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The identification of mesoscale eddies from remote sensing altimetry is often used as a first step for downstream analyses of surface or subsurface auxiliary data sets, in a so-called composite analysis framework. This framework aims at characterizing the mean perturbations induced by eddies on oceanic variables, by merging the local anomalies of multiple data instances according to their relative position to eddies. Here, we evaluate different altimetry data sets derived for the Black Sea and compare their adequacy to characterize subsurface oxygen and salinity signatures induced by cyclonic and anticyclonic eddies. In particular, we propose that the theoretical consistency and estimated error of the reconstructed mean anomaly may serve to qualify the accuracy of gridded altimetry products and that BGC-Argo data provide a strong asset in that regard. The most recent of these data sets, prepared with a coastal concern in the frame of the ESA EO4SIBS project, provides statistics of eddy properties that, in comparison with earlier products, are closer to model simulations, in particular for coastal anticyclones. More importantly, the subsurface signature of eddies reconstructed from BGC-Argo floats data is more consistent when the EO4SIBS data set is used to relocate the profiles into an eddy-centric coordinate system. Besides, we reveal intense subsurface oxygen anomalies which stress the importance of mesoscale contribution to Black Sea oxygen dynamics and support the hypothesis that this contribution extends beyond transport and involves net biogeochemical processes.




Keywords: mesoscale eddies, Black sea, composite analyses, altimetry, oxygen, BGC Argo



1 Introduction

The ongoing development of oceanic models, remote sensing, and in-situ observations continuously enhances our understanding of the net biological and chemical mechanisms induced by mesoscale oceanic circulation features (about 10–100km). In particular, mesoscale vortices, or eddies, are ubiquitous energetic features whose potential to alter the biogeochemical regimes of oceans arise, among others, from their capacity to blend large-scale gradients (eddy stirring), to isolate and transport water masses over large distances (eddy trapping) and to locally shallow or deepen isopycnals (eddy pumping) (McGillicuddy, 2016, and references therein). Besides, further mechanisms arise when considering the eddy dynamics in interaction with atmospheric conditions (Flierl and McGillicuddy, 2002), upwelling circulation (Gruber et al., 2011) or the shelf slope (Song et al., 2012).

Because of their transitional nature, capturing observational snapshots of eddies with a satisfactory degree of horizontal and vertical coverage is challenging. Also, the method of composite analysis, which consists of gathering a large number of near-eddy data (from observation or model results) in a common eddy-centric frame, provided the basis for many of the recent advances in eddy biogeochemical studies (e.g. Gaube et al., 2014). Given their abundance and the robust coordination behind data production (e.g. Bittig et al., 2021), Argo floats have been largely exploited for composite analyses aiming to characterize eddies subsurface signatures (starting with Chaigneau et al., 2011). This approach strongly relies on our capacity to accurately identify the location, in time and space, of the eddy center and boundaries. Several approaches have been developed in that sense, that differ first by the criterium applied on surface data to identify eddies from instant pictures, and then by the processing algorithm applied to recognize eddy tracks from the succession of instant pictures (Chelton et al., 2011). Ultimately, our capacity to accurately map eddies, and by extension to assign eddy-centric coordinates to geo-referenced data set, is reliant on the accuracy of the surface data exploited for eddy identification, ie. in most cases, remote-sensed surface altimetry products.

Here, we investigate this question - how altimetry product conditions the characterization of eddy-driven biogeochemical perturbations - in the Black Sea environment, where eddy recognition is challenged by the proximity of the coast (Bouffard et al., 2011; Escudier et al., 2013). We focus our illustration on the oxygen dynamics, which is particularly important for the Black Sea.


1.1 General Features of the Black Sea

The Black Sea is semi-enclosed basin where the coastal and shelf zones interact with a permanent anaerobic marine zone extending from ~100m to bottom (~2200m). A permanent halocline located between 50-150m significantly reduces the vertical circulation and ventilation mechanisms. Only the upper layer is seasonally oxygenated by winter cooling and mixing that transport cold well-oxygenated waters to the depth of the main pycnocline, a ventilation process that is currently challenged by global warming (Capet et al., 2020). Waters below ~100-150m are essentially stagnant, with a residence time of several hundreds of years, and contain high quantities of reduced substances like hydrogen sulfide and ammonium (e.g. Murray et al., 1989). In the last half century, the depth of the surface oxygenated layer, and the vertical extent of the suboxic zone that separates it from euxinic waters, have shown important variations, which brought the deciphering of the Black Sea oxygen dynamics at the forefront of the Black Sea scientific concern (Konovalov and Murray, 2001; Konovalov et al., 2003; Capet et al., 2016; Stanev et al., 2019; Capet et al., 2020; Vidnichuk and Konovalov, 2021).



1.2 Mesoscale Circulation in the Black Sea

The Black Sea general circulation is characterized by the presence of a basin scale cyclonic current, the Rim current, that flows along the coast with a width between 40–60km and a speed of 30–50cm s-1 (e.g. Oguz et al., 1992; Stanev and Beckers, 1999) (Figure 1). The Rim current separates circulation patterns of different length scales: the central part is occupied by a number of cyclonic gyres of a few 10–100km while semi-permanent small scales eddies, generally anticyclonic, are present on the periphery between the coast and the Rim current. The distinction between cyclonic (center) and anticyclonic (periphery) regions is a well-established feature of the Black Sea supported by both modelling (Stanev and Beckers, 1999; Staneva et al., 2001) and observational studies (Korotaev, 2003; Kubryakov and Stanichny, 2015a). The mean baroclinic Rossby radius in the basin is around 20km, and up to 5 times lower in the northwestern shelf area Kurkin et al. (2020).




Figure 1 | Elevation and bathymetry of the Black Sea region. Average circulation is obtained from (Jousset et al., 2021) and depicts the large scale cyclonic Rim current. Regional labels used in the manuscript are given in italic. Large labels are for riparian countries: UKR, Ukraine; RU, Russian Federation; GE, Georgia; TR, Turkey; BG, Bulgaria; RO, Romania.



