ( f , N )  =   f   c o s h   − 1     N / f      f 30    c o s h   − 1      N 0  /  f 0      .  



(3)




where    ε 0  = 8 ×  10  − 10     Wkg  − 1    , N and f are the local buoyancy frequency and the local inertial frequency,    N 0  = 3 cph  ,    f 0  = 7.836 ×  10  − 5      s  − 1    . Here,    ξ  z  2    and     ξ  z − G M  2   2   represent the observed and Garrett and Munk model (GM76) vertical strain variance, respectively [44]. 〈〉 denotes the integration of strain variance over a specified vertical wavenumber band. For fine-scale strain parameterization, the shear-strain ratio   R ω   set to 6, which refers to the   R ω   inside mesoscale eddies in this region [13].



For the strain    ξ z  =    N 2  −   N  r e f  2      N  r e f  2     , the squared buoyancy frequency    N 2  = −  g  ρ 0     ∂  ρ θ    ∂ z    , was derived using the adiabatic steric anomaly levelling method [45]. The density gradient was calculated using a linear regression of potential density (  ρ θ  ) on pressure over a vertical pressure window of 4 dbar. The background squared buoyancy frequency    N  r e f  2    was also estimated using the same method to obtain the average value over 20 profiles, over a longer vertical averaging pressure window (24 dbar). Here 〈〉 denotes the horizontal averaging. As in [13], the strain spectrum was integrated from a vertical wavenumber of 0.0026 cpm (383 m) to the high wavenumber limit (cutoff wavenumber,   m c  ), where integrated strain variance reaches 25 m, which is a reasonable upper limit to reduce the nonlinear effects.



The diffusivity  κ  is related to the dissipation rate  ε :   κ = Γ  ε  N 2    , where  Γ  represents the mixing efficiency,   Γ = 0.2   is used [46,47]. In this study, we computed the Mixed Layer Depth (MLD) using the threshold method based on the criteria of [48], with a density difference of 0.03   kgm  − 3   . We also estimated the diffusivity and dissipation rate for Argo data using the Mixing (MX) Oceanographic Toolbox [49]. The pressure window for Argo profile data was changed from 6 dbar to 4 dbar in the toolbox to compute the potential density gradient based on the shear and strain vertical wavenumber spectra for   N 2  .






3. Results


3.1. The Horizontal Structure of Composite Mesoscale Eddies and Their Impact on Mixing


By analyzing the trajectories of mesoscale eddies, which include 195 AEs and 203 CEs (Figure 4), we identified a total of 467 Argo profiles within AEs and 396 within CEs in the MR region. Both AEs and CEs cross the fronts. Most AEs move northward, and for CEs, the eddy movements appear to be relatively random, probably due to the limited number of eddies included in the analysis. The maximum number of Argo profiles captured by the same AE is 20, while that of CE is 13, and most AEs (CEs) capture less than 5 Argo profiles during the eddy lifespan. The average radius and lifetime of AEs are 65.79 km and 167.27 days, while those of CEs are 62.24 km and 121.45 days, respectively. In addition, we validated the effectiveness of our mesoscale eddy composite method by calculating the vertical variables averaged within 195 AEs and 203 CEs, as illustrated in Figure 5. The mean diapycnal mixing within CEs and AEs ranged from   O (  10  − 6   )   to   O  (  10  − 2   )     m 2   s  − 1     for the full depth, with slightly higher mixing values for the CEs than for the AEs (Figure 5e,f), which is consistent with the results of [13] (their Figure 5e,f). That indicates CEs in this region contribute more intensive diapycnal mixing than AEs. Ref. [50] used high-resolution measurements of horizontal velocity from EM-APEX floats to investigate a mechanism of internal wave breaking inside mesoscale eddies in the standing meander near the Macquarie Ridge. They found stronger energy exchange from the background mean flow to internal waves within cyclonic eddies (CEs) compared to anticyclonic eddies (AEs). Therefore, the mesoscale eddy composite analysis, especially using the criterion of DHT less than 1.6 m, performed well in the MR region.



