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In this paper, satellite products developed during the Earth Observation for Science and Innovation in the Black Sea (EO4SIBS) ESA project are presented. Ocean colour, sea level anomaly and sea surface salinity datasets are produced for the last decade and validated with regional in-situ observations. New data processing is tested to appropriately tackle the Black Sea’s particular configuration and geophysical characteristics. For altimetry, the full rate (20Hz) altimeter measurements from Cryosat-2 and Sentinel-3A are processed to deliver a 5Hz along-track product. This product is combined with existing 1Hz product to produce gridded datasets for the sea level anomaly, mean dynamic topography, geostrophic currents. This new set of altimetry gridded products offers a better definition of the main Black Sea current, a more accurate reconstruction and characterization of eddies structure, in particular, in coastal areas, and improves the observable wavelength by a factor of 1.6. The EO4SIBS sea surface salinity from SMOS is the first satellite product for salinity in the Black Sea. Specific data treatments are applied to remedy the issue of land-sea and radio frequency interference contamination and to adapt the dielectric constant model to the low salinity and cold waters of the Black Sea. The quality of the SMOS products is assessed and shows a significant improvement from Level-2 to Level -3 and Level-4 products. Level-4 products accuracy is 0.4-0.6 psu, a comparable value to that in the Mediterranean Sea. On average SMOS sea surface salinity is lower than salinity measured by Argo floats, with a larger error in the eastern basin. The adequacy of SMOS SSS to reproduce the spatial characteristics of the Black Sea surface salinity and, in particular, plume patterns is analyzed. For ocean colour, chlorophyll-a, turbidity and suspended particulate materials are proposed using regional calibrated algorithms and satellite data provided by OLCI sensor onboard Sentinel-3 mission. The seasonal cycle of ocean colour products is described and a water classification scheme is proposed. The development of these three types of products has suffered from important in-situ data gaps that hinder a sound calibration of the algorithms and a proper assessment of the datasets quality. We propose recommendations for improving the in-situ observing system that will support the development of satellite products.
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1 Introduction

The Black Sea is a miniaturized version of the global ocean where the coastal and shelf zones interact with a permanent anaerobic marine zone extending from ~100 m till the bottom (~2200m) (Murray, 1991). The opening of the Bosporus Strait at the end of the Last Glacial Maximum has allowed the intrusion of the saline Mediterranean waters transforming the Black Sea from an enclosed freshwater lake to a permanently stratified basin (Degens and Ross, 1972). The Black Sea vertical salinity profile shows the presence of a permanent halocline located between 50-150 m that 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. This forms a cold-water layer, the so-called Cold Intermediate Layer (CIL). The Black Sea CIL is located between 50-100m and is characterized by a temperature below 8°C (e.g., Stanev et al., 2003). Waters below ~100-150m are essentially stagnant and have a residence time of several hundreds of years (Buesseler et al., 1991).

The Black Sea is a dilution basin with a net freshwater flux associated with precipitation and river discharges exceeding that of evaporation. Its surface layer has a salinity ranging from less than 16 psu in Regions Of River Influence (ROFI) up to 18.6-18.8 psu in the open sea. The water and salt budgets are equilibrated at the Bosporus by a net water outflow flowing at the surface and an inflow of saline Mediterranean waters flowing at depth. The main feature of 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 40-60 km and a speed of 0.3-0.5 ms-1 (e.g., Stanev, 1990; Oguz et al., 1992) (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 10-100 kms while semi-permanent small scales eddies are present on the periphery between the coast and the Rim current. The mean baroclinic Rossby radius in the basin is around 20 km, and up to 5 times lower in the shelf area on the north and eastern part of the basin (Kurkin et al., 2020). Several papers have investigated the mesoscale dynamics in the Black Sea (e.g. Staneva et al., 2001; Kubryakov and Stanichny, 2015; Bouzaiene et al., 2021).




Figure 1 | The Black Sea annual averaged circulation (for 2018) obtained with EO4SIBS altimetry products.