Mesoscale activity has been studied extensively in the Black Sea, although mostly for surface manifestations. While the first qualitative studies were based on the discussion of selected scenes, synoptic data sets issued by remote sensing and automatic detection algorithms provided a statistical description of eddy properties and their dominant trajectories and revealed associated imprints on oceanic properties. Such insights helped to understand the role that mesoscale structures play in maintaining the mean state of the Black Sea environment and how they contributed to its interannual variations.

The earliest descriptions of mesoscale activity in the Black Sea relied on the combined use of dynamic heights computed from hydrographic surveys and early altimeter data (i.e., Topex-Poseidon, ERS I & II) (Sokolova et al., 2001; Ginzburg et al., 2002). While limited by data availability in terms of generalization, these studies established the adequacy of altimeter data for model assimilation purposes and already investigated the vertical dimension of mesoscale structures for specific scenes, ie. presenting evidence for the role of eddies in diapycnal exchanges and ventilation of the anoxic Black Sea interior (Sokolova et al., 2001). These early works also highlighted the high interannual variability (seasonal and interannual) in the Black Sea coastal mesoscale activity, the importance of coastal anticyclonic eddies detaching away from the coast, and evidenced associated anomalies in satellite images of surface chlorophyll-a concentration (Ginzburg et al., 2002).

A major step forward in the description of the Black Sea mesoscale circulation resulted from the assimilation of altimetry products into circulation models, thereby providing a dynamically consistent description. The synoptic nature of this approach allowed the authors to identify hot-spot areas in terms of mesoscale activity (Korotaev et al., 2001; Korotaev, 2003) and to evidence the lead factors behind the variability of Black Sea circulation patterns (Grayek et al., 2010).

Later, the first observation-based eddy census in the Black Sea was achieved by applying the ‘winding angle’ method (Kubryakov and Stanichny, 2015b,a) on maps of geostrophic current anomalies (regional merged AVISO products at a resolution of 1/8°). The principle of this method is to compute the advection of Lagrangian particles using static current fields (for each time frame) during a fixed period and to identify the particles achieving a total rotation of 360° (i.e., the winding angle). This process identifies grid cells that are located on closed streamlines and can then be labeled as edges of individual eddies. Kubryakov and Stanichny (2015b) acknowledged that the limited quality of geostrophic current products in coastal areas limited the identification of coastal eddies. To cope with this issue, the authors adopted a specific procedure and accepted that a winding angle of 270° implies a closed streamline in coastal areas. Using AVISO products for the period 1992-2011, the authors identified 847 individual eddies of both cyclonicity with a lifetime of more than four weeks and detailed the spatial and temporal variability in their properties (radius, orbital velocity,…). In particular, the authors highlighted four dominant trajectories for Black Sea eddies: 1) Eddies formed west of the Crimean peninsula (Sevastopol area, Figure 1), evolving along the continental slope to the southwest, and dissipating to the north of the Bosporus; 2) Eddies formed in the Batumi region and remaining quasi-stationary; 3) Eddies formed in the Batumi region and transformed into open sea eddies, moving northwest; 4) Eddies formed in the northeast and moving along towards the southern coast of Crimea. Noteworthy, no near-shore eddies trajectories were depicted near the Sinop region, whereas model-complemented analyses highlight quasi-permanent eddy activity in this area (Korotaev, 2003).

More recently, the optical flow inversion approach was proposed as an alternative to the altimetry-based methods for the retrieval of mesoscale surface currents (Kubryakov et al., 2018a). This method exploits satellite imagery (e.g. infrared for sea surface temperature, visible for ocean color products) to infer surface currents using a variational approach. The process consists of identifying the current field that best reproduces the advection observed between consecutive frames. It is thus based on the assumption that horizontal advection is the lead mechanism behind the changes in the distribution of a given tracer between two consecutive images. This approach, that has been compared with SLA-based approaches for selected scenes (Kubryakov et al., 2018a), has promising advantages. In particular, it offers the possibility to exploit far finer spatial and temporal resolution products (e.g., Landsat-8, Sentinel 2) and hence to characterize meso- to sub-mesoscale phenomena in more detail. The main drawback is that optical products are typically affected by cloud cover, hence do not offer the possibility of a long-term, synoptic and systematic eddy tracking procedure. Also, surface current estimates are dependent on the presence of gradients in the surface tracer, which limits, for instance, SST-based analyses in summer.

To date, the characterization of Black Sea coastal eddies thus remains a technical challenge which, in particular, limits our capacity to characterize their contribution in the Black Sea biogeochemical cycles. Indeed, novel high-frequency observations obtained by tethered (Ostrovskii and Zatsepin, 2011; Ostrovskii et al., 2018) and free-floating profilers (Stanev et al., 2013; Akpinar et al., 2017) revealed that mesoscale eddies and their interaction with the shelf-slope may substantially influence the biogeochemical balance of the Black Sea by inducing diapycnal mixing events. As vertical oxygen transport is limited in the Black Sea by a sharp pycnocline, diapycnal mixing in the basin periphery may act as a net flux of oxygen to intermediate layers, thereby enabling horizontal diffusion (i.e., along isopycnals) towards the basin interior (Ostrovskii and Zatsepin, 2016). In addition, nearshore eddies are important drivers of the horizontal exchanges between the land-influenced peripheral regions, rich in nutrient and organic matter, towards the central open sea (Zatsepin, 2003; Shapiro et al., 2010; Zhou et al., 2014).



1.3 Perspectives and Objectives

An enhanced description of mesoscale dynamics in the coastal Black Sea could thus alleviate a number of gaps in our understanding of the concerning Black Sea oxygen dynamics, in particular:

	To quantify cross-shelf exchanges induced by coastal eddies detaching from the coast and by structures emerging from the meanders of the Rim current. Those exchanges should be characterized at different pycnal levels.

	To document diapycnal mixing processes induced by the interaction of coastal eddies with the coastline/shelf break.

	To characterize the imprint of eddies on the vertical distribution of biogeochemical tracers and processes. This is in terms of advective and diffusive transport, and in terms of the biogeochemical catalytic mechanisms that may result from perturbing the vertical distribution of active biogeochemical tracers.