To investigate the horizontal structures of composite mesoscale eddies and their impact on mixing across various neutral surfaces, we depicted the horizontal distributions of diffusivity ( κ ), conservative temperature, and absolute salinity within 2 times the radius (2R) of a composite anticyclonic eddy (CAE) and cyclonic eddy (CCE) in Figure 6 and Figure 7, respectively. The  κ  and conservative temperature within both CAE and CCE decrease with depth of the neutral surface (Figure 5b,e, Figure 6a,b and Figure 7a,b), while absolute salinity increase (Figure 5c, Figure 6c and Figure 7c). Notably, the  κ  within CCE is one to two orders of magnitude higher than that within CAE on the same neutral surfaces. For instance,  κ  within CCE exceeds   O  (  10  − 3   )     m 2   s  − 1     on 27.835   kgm  − 3    (Figure 7a), compared to  κ  within CAE is   O  (  10  − 5   )     m 2   s  − 1     on the same neutral surface (Figure 6a).



The maximum  κ  for CAE typically occurs around 1 to 1.5 times the radius on neutral surfaces ranging from 27.36 to 28.11   kgm  − 3    (Figure 6a and Table 2). Notably, within 2R of CAE,  κ  values exceeding   O  (  10  − 3   )     m 2   s  − 1     are observed above the above the 27.76   kgm  − 3    neutral surface, with conservative temperature below 1 °C and absolute salinity below 34.5 psu (Figure 6b,c). Moreover, the maximum  κ  for CCE depicts along its edge (1R) across neutral surfaces ranging from 27.36 to 28.11   kgm  − 3    (Figure 7a). In particular, the elevated  κ  around the periphery of CCE (1R, Figure 7a) corresponded to conservative temperature exceeding 3.5 °C and absolute salinity surpassing 34.5 psu above 27.66   kgm  − 3    (Figure 7b,c). Although the maximum mean value of  κ  for CCE shows at 1.5∼2R (Table 2), this may be due to the limited number of Argo profiles in this region. In contrast, within 1R of CCE, the mean values of  κ  are much larger than that of CAE (Table 2).



The closed isobars depict the horizontal configuration of CAE and CCE across various neutral surfaces in Figure 6 and Figure 7. Due to the smaller mean radius of CEs compared to AEs, the isobars within the normalized 2R of CCE are denser than those within CAE on equivalent neutral surfaces. This also resulted in the different location of the higher  κ  values in the horizontal distribution of CCE and CAE, with CCE exhibiting peak  κ  values at 0.5R∼1R and CAE at R∼1.5R. Additionally, the closed isobars outline the shape of CAE from 27.36 to 28.085   kgm  − 3    (1689 ± 66 dbar, the pressure is derived from the mean pressure values and their standard deviation (STD) on the neutral surface of 28.085   kgm  − 3   , hereinafter referred to as pressure ± STD/dbar) and from 27.36 to 28.01   kgm  − 3    (1491 ± 202 dbar) for CCE. The consistent vertical variation trends of variables for AEs from the sea surface to 28.085   kgm  − 3    (Figure 5) suggested a Taylor column shape for CAE from the sea surface to the neutral surface of 28.085   kgm  − 3   . Analogously, a similar shape of CAE for CCE from the sea surface to 28.01   kgm  − 3    is constructed.




3.2. The Vertical Structure of Composite Mesoscale Eddies and Their Influence on Mixing


The distance of the Argo profile relative to the center of the eddy in which it is located was normalized by the eddy radius. The state parameters associated with mixing within the eddy were averaged over each neutral surface to obtain its radial-vertical spatial distribution characteristics (Figure 8). The radial coordinates were set from the eddy center to 1.5 times the eddy radius (1.5R) and divided into intervals of ∼0.1R, with the number of Argo profiles per interval placed at the top of the subplots. The trends of isobars within the eddies show that the isobars of CAE gradually deepen from the eddy center towards 1.5R (Figure 8a–e), in contrast to the trend of isobars of CCE (Figure 8f–j). Since the mean radius of AEs is larger than that of CEs in our study area, the isobars in CAE are sparser than those in CCE for the same pressure difference. The vertical distributions of conservative temperature along the eddy radius are shown in Figure 8a,f. Above the neutral surface of 27   kgm  − 3   , the temperatures of both CAE and CCE are high, and the conservative temperatures of CAE are significantly higher than those of CCE. Within the 0.6R range of CCE, a cold water mass of approximately 1 °C appears between the neutral surfaces of 27.4 and 27.6   kgm  − 3   . Vertical distributions of absolute salinity are shown in Figure 8b,g. The distribution of high salinity within the 1R range of CAE is localized and discontinuous, particularly at depths shallower than 400 dbar. In contrast, the distribution of low salinity is continuous within the 1R range of CCE, especially around 0.5R and at depths shallower than 400 dbar. Below 400 dbar, salinity in both CAE and CCE exhibit a gradient, with isohalines nearly parallel to the horizontal neutral surfaces, and absolute salinity increases with depth.