Due to its reduced size and limited lateral connections, the Black Sea is particularly sensitive to changes in its forcings (rivers, atmosphere exchanges) and is then an excellent laboratory to detect climate change and environmental impact (e.g., Grégoire and Lacroix, 2001; Oguz et al., 2006). During these last decades, signals of warming and deoxygenation have been evidenced (e.g., Konovalov and Murray, 2001; Oguz et al., 2006; Capet et al., 2016; Miladinova et al., 2017; Stanev et al., 2019; Capet et al., 2020). The formation of the CIL is becoming intermittent with years without CIL formation resulting in its progressive disappearance (e.g., Capet et al., 2014; Akpinar et al., 2017; Miladinova et al., 2017; Stanev et al., 2019; Capet et al., 2020). The reduction in CIL formation combined with intense eutrophication in the 1980s resulted in a rise of the oxycline and a significant reduction of the oxygen content of the deep sea (Konovalov and Murray, 2001; Capet et al., 2016).

The Black Sea configuration and environmental characteristics challenge the development of earth observation products from space and require the development of specific data treatments. Its moderate size and almost enclosed character make that a large fraction of the basin influenced by the coast. From the satellite data processing point of view the measurements can be strongly degraded by land-sea contamination that may induce strong biases close to the coast and affect the quality of signal corrections (Oguz and Ediger, 2006; Olmedo et al., 2021; Pujol et al., 2022). Black Sea waters are optically complex, merging large amounts of Colour Dissolved Organic Matter (CDOM) (Organelli et al., 2017) and other optically active organic and mineral Suspended Particulate Matter (SPM) delivered by its large rivers. Several regional algorithms have been developed for Chl-a (e.g., Kopelevich et al., 2002; Volpe et al., 2007; Kajiyama et al., 2018) while for SPM and Turbidity (TURB), only products obtained with global algorithms are available in operational mode. Previous endeavours related to calibration of a regional turbidity algorithm in the Danube Delta coastal area (Constantin et al., 2016) focused on MODIS imagery. As concerns Sea Surface Salinity (SSS), so far, there is no dedicated satellite-sea surface salinity (SSS) product in the Black Sea. In this paper, we present new algorithms and products developed in the frame of the 2-year ESA project EO4SIBS (Earth Observation for Science and Innovation in the Black Sea). During EO4SIBS, Ocean Colour (OC), altimetry and SSS products are produced by improving and developing algorithms and data processing to appropriately tackle the Black Sea’s particular configuration and geophysical characteristics. These products are developed for the last decade and are validated with regional datasets. They are developed aiming at better characterizing the Black Sea mesoscale and coastal processes, basin scale productivity and SSS.

The paper is organized as follows. The technical developments in terms of data processing and validation procedures are presented in Sect. 2. The products are described, and their quality assessed in Sect. 3. The complementarity and adequacy of developed products to assess the Black Sea state and variability are presented in Sect. 4. The main outcomes are summarized in Sect. 5 and recommendations for an integrated observing system combining satellite and in-situ platforms are proposed.



2 Materials and methods

EO4SIBS products are summarized in Table 1 and are available from a web interface (http://www.eo4sibs.uliege.be/, Supplementary S1) and at Zenodo (Grégoire et al., 2022) under data doi: 10.5281/zenodo.6397223 with a full documentation that includes Products User Manuals (PUM) and Algorithm Theoretical Basis Document (ATBD). All these products are distributed in netCDF files.


Table 1 | List of products and their characteristics presented in this paper.



In this section, we overview the algorithms used to retrieve the satellite products, including the new developments and the calibration/validation procedures.


2.1 Altimetry


2.1.1 Level-3 (along-track) altimeter product

The processing used for Level-3 altimeter products is derived from the DUACS (Data Unification and Altimeter Combination System) processing currently used in the Copernicus Marine Service processing chain for the production of the Level-3 product over the Black Sea and described in Pujol et al. (2016, 2022). Here, in order to better resolve the smaller scale signal, we process the full rate Level-2 (20Hz) altimeter measurements from the Cryosat-2 (C2) and Sentinel-3A (S3A) altimeter missions to deliver a Level-3 altimeter product defined with a nearly 1 km sampling (instead of ~7 km with a conventional low resolution 1Hz measurements). This is made possible by recent advances in the altimeter technology and processing. The SAR technology available on C2 and S3A missions, as well as innovative retracking methodologies (e.g., Moreau et al., 2021) contribute to significantly reducing the measurement errors at short wavelengths. Details on the altimeter standards, applied corrections, measurements selection, cross-calibration, noise reduction and filtering are provided in Supplementary S2).