More specifically, in this study, we apply an eddy identification and tracking algorithm to compare three sets of remote sensing altimetry products and one issued from a model simulation. To highlight remaining gaps in altimetric products and their potential implications on cross-shelf exchanges estimates, we compare the resulting eddy censuses in terms of property distributions and dominant pathways as a function of cyclonicity, in particular along the shelf breaks. We then use Argo profiles to characterize the mean subsurface signature impressed by cyclonic and anticyclonic eddies on the mean salinity and oxygen structure. Finally, the adequacy of different altimetric products to characterize mesoscale activity in the Black Sea is discussed based on the consistency and error estimated for these composite reconstructions.




2 Material and Methods

Four different sea surface elevation data sets are used to identify eddies in the Black Sea. We describe here these data sets and present the methods used to identify eddies and their trajectories and to describe associated morphological and subsurface characteristics.


2.1 Sets of Altimetry Products

Three altimetric data sets are issued from remote sensing. A fourth similar data set, obtained from a non-assimilating hydrodynamic model, is used for comparison. All products are considered for a common period extending from the 1st of January, 2011, to the 31st of December, 2019, which is set by the limits of availability for datasets dependencies intervening in the processing of the EO4SIBS-ADT product (Cryosat-2 L3 5Hz data).


2.1.1 CMEMS-SLA

The reference altimetry data set consists of the Copernicus Marine Service (CMEMS) standard product1, whose extensive description can be found in CMEMS documentation (Taburet and Pujol, 2021). CMEMS-SLA is processed by the DUACS multi-mission altimeter data processing system and corresponds to the DUACS DT2018 version also described in Taburet et al. (2019). It includes, for the period considered, data from all altimeter missions: Jason-1, Jason-2, Jason-3, Envisat, Sentinel-3A, Sentinel-3B, Haiyang-2A, Saral/AltiKa, Cryosat-2. To produce gridded maps of Sea Level Anomalies (SLA) in delayed time, the system uses the along-track altimeter missions products2 and involves an optimal interpolation (OI) procedure. Geostrophic currents are then derived from SLA. We stress that no mean dynamic topography (MDT) is used in this processing. Instead, gridded altimeter satellite SLA is computed with respect to a twenty-year average of the observed sea surface height. This approach is similar to the long-term average mean sea level used as an MDT proxy in the first Black Sea altimetric studies (Sokolova et al., 2001; Korotaev, 2003), although that one was identified from hydrographic climatologies.



2.1.2 CMEMS-ADT

A first Black Sea MDT, consistent with the framework of the AVISO products, was then compiled using along-track sea level anomalies, surface drifters, and hydrographic survey (Kubryakov and Stanichny, 2011), and used for subsequent works (e.g. Kubryakov and Stanichny, 2015b; Kubryakov et al., 2016; Stanichny et al., 2016; Kubryakov et al., 2018a; Kubryakov et al., 2018b; Zatsepin et al., 2019). Later, Menna and Poulain (2014) proposed a revised MDT, expressed in terms of geostrophic currents and based on a larger number of drifter data. Yet, until recently, there was no official MDT product available in the AVISO/CMEMS reference data sets for the Black sea region, and only sea level anomalies and corresponding geostrophic velocities were available from altimetry products. While CMEMS-SLA has been the reference product for many years, the last update (May 2021) of the CMEMS catalog now provides an MDT for the Black Sea (Jousset et al., 2021), which enables the use of absolute dynamic topography (ADT), which should generally be preferred to SLA for eddy detection in regions where mean circulation and mesoscale features are close in terms of spatial scale and intensity, and where the MDT may embed quasi-permanent mesoscale patterns (Pegliasco et al., 2021). CMEMS CMEMS-ADT is thus identical to CMEMS-SLA in terms of spatial resolution, along-track data preprocessing, and gridding methodology, but ADT is now used instead of SLA for the identification of eddies.



2.1.3 EO4SIBS-ADT

This new product was developed in the frame of the ESA project EO4SIBS3. Enhancements with respect to CMEMS products were brought to both L3 (along-track) and L4 (gridded) processing steps.

The major difference in the L3 processing consists of processing full rate (20Hz) altimeter measurements rather than conventional low resolution (1Hz) measurements to better access small scale signals for Cryosat-2 (C2) and Sentinel-3A (S3A) missions. This was made possible by recent advances in altimeter technology and processing. The SAR technology available on C2 and Sentinel-3 missions, as well as innovative re-tracking methodologies (e.g. Moreau et al., 2021), contribute to significantly reduce the measurement errors at short wavelengths. The procedure for the along-track processing steps includes valid data selection, long-wave error correction (to remove local discrepancies between neighboring tracks), short wave noise reduction, and subsequent resampling (to reach a final along-track data selection at 5Hz).

Enhancements brought to the L4 processing steps (gridded products) involve the consideration of a bathymetric constraint in the optimal interpolation procedure [as successfully tested in Escudier et al. (2013)], the consideration of eddy propagation velocities (deduced from the CMEMS BS-MFC-BIO model described below) in the correlation scale definition, and the refinement of the gridded product resolution (1/16° compared to 1/8° for CMEMS-ADT). The bathymetry used in this process is the same as used in the frame of the CMEMS BS-MFC-BIO modeling efforts (Grégoire et al., 2020), which provided the model simulation described below. For its consideration in the optimal interpolation procedure, this bathymetry has been filtered using a low-pass Lanczos filter at a 50 km cut-off wavelength. This wavelength was chosen to avoid creating spurious eddies in the areas by extrapolating very small structures below the resolution capability of the OI. The altimetry products and their specifications may be found on the EO4SIBS project’s website.

The main differences between CMEMS and EO4SIBS L4 products are observed in Eddy Kinetic Energy (EKE), which highlights the variability of surface currents around their mean value and therefore relates to eddy activity. The EKE differences (Figure 2) underscore both the coastal areas and the continental slope with higher EKE observed in the EO4SIBS product. The main part of this additional energy is explained by the bathymetric constraint used in EO4SIBS processing, which is expected to enhance EKE near bathymetric gradients as illustrated by Escudier et al. (2013) for the Mediterranean Sea. Nearshore, the improved data availability, and thus the signal observability offered with 5Hz along-track product (Sentinel-3A and Cryosat-2), also contributes to this result. For more information on the EO4SIBS-ADT dataset, please refer to the EO4SIBS website.




Figure 2 | Relative differences in mean eddy kinetic energy obtained from EO4SIBS-ADT and CMEMS-ADT products.