The buoyancy frequency (  N 2  ) as a characterization of the ocean stratification is shown in Figure 8c,h. There is no significant difference between the effects of CAE and CCE on ocean stratification. Both show a decrease in   N 2   with depth, which is particularly pronounced in the upper 400 dbar, with a decrease of two orders of magnitude. It is noteworthy that both CAE and CCE show significant   N 2   maxima at about 0.5R and 1R, reaching about   ∼  10  − 3    s  − 2    . Below 400 dbar, the stratification gradually decreases, and the   N 2   isobars remain nearly horizontal along the neutral surfaces. In addition, minimum stratification values (  ∼  10  − 5    s  − 2    ) are present in the center of CAE and the periphery of CCE (1.3R to 1.5R) under 27.3   kgm  − 3   . However, the limited number of Argo profiles at these specific locations may introduce high uncertainties.



Figure 8d,i shows the radial-vertical spatial distribution of mixing rates ( κ ) induced by CAE and CCE, respectively. The overall effect of CCE on  κ  is larger, typically by one to two orders of magnitude, compared to CAE.  κ  decreases with depth, and distinct peak  κ  values are found at 0.5R, R, and 1.5R for both CAE and CCE, with values of about   O  (  10  − 3   )     m 2   s  − 1     for CAE and values up to   O  (  10  − 2   )     m 2   s  − 1     for CCE. For instance, the maximum values of  κ  (over   O  (  10  − 3   )     m 2   s  − 1    ) for CAE occur at ∼1.5R on the neutral surface of 27.5   kgm  − 3   . Conversely, for CCE the peak  κ  (over   O  (  10  − 2   )     m 2   s  − 1    ) are found at 0∼0.5R and ∼1R above 400 dbar. In addition, Table 3 and Table 4 provide detailed distributions of mean  κ  values along the CAE and CCE center to 2R on neutral surfaces from 27.4 to 28   kgm  − 3   . The peak  κ  is located at the edge of CAE (0.5R∼1.5R) above 27.8   kgm  − 3   , then  κ  gradually decreases with depth, and the peak moves inwards to the center of CAE (0∼0.5R). By contrast, the CCE exhibits strong mixing at its center above 27.6   kgm  − 3   , then  κ  decreases outwards to the edge (1.5R–2R) with depth. Due to the limited number of Argo profiles located within 1.5R∼2R of CCE, the uncertainties associated with the mixing values increase in this region. Consequently, the enhanced  κ  associated with CCE appears to shift outwards from its center for neutral densities below 27.6   kgm  − 3    (Figure 8i and Table 4).



Figure 8e,j show the radial-vertical spatial distributions of dissipation rate ( ε ) within CAE and CCE. The distributions of  ε  are closely related to  κ . The influence depth of AEs on  ε  (remaining at   O  (  10  − 8   )   m 2   s  − 3    ) is about 800 dbar, while that of CEs is much deeper even up to 1200 dbar. Due to the limited number of contributing Argo profiles shallower than the neutral surface of 27   kgm  − 3    and deeper than the neutral surface of 28   kgm  − 3   , these two layers within CAE and CCE are almost covered by stipples.



The 3D structures of  κ  within CAE and CCE are shown in Figure 9. CCE affects  κ  at a deeper depth compared to CAE, with  κ  remaining at   O  (  10  − 4   )     m 2   s  − 1    . CAE affects  κ  at a shallower depth, mainly around the neutral surface of 27.8   kgm  − 3    (680 ± 124 dbar), resulting in a northward shift of the high-mixing zone. In contrast, CCE exhibits enhanced  κ  at its bottom edge, while the high-mixing region of CAE departs from the 2R boundary at around 900 dbar. In summary, CAE and CCE exhibit similar patterns of mixing enhancement, i.e., as the depth increases, the intensified mixing of both shifts from the eddy center to the edge and then back to the center, only with different turning depths, as illustrated in Figure 9, Table 3 and Table 4.