2.1.2 Level-4 (gridded) altimeter product

Level-4 products are produced from the 5Hz along-track altimeter products described above and from 1Hz Level-3 products from contemporaneous missions (Jason-2, Jason-3, SARAL-AltiKa, HaiYang-2A) made available in the Copernicus Marine Service (DT-2018 standards, Taburet et al., 2019). The processing applied is derived from the conventional DUACS optimal interpolation processing (e.g., Le Traon et al., 1998; Pujol et al., 2016; Taburet et al., 2019) with optimization of specific parameters to better estimate the mesoscale and coastal signal. The correlation scale function used in optimal interpolation processing is modified in order to include a bathymetry constraint (e.g., Davis, 1998; Dussurget et al., 2011; Escudier et al., 2013) and thus to better align the topographic structures with the bathymetric gradients. Additionally, eddies propagation velocities, deduced from the Copernicus Marine Forecasting Center for the Black Sea physics (Ciliberti et al., 2021) are also taken into account in the correlation scale definition (Supplementary S2). Finally, the SLA signal is interpolated on a regular Cartesian grid with a 0.0625°*0.0625° spatial resolution and a daily sampling. Absolute Dynamic Topography (ADT) and geostrophic currents are also estimated adding to the SLA, the regional Black Sea Mean Dynamic Topography (MDT) available on the Copernicus Marine Service Sea Level Thematic Assembly Center SEALEVEL_BLK_PHY_MDT_L4_STATIC_008_067 product (Mulet et al., 2021).




2.2 Ocean colour


2.2.1 Atmospheric correction

Over the last decades, numerous algorithms for atmospheric corrections were proposed, validated and implemented in operational procedures (e.g., Goyens et al., 2013; Novoa et al., 2017; Renosh et al., 2020). In order to select the most suitable solution for the retrieval of remote sensing reflectance (Rrs), algorithms adapted to clear and optically complex waters are tested. The widely used POLYMER (i.e., POLYnomial based algorithm applied to MERIS) algorithm (Steinmetz et al., 2011), BAC (i.e., Baseline Atmospheric Correction) that is used by EUMETSAT for processing the standard Level-2 OLCI products (Antoine and Morel, 1999; Moore et al., 2017), and C2RCC (i.e., Case 2 Regional CoastColour) based on neural network and designed to improve radiometric parameters estimation in complex waters (Doerffer and Schiller, 2007) are compared. The quality of these algorithms is assessed by comparing the spectral reflectance (Rrs) retrieved from S3 OLCI using different atmospheric corrections with that measured in the field by the two Black Sea Aeronet-OC stations i.e., Gloria (25/01/2011-07/03/2018) and Galata (12/04/2014-31/10/2018). All available match-ups from 2017 are taken into consideration. These two stations are located in the western part of the basin relatively close to the coastline (app. 22-23 km) and are representative of different optical conditions (e.g., Gloria is sometimes exposed to the Danube River plume).

Another important aspect concerning data processing refers to the flagging scheme used. As suggested by the latest EUMETSAT report on S3 OLCI L2 collection 3 (EUMETSAT, 2021), the ANNOT flags are not considered. ANNOT_DROUT, which detects anomalously bright waters, tends to remove valid pixels in case-2 (complex) waters or if coccolithophore blooms are present. Since coccolithophores blooms are common in the Black Sea (e.g., Kubryakov et al., 2019; Kubryakova et al., 2021), it was decided not to remove these areas from subsequent analysis.