2.1.4 Model

To complement the comparison of eddy properties obtained from the different remote sensing products, we consider the sea surface elevation dynamics provided by the CMEMS BS-MFC-BIO simulations. This setup involves the hydrodynamic model NEMO 3.6 at a spatial resolution of 3km with 31 vertical z-levels Grégoire et al. (2022), which can be tagged as “eddy-resolving” according to the criteria given by Staneva et al. (2001). Per nature, model-derived sea surface elevation consists of ADT values.

Model products provide an interesting basis for comparison given their underlying theoretical framework, and it is certainly comforting when the descriptions of eddy properties obtained from the model and remote sensing products converge. Yet, both approaches suffer from their own limitations. While relevant for discussion, we do not consider model results as a strict reference to characterize the accuracy of the remote-sensing eddy censuses or to rank the skill of altimetric data sets in accurately describing the real mesoscale circulation field. Previous studies have indeed shown a strong sensitivity of the resolved mesoscale features towards internal parameterization (Zhou et al., 2014). This is one of the reasons why we investigated on the use of Argo profiles as an independent data set potentially relevant to characterize the accuracy of altimetric products.

It arises from the above description that the altimetric products differ in many aspects (Table 1). Resulting differences in eddy properties may thus originate from 1) the use of ADT instead of SLA, 2) enhancement brought to the along-track sampling and processing 3) enhancement brought to the production of gridded products, 4) a refined resolution of the interpolated gridded products. It is beyond our scope to detail the respective impacts of these different processing steps on eddy properties. Rather, we compare these products as successive “state-of-the-art” and describe the successive levels of detail obtained in the characterization of the Black Sea eddy activity.


Table 1 | Main processing differences between the four altimetric data sets.






2.2 Eddy Identification

Eddy identification and tracking is carried out with the open-access py – eddy – tracker code4 (Mason et al., 2014). After preliminary tests, we disregarded any pre-filtering of the daily Black Sea altimetric fields. This procedure is generally advised in the open ocean, but may not be as relevant for regional seas of limited extension.

The py – eddy – tracker code searches for closed SLA contours at intervals of 2mm, downwards and upwards for cyclones and anticyclones, respectively. At each SLA interval, closed contours are sequentially considered for selection as a potential eddy, which requires to:

	Pass a shape test with error ≤ 70%, where the error is defined as the ratio between the areal sum of deviations of the closed contour from its fitted circle, and the area of that circle.

	Contain a pixel count, l, satisfying lmin ≤ l ≤ lmax where lmin = 5 and lmax=2000.

	Contain only pixels with SLA values above (below) the current SLA interval value for anticyclones (cyclones).

	Contain no more than one local SLA maximum (minimum) for anticyclones (cyclones).



The contour meeting those requirements is defined as the effective contour of a newly identified eddy. An internal contour is then identified as the inner contour along which the circum-averaged orbital velocity is maximal.

As we compare products with distinct spatial resolution, we should stress that the minimal extent of the eddies is given in pixel count, which thus corresponds to smaller areas for high-resolution products5. In addition, the forbidding of multiple internal extrema may penalize large eddies in the high-resolution products. It is thus naturally expected that high-resolution products may lead to more small eddies and less large eddies.

Once an eddy is identified, several parameters are estimated: the longitude and latitude of its center and effective contour; its effective radius (R), ie. the radius of a circle with equal area; its amplitude (A), ie. the difference in elevation between the eddy center and effective contour and its orbital velocity (V), ie. the rotational velocity circum-averaged along the eddy internal contour. The data structure adopted within py – eddy – tracker and its post-processing tools associates these properties with instant eddy locations, which largely ease the generation of summary figures such as provided below. We note that there exists a vast range of eddy tracking methodologies (and fast-expanding) that have been proposed to overcome some known limitations (Amores et al., 2018) of the traditional gridded-altimetry elevation contours approach adopted here. Comparing these algorithms falls beyond our scope. Also, we opted for the above methodology for its large established usage and practicality.



2.3 Eddy Tracking

To produce individual eddy tracks, ie. a series of instant eddy contours considered to represent different time instances of the same eddy, the algorithm considers the consecutive daily files of identified eddies. The tracking is thus carried out in a separate step from the identification, treating cyclones and anticyclones separately. Following Pegliasco et al. (2015), two eddies P0 and P1 from subsequent daily images are considered to be successive pictures of the same eddy if c > 0.2, where c is an overlap score:

	

Because altimetry products are imperfect, a long-lived eddy may at any time be inadvertently interrupted during the tracking process. This will result in shorter track duration statistics than might be expected. To alleviate this known issue, the eddy tracker allows for the optional use of virtual eddies that attempt an online filling in of these gaps. We activate this option with a conservative setting of 2, implying that the code will place a maximum of two virtual eddies along the expected path of the eddy. If there is then a continuation, i.e., a previously identified eddy is within range of the virtual eddy, the code will continue iterating until the eddy dies. If there is no continuation, the code will end the iteration.

Finally, only eddies with a lifetime larger than two weeks were retained for further analysis. Methods and codes used to identify and collect eddy properties are largely documented in the py – eddy – tracker documentation pages6.



2.4 Composite Analyses of Argo Profiles

To characterize the subsurface field perturbations associated with eddies, in-situ profiles of salinity and oxygen recorded by Argo floats are re-allocated in a common frame of eddy-centric coordinates. To do so, we exploit the coordinates of eddy centers and contours obtained from the identification and tracking procedure. This implies that the characterization of subsurface perturbations is directly dependent on the accuracy of the altimetric product.

Temperature was not considered here, as subsurface temperature perturbations induced by eddies are largely season-dependent, due to the characteristics of the Black Sea temperature profile seasonal variations, cf. Cold Intermediate Layer dynamics, (Ivanov et al., 1997; Piotukh et al., 2011; Capet et al., 2014). Considering temperature would thus require further seasonal subsampling, which was not considered relevant for the present study.