4. Discussion and Conclusions


To quantify diapycnal mixing induced by composite mesoscale eddies in a standing meander of the ACC, a grand challenge is to reduce the effects of frontal shifts. This is because previous studies have found not only enhanced diapycnal mixing within frontal zones of the ACC [3,6,10,13], but also notable meridional fluctuations in fontal position over the years [33,51]. Therefore, in comparison to referencing climatological data indicating stable front positions (as provided by the World Ocean Atlas) for selecting Argo profiles for mesoscale eddy compositing in the ACC, the improved composite method performs well when employing the criterion of DHT less than 1.6 m in the present study.



Three supportive features prove the effective composite method. First, each DHT value is associated with a specific hydrographic profile in the ACC (e.g., [27,33]). According to the GEM climatological data [34,35], we employed 1.6 m DHT contour as the northern boundary of the ACC (the northern boundary of the ACC is generally considered to be the SAFN, Figure 1), which helps to select over 20 years Argo profiles carefully and reduces the influence of frontal zonal shifts on the multi-year for the composite (Figure 2). Therefore, we obtained the homogeneity and similarity of water mass properties in the Macquarie Ridge (MR) region (Figure 3).



Second, the emergence of the “Taylor column” represents a potential consequence of fluid flow interacting with an isolated topographic feature [52]. Ref. [53] dimensionally analyzed anticyclonic eddies with Taylor columns shape exist in the ACC. Ref. [54] reported the first anticyclonic circulation with Taylor column character based on field observation. And its vertical influence spans from the sea surface to the seafloor. Ref. [39] revealed the eddies signature can reach deep to ∼3000 m in the MR region through two years mooring. Moreover, a high-resolution global ocean simulation presented that mesoscale eddies in the ACC are the deepest in the world [55]. A composite structure of ACC mesoscale eddies indicated their penetration to depths of at least 2000 m based on Argo floats and satellite altimeter data [4]. Finally, a recent study first characterized a cyclonic eddy structure in the MR region; the perturbations of isopycnals extend to 1500 m [12]. Therefore, the 3D structures of mesoscale eddies in the ACC are known to exhibit a Taylor column shape, with their vertical influence spanning from the sea surface to the seafloor or at least to depths of 1000–2000 m. In the present study, the composite anticyclonic eddy (CAE) extends in depth from the sea surface to the 28.085   kgm  − 3    neutral surface (1689 ± 66 dbar) with a Taylor column shape, while the composite cyclonic eddy (CCE) reaches from the sea surface to the 28.01   kgm  − 3    neutral surface (1491 ± 202 dbar) (Figure 6 and Figure 7).



Third, the variation range and trend of the mean vertical diffusivity and dissipation rate in AEs/CEs are consistent with previous findings in the standing meander near the MR [13], and CEs enhance mixing slightly higher than AEs (Figure 5e,f). It is well known that standing meanders are associated with high EKE and topographic features in the ACC [22]. However, ref. [13] found there is no correlation between enhanced mixing above 1600 dbar and local rough topography in the MR region. In general, the distribution of turbulent mixing is determined by the breaking of internal waves in the interior of the Southern Ocean [5,11]. Additionally, this is one of the assumptions of the fine-scale parameterization method used to estimate diapycnal mixing in this study. Recently, ref. [50] characterized the internal wave field and investigated their interactions with mesoscale eddies and the ACC mean flow using continuous high-frequency observation data from EM-APEX floats. They found that the strongest energy transfer is from the background mean flow to the internal waves in CEs, while there is no energy transfer from the mean flow to the internal waves in AEs in the MR region. That indicates stronger turbulent mixing occurs in CEs through the breaking of internal waves compared to AEs. In the present study, the peak values of the diapycnal diffusivity ( κ ) within the composite cyclonic eddy (CCE) were one to two orders of magnitude higher than those within the composite anticyclonic eddy (CAE) on the same neutral surfaces. Vertically, the CCE affected  κ  down to approximately 1200 dbar, with  κ  exceeding   O  (  10  − 4   )   m 2   s  − 1    . In contrast, the CAE influenced  κ  only down to about 800 dbar, with  κ  exceeding   O  (  10  − 4   )   m 2   s  − 1     (Figure 6, Figure 7 and Figure 8). Furthermore, observations have highlighted the role of submesoscale instabilities that occur along the edges of mesoscale eddies [56,57], ref. [6] specifically found enhanced mixing at the edge of a cyclonic eddy in the ACC. The observed enhanced mixing at mesoscale eddy edges in this study (Figure 9, Table 2, Table 3 and Table 4). That suggests the potential occurrence of submesoscale instabilities below the mixing layer. Future work will further investigate the mechanisms of turbulent mixing in mesoscale eddies using high-resolution observations and numerical simulations.