2.2.2 Water classification algorithms

Black Sea waters are regionalized based on their optical properties. A combination of the classification methods proposed by Morel and Bélanger (2006) and Dogliotti et al. (2015) is used to distinguish 3 classes of water masses differentiated by the nature of the dominant active optical constituents. The so-called case-1 waters are dominated by optically active components that are correlated to Chl-a and hence the absorption and scattering coefficients of case-1 are empirically (non-linearly) linked with Chl-a. Case-2 waters is a mixture of Chl-a, CDOM, mineral sediments (typical of coastal waters). The transition from case-1 to case-2 waters is based on the method developed by Morel and Bélanger (2006), which compares the Chl-a concentration with remote sensing reflectance values at 560 nm. Case-3 waters, introduced as a supplementary class for the Black Sea scenario, differ essentially from case-1 and case-2 by the presence of additional particles, mainly of mineral nature, and hereafter collectively called sediments (e.g., mud, sand, silt, carbonate). This is similar to the case-2S water type mentioned by Morel and Bélanger (2006). Even if they are weakly coloured and absorb the light, these particles enhance the reflectance over the whole spectrum through increased scattering. Here, case-3 waters are defined where Rrs at 665 nm is above a specific threshold (i.e., 0.0125 sr-1) empirically determined by inspection of multiple images to properly characterize the limit of the very turbid waters (especially the river plumes).



2.2.3 Inversion algorithm

Each OC product is estimated using an approach that merges two distinct algorithms adapted to low and high values of the retrieved variable. The final product is then obtained by combining these two products according to specific thresholds and using an interpolation scheme over an overlapping range. This combination is expected to offer a more accurate retrieval over broader ranges of concentrations. For the three biogeochemical variables of interest (i.e., Chl-a, SPM and TURB), the algorithms are calibrated regionally using in-situ data when available. For Chl-a, in-situ measurements are available only for the low-end part of the concentration spectrum. Thus, for the low Chl-a regions, a blue-to-green ratio approach is adapted regionally (n=31, R=0.91, Root Mean Square Difference (RMSD)=0.17 and median absolute percentage difference (MAPD)=20.33%). A fourth-order polynomial relationship (OC4-type) between Chl-a and the maximum band ratios of reflectance at 490 nm and 510 nm with that at 560 nm is developed. For the high Chl-a regions (i.e. Chl-a > 2 mg m-3), the development of a regional algorithm is not possible due to the limited number of available in-situ datasets for its calibration and validation during the period of Sentinel data acquisition. We then use the neural network algorithm (C2RCC) including during coccolithophores blooms. C2RCC computes the absorption by phytoplankton pigments (apig) at 442.5 nm, based on the water-leaving reflectance and then links apig to Chl-a using predefined scaling factors (EUMETSAT, 2021). A merging scheme combines then results from OC4-type and C2RCC algorithms.

TURB and SPM products are retrieved using the regional adapted equations of the algorithms described in Nechad et al. (2009, 2010). These algorithms estimate TURB/SPM in relatively clear and moderate turbid waters using the water leaving reflectance in the red part of the electromagnetic spectrum (λ = 665 nm) while for turbid regions the near infrared (NIR) spectral region is used (λ = 865 nm). For the transition zone, the switch between red and NIR based algorithms is performed through linear interpolation, similar to the approach used by Dogliotti et al. (2015). This regional re-parametrization of existing approaches allows more accurate retrieval of the biogeochemical parameters. It should be noted that the application of the C2RCC algorithm for SPM estimation product, distributed together with the standard Level 2 OLCI products significantly overestimates the SPM concentrations (i.e. mean ratio between predicted and observed SPM of 2.7).

All in-situ samples available during Sentinel data acquisition are used to calibrate the OC algorithms. However, the scarcity of in-situ measurements does not allow an independent validation exercise.



2.2.4 Filling the clouds

Level-4 (gap-free) Chl-a products are obtained using DINEOF (Data Interpolating Empirical Orthogonal Functions, Beckers and Rixen, 2003; Alvera-Azcárate et al., 2005). DINEOF infers the missing information (e.g., due to the presence of clouds, dust or smoke in the atmosphere) thanks to a spatio-temporal analysis of the available data using an Empirical Orthogonal Functions (EOFs) basis extracted from the data themselves. Given the large size of the datasets, a separate analysis for 2016 and 2017 is realized. A first DINEOF run is performed on each of these datasets and the EOFs retained are used to detect and remove outliers, following Alvera-Azcárate et al. (2012). The final DINEOF reconstruction is done using 4 and 5 EOFs for respectively 2016 and 2017 respectively. DINEOF provides a cross-validation error estimate of the reconstruction, by masking ~3% of the initially available data in the form of clouds (see Beckers et al., 2006). The reconstruction cross-validation error is 1.35 mg m-3 for 2016 and 1.3 mg m-3 for 2017.