A complete record of Argo and BGC-Argo profiles active in the Black Sea between 2011 and 2019 was obtained from the Coriolis center in the form of synthetic profiles (Bittig et al., 2021). We only retained floats with an active lifetime above 180 days within the considered period, which resulted in 29 profilers equipped with salinity sensors, and 12 with oxygen sensors. Of those, respectively 27 and 12 floats were spotted at least once within an eddy contour. With an average lifetime of about 1000 days (maximum 2290 days), these floats provided, in total, 6143 salinity and 2350 oxygen profiles, of which between a tenth and a fifth could be assigned within eddy contours (Table 3). Their temporal sampling frequency varies between 1, 5 and 10 days. The spatial density and coverage of these profiles are illustrated in Figure 3.




Figure 3 | Location of the (left) Argo and (right) BGC-Argo profiles. Match-ups obtained with different altimetric product are highlighted for (blue) cyclones and (red) anticyclones. The dotted line indicates the 200m isobathymetric contour.



Subsurface perturbations refer to anomalies with respect to the mean vertical structure of the considered variables (salinity or oxygen). Instead of the instant values recorded by Argo profilers, we thus consider the anomalies of individual profiles with respect to a temporally smoothed signal, obtained specifically for each float. The smoothing was obtained by applying a rolling median along the time dimension, considering a rectangular window of 6 months, operated for each 5m depth layer between 5 and 500m independently (an illustrated example is provided in Figure S1). The purpose of this filtering procedure was to identify eddy perturbations as anomalies with respect to the regional and seasonal typical profile. We favored this option against using long-term climatological products due to the important interannual variability that affected the Black Sea during the recent decades. The 6-months time window was adopted after iterative inspections and considering the typical eddies lifetime (Table 2), and contiguous period spent by Argo floats within identified eddies (maximum 40 to 80 days, depending on the altimetry product). We believe similar assessments should be conducted before transposing the methodology to other areas.


Table 2 | Eddy properties obtained from the different altimetric products and the model equivalent.




Table 3 | Number of match-ups obtained for the three remote sensing altimetric data sets.



All match-up cases were then identified, i.e., when an Argo profile is located within the effective contour of an identified eddy. The corresponding anomaly profiles were extracted from the BGC-Argo time-series and relocated in an eddy-centric coordinate system, for cyclones and anticyclones, respectively. This coordinate system only considers the distance between the float and the eddy center at the time of match-up, which is normalized by the eddy radius at the time of match-up.

Subsurface anomalies in the oxygen and salinity vertical structure were then characterized by averaging all profiles within bins of normalized distance from the center, using bin widths of 1/6 eddy radius to ensure a decent number of profiles within each bin. Finally, the standard error on these mean values were obtained using  , where σ is the standard deviation within a bin, and N the number of observations (see discussion Sect. 4.4). A two-tailed t-student test is used to assess the p-value of having a mean anomaly that is significantly different from zero, thus using the number of profiles available for each bin.




3 Results

In this section, we describe the differences in eddy properties as obtained from the four data sets. We first focus on surface eddy morphological and trajectory properties, comparing results obtained from the altimetry and model products, and then address the subsurface composite anomalies obtained from Argo oxygen and salinity profiles.


3.1 Properties of Individual Eddies

The differences that arise in eddies properties and census when applying the same tracking methodology on the different altimetry products are more pronounced for anticyclonic eddies, in particular in terms of effective radius and speed average (Table 2).

At equal resolution, the consideration of ADT (instead of SLA) substantially reduces the number of identified eddies (see CMEMS-SLA and CMEMS-ADT in Table 2). The impact on property distributions is minor for cyclones (Figure 4), and only involves a slight shift towards higher velocities for anticyclones.




Figure 4 | Distribution of eddy properties as obtained from the different data sets for cyclones (A–C) and anticyclones (D–F): effective radius (A, D), orbital velocity (B, E) and amplitude (C, F).



The enhanced EO4SIBS processing (see. 2.1) substantially increases the number of identified anticyclones (+54%) and cyclones (+44%). It also increases the density of small (< 20km) cyclones and anticyclones and reduces that of medium and large eddies (>40km). Notably, the shifts induced in eddy property distributions when considering EO4SIBS-ADT instead of CMEMS-ADT systematically bring them closer to the model descriptions. While a close match is observed between EO4SIBS-ADT and model velocity distributions for cyclones, anticyclones are described in the model product with even faster orbital velocities. This difference in the evolution of the cyclones and anticyclones R and V distributions along successive data sets will later be discussed considering the coastal predominance of anticyclones. Distributions of amplitude remain relatively unchanged, with the notable exception of a reduced number of high amplitude cyclones in the case of the model products.

It should be stressed that all data sets provide lifetimes shorter than 10 weeks for the vast majority of eddies (90%). The median lifetimes lie around 24 days both for cyclones and anticyclones and do not vary substantially from one data set to the other. Yet, long-lived anticyclones are more numerous than their cyclonic counter-part (T90 is larger by 33% for anticyclones than it is for cyclones, on average for the three altimetric products, ie. 65 days and 49 days respectively), while the longest identified eddy tracks last for about 220 days for anticyclones and 165 days for cyclones.

Considering the evolution of eddy properties along their normalized lifetime (Figure 5) leads to this general statement: the consideration of ADT products provides a better distinction between the properties of cyclones and anticyclones, a difference that grows as the eddies develop. Model outputs, which unlike the altimetric products can be considered of spatially homogeneous quality, provide an even stronger differentiation between cyclones and anticyclones properties. Noteworthy, the model-based description of the evolution of anticyclones properties along lifetime departs from the time-reversal symmetry generally observed for open sea eddies (Samelson et al., 2014), which may originate from a difference in the driving factors affecting their evolution through time, i.e., interaction with other eddies for open-ocean eddies, and interaction with the shelf-slope for the coastal anticyclones).




Figure 5 | Evolution of the average properties of (dotted lines) cyclonic and (plain lines) anticyclonic eddies along their normalized lifetime.





3.2 Spatial Distributions and Trajectories

While CMEMS-SLA barely distinguish regions of dominant cyclonicity (Figure 6A), the use of ADT reveals the well documented anticyclonic and cyclonic regions of the Black Sea (Figure 6B), in the peripheral and central region of the basin, respectively. EO4SIBS-ADT (Figure 6C) provides slightly more continuity in the anticyclonic regions located along the northwestern, southern, and northeastern shelves which is in agreement with the dynamic considerations embedded in the production of the model outputs (Figure 6D). Besides, EO4SIBS-ADT, which benefits from enhanced prepossessing targeting the coastal areas, provides a better-defined distinction between coastal and central eddies formation area, in particular for anticyclones along the southern and northeastern shelves (Figure 7).