In summary, to reconstruct the 3D structure of mesoscale eddies in the ACC hotspot region and to investigate their impact on diapycnal mixing, we utilize a 27-year multi-satellite eddy dataset and Argo profiles with 2-m vertical resolution. Using the improved composite method, Argo profiles are carefully selected for the composite, which reduces the influence of frontal zonal shifts on the multi-year composite eddy data. The improved mesoscale eddy composite method also enhances the homogeneity and similarity of water mass properties in the MR region, leading to an increase in the accuracy of mesoscale eddy structures. In addition, the effect of eddy shapes on mixing is eliminated, and the observed shear-strain ratio   R ω   = 6 is used, resulting in results consistent with the magnitude of eddy-induced mixing observed in previous studies [13].



The following conclusions are drawn: Both CAE and CCE exhibit a Taylor column shape, with CAE extending in depth from the sea surface to 28.085   kgm  − 3    (1689 ± 66 dbar) and CCE extending from the sea surface to 28.01   kgm  − 3    (1491 ± 202 dbar). Horizontally, CCE enhances  κ  by one to two orders of magnitude compared to CAE on the same neutral surfaces, and maximum  κ  values occur at 0.5R, 1R, and 1.5R on the same neutral surfaces for both CAE and CCE. Vertically, CCE affects  κ  down to approximately 1200 dbar, with  κ  exceeding   O  (  10  − 4   )   m 2   s  − 1    . In contrast, CAE influences  κ  only down to about 800 dbar, with  κ  exceeding   O  (  10  − 4   )   m 2   s  − 1    . And below the maximum depth of mesoscale eddy influence,  κ  values decrease with increasing neutral density. Therefore, these new insights will help to better understand the influence of mesoscale eddies on diapycnal mixing in the Southern Ocean, and thus improve the prediction of the large-scale currents and global climate change.
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Figure 1. (a) locations of all Argo profiles within the effective shape contours of AEs, separated by different dynamic heights (DHT/m) at 100 dbar relative to 2000 dbar in the study area. The colors of the spots represent the DHT range as follows: purple (<0.83 m), cyan (0.83∼1.1 m), green (1.1∼1.6 m), and yellow (1.6∼1.98 m). The color-filled contour represents the bathymetry, deriving from ETOPO1 data. The colored curves represent the front position, derived from the average of weekly climate front data from 2009 to 2013, with yellow for SAFN, cyan for SAF, and orange for PF. (b) same as (a), but for the profiles inside of CEs. (c) histogram of the number of Argo profiles within AEs and CEs with DHT less than 1.6 m, showing the values in each latitude interval between 48°S and 61°S. 
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Figure 2. Hydrographic properties from all Argo profiles inside of mesoscale eddy shapes in the study area. (a) conservative temperature, (b) absolute salinity on neutral density surfaces vary with DHT (100/2000 dbar). A total of 751 (405) Argo profiles were selected inside AEs (CEs). The vertical red dotted-dashed lines indicate the boundaries of the five DHT intervals, with their corresponding values labeled on the top panel. 
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Figure 3. Hydrographic properties inside of AEs and CEs within the four DHT intervals. T-S and their mean values are represented by solid and dashed lines of different colors. Neutral density is shown in black contours. The number of Argo profiles within each interval is shown in parentheses, following the ranges of DHT for each panel. 
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Figure 4. Trajectories of eddies containing Argo profiles in the Macquarie Ridge region. (a) The yellow pentagrams indicate the center positions of 195 AEs when they initially captured Argo profiles. The red asterisks indicate the location of eddy centers during their movement, and the red polylines indicate the trajectories. (b) Same as (a), but the yellow pentagrams, blue asterisks, and polylines are for 203 CEs. The color-filled contour represents the bathymetry, deriving from ETOPO1 data. The colored curves represent the fronts’ positions, deriving from the average of weekly climate front data from 2009 to 2013, with yellow for the Northern Sub-Antarctic Front (SAFN), cyan for the Sub-Antarctic Front (SAF), and orange for the Polar Front (PF). 
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Figure 5. The mean vertical values derived from 467 Argo profiles within AEs and 396 within CEs on neutral surfaces from 26.5 to 28.27   kgm  − 3   . (a) Pressure, (b) conservative temperature, (c) absolute salinity, (d) buoyancy frequency, (e) diffusivity, and (f) dissipation rate. The shading is the error bar, which shows 90% confidence intervals using the bootstrap method. 
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Figure 6. (a) The distribution of diffusivity on neutral surfaces from 27.36 to 28.11   kgm  − 3    (the pressure is derived from the mean pressure values and its standard deviation on each neutral surface) about CAE, (b) same as (a), but for conservative temperature, (c) same as (a), but for absolute salinity. The contour lines are drawn every 50 dbar. The dots directly denote diffusivity/conservative temperature/absolute salinity from the Argo profiles. 
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Figure 7. Same as Figure 6, but for CCE. 
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Figure 8. Vertical structures of conservative temperature (a), absolute salinity (b), buoyancy frequency (c), diffusivity (d), and dissipation rate (e) within CAE along the eddy center to 1.5 times the normalized radius (1.5R) from 26.5 to 28.27   kgm  − 3    neutral surface. (f–j) are the same as (a–e), but within CCE. The number of Argo profiles is labeled at the top of all panels, solid black lines represent isobars with intervals of 400 dbar, and the stipples indicate grid points with less than 75% data. 
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Figure 9. 3D structure of diffusivity (  log 10 ( κ )   in    m 2   s  − 1    ) within 2R of composite mesoscale eddies in neutral density coordinate for CAE (a) and CCE (b), with  Δ x =  Δ y = 2R. The pressure coordinates are derived from the mean pressure values and their standard deviation (STD/dbar) on each neutral surface. 
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Table 1. The procedures of selecting Argo profiles.
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AEs