Figure 6 | Ratio between the number of days passed within cyclones or anticyclones, as obtained from the different data sets : (A) CMEMS-SLA, (B) CMEMS-ADT, (C) EO4SIBS-ADT, (D) Model. The dotted line indicates the 200 m isobathymetric contour.






Figure 7 | Annual frequencies of eddies formation events, including both cyclones and anticyclones, as obtained from the different data sets. The dotted line indicates the 200m isobathymetric contour.



This clearer distinction also prevails between cyclones and anticyclones pathways (Figure 8). EO4SIBS-ADT more clearly depicts the tendency for anticyclones to remain along the outer side of the rim current, along the shelf break, while cyclones issued from the same areas show a tendency to drift towards the basin center. This tendency appears quite clearly in the model results for eddies generated at the western and eastern shelf breaks. Finally, the case of the Sinop region (42°N, 36°E) is particularly illustrative. The two host-spot anticyclonic formation areas, that are strongly pronounced in the model results (Figure 7, 8), can be discerned from EO4SIBS-ADT, but not from CMEMS-ADT.




Figure 8 | Dominant cyclone (left) and anticyclone (right) pathways for three shelf regions of the Black Sea, as obtained from the different data sets. All the identified eddy tracks are displayed in grey. Tracks crossing the colored boxes are then highlighted in the same color as the box. The colored numbers provide the yearly count of such tracks for each of the three regions. The dotted line indicates the 200m isobathymetric contour.





3.3 Subsurface Anomalies

The census and morphological properties of eddies thus depend on the input altimetry data set, as do the normalized eddy-centric coordinates assigned to Argo profiles. Also, the number of profiles that can be exploited to characterize the subsurface signature of eddies vary between altimetric products, as it depends on the number of identified eddies, their location and radius.

The number of match-ups strongly decreases when considering CMEMS-ADT instead of CMEMS-SLA, in particular for anticyclones (Table 3, -39%), in a ratio that is similar to the ratio obtained between eddy counts (-36%). While the new product EO4SIBS-ADT provides a larger eddy count than CMEMS-ADT (+48%), the number of match-ups further decreases (-18% and -7% for BGC-Argo and Argo, respectively), which is likely attributed to the facts that 1) effective radius distribution is shifted towards smaller values (Figure 4) and 2) that additional eddies are mostly located in near-shore regions (Figure 8) where Argo profiles are generally scarcer. From geometric considerations, it is expected that the number of match-ups decreases more rapidly for smaller radial distances to eddy centers (Figure 9). Also, because eddies are not systematically circular, it happens that an Argo profile spotted inside an eddy effective contour has a distance to the center that is larger than the computed effective radius.




Figure 9 | Number of exploitable Argo profiles for different relative distances to an eddy center (ie. the distance normalized by the effective eddy radius). (A) Argo, (B) BGC-Argo.



Despite a lower number of exploitable profiles, using CMEMS-ADT instead of CMEMS-SLA to identify the eddy-relative location of in-situ profiles provides a better characterization of subsurface anomalies. For salinity (Figure 10), this better characterization consists of a clearer gradient of the anomaly from the eddy center to its periphery, an increase in the magnitude of the anomaly near the center (up to -0.7 p.s.u at a core depth of 100 m for anticyclones), and expansion of the area where the mean anomaly can be considered as significantly different from zeros. Similar observations arise for oxygen (Figure 11): expansion of the significant area, clearer gradient, and increase in intensity. In particular, the composite oxygen anomaly obtained for cyclones on the basis of CMEMS-SLA products depicts larger intensity beyond the eddy’s periphery, which is in direct opposition with the radial gradient obtained with CMEMS-ADT and EO4SIBS-ADT products.




Figure 10 | Characterization of subsurface salinity anomalies associated with (left panels) cyclones and (right panels) anticyclones. (Central panels) mean anomaly, (external panels) standard error on the mean. The shaded area covers regions of the eddy-centric coordinate systems where the mean anomalies cannot be considered as statistically different from zero with a confidence level of 95%.






Figure 11 | Same as Figure 10 for Oxygen.



The changes in depicted subsurface anomalies when evolving from CMEMS-ADT to EO4SIBS-ADT are clearer in the case of oxygen. Again, the area of significant non-zero mean anomaly is slightly expanded for anticyclones, and the gradient from center to periphery is more clearly marked. However, the lesser number of match-ups is penalizing near the center, in particular as concerns cyclones.

The subsurface eddy-induced oxygen anomalies obtained with the EO4SIBS-ADT product depict a number of interesting aspects. First, the intensity of the anomaly is large and reaches up to 100μM at a core depth of 80m for anticyclones (60μM at 50 m for cyclones). Second, a strong asymmetry arises between the cyclonic and anticyclonic cases, both in terms of intensity and depth of the anomaly. Finally, negative anomalies can be spotted near the surface, both for cyclones and anticyclones, which could not be significantly characterized based on the altimetric products CMEMS-SLA and CMEMS-ADT.




4 Discussion


4.1 Considering ADT Products Instead of SLA

The consideration of ADT products, whose effect can be assessed by comparing CMEMS-ADT and CMEMS-SLA results, induces a clearer distinction between the properties and distribution of cyclones and anticyclones. The fact that ADT products lower the number of identified eddies agrees with the conclusions of a similar comparative study conducted in the Mediterranean sea (Pegliasco et al., 2021). In our case, however, the obtained median effective radius is larger for cyclones and smaller for anticyclones, whereas ADT products systematically led to a smaller radius in the Mediterranean study. Also in agreement with this study, ADT products provide a much clearer delineation in the average cyclonicity (Figure 6), with cyclonic regions being confined to the basin center and anticyclonic dominating the peripheral regions. This is in clear agreement with the general descriptions of mesoscale activity in the Black Sea (Korotaev, 2003; Kubryakov and Stanichny, 2015a).

As concerns subsurface anomaly, the average radial structure obtained with ADT products for the oxygen and salinity subsurface anomalies, with a maximum in the eddy center, is more consistent with results obtained in other areas (e.g., Pegliasco et al., 2015; Schütte et al., 2016). In fact, the subsurface oxygen anomaly obtained from CMEMS-SLA for cyclones even depicts an opposite radial gradient with larger intensity beyond the eddy’s periphery, which makes little sense (for reasons of continuity the anomaly should decrease to zero towards the external background field) and opposes the results obtained with ADT products. Furthermore, ADT products result in larger area of the cylindrical coordinate system where the mean anomaly is significantly different from zero, even though fewer match-ups could be used to reconstruct these composite pictures. These Argo-based composite reconstructions thus demonstrate the better adequacy of ADT-based eddy censuses to reconstruct eddy signatures out of auxiliary data sets, and therefore suggest a higher accuracy of ADT-based eddy contours, in agreement with the suggestions made by (Pegliasco et al., 2021) for similar basin morphologies.



4.2 Impact of Considering High-Resolution Products

The clearest emerging property that arises from the consideration of the altimetry product EO4SIBS-ADT is a better distinction between the respective dynamics of cyclones and anticyclones. The shifts in the distributions of radius and orbital velocity are in large part associated with the refinement in the product’s spatial resolution. It is particularly interesting that this evolution of property distributions is different for cyclones and anticyclones. Similarly, while the distribution of orbital velocity obtained from EO4SIBS-ADT matches that provided by model results for cyclones, it still underestimates model orbital velocities obtained for anticyclones. In that sense, it appears that further enhancements of the altimetry products are important to resolve the asymmetry between cyclones and anticyclones properties and behavior in the Black Sea.

The difference between cyclones and anticyclones properties and distribution has been known for long as an important Black Sea characteristic (Korotaev, 2003), and can be explained by formation mechanisms (Zatsepin et al., 2019). However, the coastal segregation of anticyclonic eddies (Sect. 3.2) highlights the importance of further coastal-refined altimetry products for the Black Sea. Indeed, it makes anticyclones crucial contributors in the mediation of horizontal coastal-open exchanges and vertical (diapycnal) transport Zatsepin (2003). Thereby, the coastal refinement of EO4SIBS-ADT actualizes several questions.

A first point of interest concerns the fate of anticyclonic eddies formed along the different shelf breaks. A clear white stripe borders the coastline in the maps of anticyclonic tracks when considering CMEMS products CMEMS-SLA and CMEMS-ADT (Figure 8). EO4SIBS-ADT provides a better coverage for those areas, in particular for the southern and northeastern shelves (respectively highlighted in green and blue in Figure 8). As previously mentioned, the anticyclonic formation hot spots near Sinop and Samsun appear as a clear improvement, considering the good agreement with model outputs. However, model products indicate longer tracks for those anticyclones than those depicted from altimetric products. The same is true for eddies generated near the Bosphorus area, that travel along the Anatolian shelf in the model results but appear as interrupted in the altimetry results.

Also, spurious track interruptions are a known issue in the field of eddy tracking and can be mediated by different protocols, such as the virtual eddies embedded in py – eddy – tracker, or other approaches commonly resorted to in Black Sea mesoscale studies (Kubryakov and Stanichny, 2015b; Kubryakov et al., 2018b). However, these protocols may also artificially affect inferred eddy properties, and lifetime in particular. For the sake of illustration, (Kubryakov and Stanichny, 2015b) reports that 11% of identified anticyclones structures had a lifetime longer than 180 days, a value that is about three times larger than the T90 values reported in Table 2.

Solving this issue should be prioritized upon further enhancements of coastal altimetric data products for the Black Sea. The extent to which coastal anticyclones maintain a consistent dynamic structure while traveling along the shelf (or conversely if they rather consist of short-lived structures arising from meanders of the Rim current) has large implications regarding the estimate of their net effect in mediating material and energetic transport across the basin. For instance, to know whether eddies formed in the land-influenced Sevastopol region (44.5°N, 33°E) breaks before or after nearing the Bosporus region might be particularly important for biogeochemical considerations.

A second question of importance concerns the bifurcation of cyclonic and anticyclonic tracks issued from common formation areas. As analyzed by Kubryakov et al. (2018c) for physical properties and depicted in Sect. 3.3 for the case of oxygen, cyclones and anticyclones carry anomalies of opposite signs. A bifurcation in their advection tracks would thus result in net transport terms to be considered while exploring the processes maintaining horizontal patterns in the vertical distribution of these properties.



4.3 Oxygen Subsurface Anomalies Associated With Eddies

The asymmetry between the subsurface oxygen anomalies associated with cyclones and anticyclones (Figure 11) is of particular relevance for the study of Black Sea oxygen dynamics. The different intensity in induced oxygen anomaly indeed suggests that the positive anomalies associated with anticyclones arise from more than a mere vertical displacement of isopycnal layers. In parts, this asymmetry may arise from the shape of the underlying mean oxygen profile. A similar asymmetry is indeed visible for salinity (Figure 10), to a lesser extent, for which the introduction of additional source/sinks terms is excluded. In the case of oxygen, however, the positive anomaly associated with anticyclones is much larger in amplitude than the negative anomaly associated with cyclones. This suggests an overall efficient ventilation of the upper oxycline by eddy stirring, as demonstrated for the Peruvian OMZ (Bettencourt et al., 2015), where eddy oxygen fluxes towards the OMZ were estimated to be one order of magnitude larger than mean fluxes, and suggested for the Black Sea by Ostrovskii and Zatsepin (2016). By opposition to open ocean eddies where enhanced primary production and trapping of organic matter induces overall negative oxygen anomalies in the eddy cores (Schütte et al., 2016), it seems that eddy stirring and subsequent ventilation overweight enhanced primary production and subsequent respiration in the stratified Black Sea, thus resulting in overall positive oxygen subsurface anomalies.

We further note that subsurface eddy-induced oxygen anomalies are accompanied by a slight negative anomaly near the surface (Figure 11, but note that Argo profilers generally limit their ascendant profiles 10 to 20 meters below the surface, preventing a better analysis of surface anomaly). This negative surface anomaly would result in locally enhanced oxygen uptake from the atmosphere (or a reduced release), which can significantly enhance deeper oxygenation if associated with sub-mesoscale patterns of vertical advection (Ruiz et al., 2019).