	
CEs






	
Step 1

	
Number of Argo profiles inside corresponding eddies

	
782

	
740




	
Number of Argo profiles with consistent SLA sign (AVISO) and eddy polarity

	
777 (positive)

	
579 (negative)




	
Number of Argo profiles with consistent SLA sign (Argo) and eddy polarity

	
753 (positive)

	
423 (negative)




	
Number of Argo profiles with consistent SLA sign (AVISO & Argo) and eddy polarity

	
751 (positive)

	
405 (negative)




	
Step 2

	
Different DHT range (m)

	
<0.83

	
0.83∼1.1

	
1.1∼1.6

	
1.6∼1.98

	
<0.83

	
0.83∼1.1

	
1.1∼1.6

	
1.6∼1.98




	
Number of Argo profiles classified by DHT

	
88

	
204

	
175

	
282

	
121

	
148

	
127

	
9




	
Step 3

	
Number of Composite eddy profiles (DHT < 1.6)

	
467

	
396




	
Number of Composite eddy profiles (Normalized R < 2)

	
448

	
388




	
Number of Composite eddy profiles (Normalized R < 1.5)

	
438

	
384











 





Table 2. Mean values of  κ  (× (   10  − 4    )     m 2   s  − 1    ) and their 90% confidence intervals within CAE and CCE, along eddy center to 2 times the normalized radius (2R) from 27.36 to 28.11   kgm  − 3    neutral surface.
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	CAE

Number of Argo Profiles
	  κ  
	CCE

Number of Argo Profiles
	  κ  





	0∼0.5R
	77
	6.62 ± 1.35
	102
	46.00 ± 2.25



	0.5R∼1R
	222
	7.92 ± 0.68
	214
	20.00 ± 0.84



	R∼1.5R
	128
	36.00 ± 2.64
	67
	28.00 ± 1.05



	1.5R∼2R
	21
	6.91 ± 1.54
	5
	73.00 ± 9.24










 





Table 3. Mean values of  κ  (×   (  10  − 4   )     m 2   s  − 1    ) and their 90% confidence intervals within CAE, along eddy center to 2 times the normalized radius (2R) on neutral surfaces from 27.4 to 28   kgm  − 3   . The maximum mean value of  κ  on each neutral surface is highlighted in boldface.