Besides, perturbing the balance between the vertical distributions of nutrients (density-structured) and light (depth-structured) is bound to induce net perturbations in the biogeochemical terms of the oxygen budget, such as primary production (e.g., McGillicuddy, 2016; Lovecchio et al., 2022). Autonomous sampling devices are currently limited in their capacity to quantify biogeochemical process rates (e.g., primary production or respiration, by opposition to biogeochemical variables such as chlorophyll or oxygen). Therefore, we advocate resorting to detailed biogeochemical modeling to target specifically the role of mesoscale structures as potential catalysts for net biogeochemical contributions to the Black Sea oxygen dynamics.



4.4 Using Argo Data to Characterize Altimetric Products

To identify independent observational sources of information for qualifying altimetry products (and eddy identification) is not straightforward. For instance, optical remote sensing products (SST, ocean color) are often used to illustrate selected snapshots where surface anomalies match with elevation contours, but the expected anomaly varies regionally and temporally. The fact that eddies impress a spatially structured and coherent anomaly on subsurface fields has been largely documented, and is particularly expected in strongly stratified basins such as the Black Sea. When computing the mean value of this anomaly for different depth and normalized distance to center, errors stem in part from the mapping of Argo profiles w.r.t to the real eddy location at the time of sampling. In our case, this error varies with the different altimetric product. The difference in subsurface anomalies obtained between the CMEMS-SLA and CMEMS-ADT products, in particular the reverse radial gradient depicted for oxygen in cyclones (Figure 11) clearly demonstrates that CMEMS-SLA isn’t appropriate for eddy mapping in the Black Sea. The difference between the CMEMS-ADT and EO4SIBS-ADT is more subtle. Arguably, the shape of subsurface oxygen anomaly for anticyclones in EO4SIBS-ADT qualitatively appears to be more consistent, but the reduction in number of matched profiles is penalizing for the cyclone case (Table 3).

Yet, to derive a quantitative ranking metric for altimetric products on those bases remains difficult. The standard error of the mean value computed for each bin is function of the number of samples within the bin and the standard deviation estimated among those data. Again, a part of this deviation can be assigned to errors in the allocation of eddy-centric coordinates for the Argo profiles. All other methodological aspects being kept unchanged, one could thus interpret a reduction in the SEM (when using different altimetry products) as indicative of a reduction in this mapping error, hence a better accuracy of the altimetric product. In theory, one could thus relate differences in the SEM of subsurface anomalies to the accuracy of altimetric products. However, estimates of SEM requires large number of data points, whereas Argo profiles within identified eddy contours are already scarce. In particular, SEM computations is based on the assumption of statistically independent observations. This assumption is hindered by the spatial and temporal correlations that affects successive Argo samplings. A quantitative metric would thus require accounting for (and evaluating) auto-correlations between successive Argo profiles for a proper estimation of the effective number of observation to be considered when deriving the sample standard deviation and standard error on the mean. This is a tedious task and was considered unworthy in our case given the already small number of profiles available for the current Black sea case study.




5 Conclusion

We identified eddy contours and tracks in the Black Sea (2011-2019) by applying the py – eddy – tracker algorithm to three altimetric data sets issued from remote sensing and one issued from the CMEMS BS-MFC-BIO model framework. In-situ profiles provided by Argo and BGC-Argo floats, relocated in eddy-centric coordinates based on the above eddy censuses, were then used to characterize the mean anomalies induced by eddies in the vertical distribution of oxygen and salinity.

The enhancement of altimetry products, and in particular the new coastal-enhanced EO4SIBS-ADT product (Sect. 2.1) leads to the clearer distinction of cyclones and anticyclones in terms of properties, spatial distributions, advection tracks, and associated subsurface anomalies. More consistent subsurface anomalies were obtained with EO4SIBS-ADT for both salinity and oxygen, in terms of their spatial structure and of a greater portion of the diagram where the mean can be considered as significantly different from zero. This indicates a better adequacy of EO4SIBS-ADT to locate observed in-situ profiles relatively to mesoscale eddies, hence a more accurate description of the real mesoscale eddy field. Discriminating amongst different altimetry products based on identified eddy properties is made difficult by the lack of alternative observation basis for eddy properties. Here, we thus illustrated how assessing the consistency and error of composite mean anomalies, reconstructed based on in-situ observations, provides an independent tool to qualify various mesoscale eddies census products.

Using oxygen BGC-Argo samplings, we also highlighted an important, radially-structured negative (resp. positive) subsurface anomaly in oxygen concentration associated with cyclones and anticyclones. The asymmetry between cyclones and anticyclones subsurface oxygen signatures, and the presence of significant negative surface anomalies suggest that the contribution of mesoscale eddies in the Black Sea oxygen dynamics extends beyond a mere vertical displacement of the density-structured oxygen profile and involves net biogeochemical processes, as well as local influences on air-sea oxygen exchanges.

It would be relevant to apply a similar methodology to carefully calibrated additional Argo data variables such as chlorophyll (Ricour et al., 2021), nitrate, particulate organic matter, and hydrogen sulfide (Rasse et al., 2020). However, the lesser number of available profiles and the seasonality of biogeochemical cycles would prevent a direct application of the broad-scale, annual perspective adopted here. Finally we suggest resorting to dedicated modeling experiments to characterize the re-organization of biogeochemical processes occurring within Black Sea mesoscale eddies. Those should focus in particular on deriving the net basin-scale impact of the separation between cyclones and anticyclones preferential pathways (off-shore versus along-shore).
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Footnotes

1SEALEVEL_BS_PHY_CLIMATE_L4_REP_OBSERVATIONS_008_058.

2SEALEVEL_BS_PHY_L3_REP_OBSERVATIONS_008_*.

3http://www.eo4sibs.uliege.be/, last accessed 18th January 2022.

4https://github.com/AntSimi/py-eddy-tracker, last accessed on 15 July 2021.

5for an altimetry product of spatial resolution Δx , the smaller identifiable radius  , which corresponds to 17.5, 9, and 4km for CMEMS, EO4SIBS and model products, respectively.

6https://py-eddy-tracker.readthedocs.io/, last accessed 18 August, 2021.
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