Table 3. Mean values of  κ  (×   (  10  − 4   )     m 2   s  − 1    ) and their 90% confidence intervals within CAE, along eddy center to 2 times the normalized radius (2R) on neutral surfaces from 27.4 to 28   kgm  − 3   . The maximum mean value of  κ  on each neutral surface is highlighted in boldface.





	Neutral Surface/   kgm  − 3    

(Pressure ± STD/dbar)
	0∼0.5R
	0.5R∼R
	R∼1.5R
	1.5R∼2R





	27.4

(287 ± 71 dbar)
	4.84 ± 2.18
	49 ± 72
	4.56 ± 1.85
	4.55 ± 1.67



	27.5

(353 ± 84 dbar)
	2.32 ± 0.55
	9.27 ± 7.51
	95 ± 150
	5.74 ± 2.71



	27.6

(430 ± 100 dbar)
	2.64 ± 1.37
	5.84 ± 2.91
	109 ± 177
	5.97 ± 4.44



	27.7

(530 ± 117 dbar)
	2.93 ± 1.23
	2.88 ± 1.06
	3.05 ± 1.54
	2.02 ± 1.05



	27.8

(680 ± 124 dbar)
	1.46 ± 0.60
	1.56 ± 0.65
	32 ± 50
	1.27 ± 1.03



	27.9

(934 ± 134 dbar)
	0.99 ± 0.40
	0.90 ± 0.27
	0.69 ± 0.17
	0.58 ± 0.35



	28

(1273 ± 118 dbar)
	0.56 ± 0.27
	0.25 ± 0.07
	0.24 ± 0.09
	0.11 ± 0.10










 





Table 4. Mean values of  κ  (×   (  10  − 3   )     m 2   s  − 1    ) and their 90% confidence intervals within CCE, along eddy center to 2 times the normalized radius (2R) on neutral surfaces from 27.4 to 28   kgm  − 3   . The maximum mean value of  κ  on each neutral surface is highlighted in boldface.






Table 4. Mean values of  κ  (×   (  10  − 3   )     m 2   s  − 1    ) and their 90% confidence intervals within CCE, along eddy center to 2 times the normalized radius (2R) on neutral surfaces from 27.4 to 28   kgm  − 3   . The maximum mean value of  κ  on each neutral surface is highlighted in boldface.





	Neutral Surface/   kgm  − 3    

(Pressure ± STD/dbar)
	0∼0.5R
	0.5R∼R
	R∼1.5R
	1.5R∼2R





	27.4

(287 ± 71 dbar)
	24.70 ± 21.6
	6.50 ± 7.9
	4.50 ± 5.20
	2.60 ± 3.20



	27.5

(353 ± 84 dbar)
	13.60 ± 12.90
	2.20 ± 0.96
	4.40 ± 5.00
	1.90 ± 2.80



	27.6

(430 ± 100 dbar)
	5.70 ± 4.60
	1.60 ± 0.56
	3.80 ± 3.90
	1.00 ± 1.50



	27.7

(530 ± 117 dbar)
	1.10 ± 0.59
	2.70 ± 1.10
	3.80 ± 2.60
	13.8 ± 28.4



	27.8

(680 ± 124 dbar)
	0.71 ± 0.40
	0.95 ± 0.36
	2.30 ± 1.50
	2.40 ± 3.50



	27.9

(934 ± 134 dbar)
	0.39 ± 0.27
	0.54 ± 0.14
	0.92 ± 0.32
	11.3 ± 23.0



	28

(1273 ± 118 dbar)
	0.74 ± 0.94
	0.32 ± 0.12
	0.70 ± 0.56
	0.88 ± 3.6
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