2.3 Salinity

Level-2, Level-3 and Level-4 SMOS SSS datasets are generated starting from the brightness temperature derived from the SMOS Level-0 data. The complete description of the algorithms as well as the quality assessment of the resulting Level 3 SMOS SSS products are provided in Olmedo et al. (2022). Here, we briefly summarize the main improvements introduced from the data processing point of view for taking into account the Black Sea’s particular geographic and geophysical conditions and we refer to Olmedo et al. (2022) for further details.


2.3.1 Improvements on the nodal sampling

Nodal sampling technique is used to reduce artefacts in brightness temperatures due mainly to Radio Frequency Interference (RFI) sources (Oliva et al., 2016) contaminations. The nodal sampling has been demonstrated to be an effective method for mitigating ripples and tails caused by RFI sources and other strong brightness temperature transitions (González-Gambau et al., 2016). This technique consists in sampling the brightness temperature at nodal points, defined as points where the contamination vanishes and the geophysical signal presents its minimum distortion. This algorithm has been enhanced by including a sea-land mask with the aim at mitigating a residual contamination that persisted in the first ~75 km close to the coast (Olmedo et al., 2022).



2.3.2 Extrapolation of the dielectric constant model

SSS is retrieved from measured brightness temperature and SST by using a dielectric constant model. However, the sensitivity of the brightness temperature to salinity variation decreases in cold and fresh waters leading to a significant decrease in the accuracy of the retrieved salinity. Also, the dielectric constant model performs very well in retrieving the SSS values typical of the open ocean, namely 32-38 psu, while over 15-20 psu the parameterization is not adapted, resulting in poor model accuracy. The Black Sea and, in particular, its northwestern shelf, combines low salinity (i.e., < 15 psu in the ROFI regions) and, in winter, low temperature (i.e., < 5°C with, in some regions, the presence of sea ice) waters which requires the adaptation of the dielectric constant model. Here, we use the dielectric constant model presented in González-Gambau et al. (2022). This model is proposed for the satellite salinity retrieval in the Baltic Sea that presents very low SSS and SST values. The model consists of a linear extrapolation of the algorithm presented in Meissner and Wentz (2004) for salinity values lower than 20 psu. The proposed linear extrapolation is as a function of salinity while the non-linear dependency on SST is kept unchanged.



2.3.3 Biases correction

Systematic and random errors affect the retrieval of satellite SSS. The systematic errors are separated between those errors that depend on the acquisition conditions but not on time, and those that depend on time but not on the acquisition conditions. The first ones are mainly due to land-sea contamination (Martín-Neira et al., 2016) and permanent sources of RFIs. We use the debiased non-Bayesian (dnB) approach described in Olmedo et al. (2017) to mitigate systematic biases in Level-2, Level-3 and Level-4 SSS products. The original dnB method has been developed for the global ocean and consists in estimating the biases for constant acquisition conditions (i.e., latitude, longitude, across-track distance, incidence angle, satellite overpass direction). The application of the dnB method to the Black Sea highlights spatial and temporal signals, attributed to changes in the RFI contamination and the SST values, that need to be removed. As described in González-Gambau et al. (2022), the original dnB method is extended to consider a dependency on the SST when estimating the systematic bias. Besides, since the contamination by RFI sources in 2011-2015 is different from that in 2016-2020, the systematic biases in these two periods are characterized and corrected separately.

Time dependent bias is corrected by imposing that the global ocean averaged SSS retrieved with the current algorithm does not change in time (see Olmedo et al., 2021 for the assessment of this hypothesis).



2.3.4 Reducing the brightness temperature noise by using multifractal fusion

In order to mitigate the RFI contamination over the brightness temperatures, we use multifractal fusion algorithm (Umbert et al., 2014) applied to the brightness temperature data. This is the first time that multifractal fusion is applied to brightness temperatures. In previous SMOS SSS products as in Olmedo et al. (2018, 2021), multifractal fusion was applied to the Level-3 SSS leading to a new Level-4 SSS product with enhanced accuracy and resolution (Olmedo et al., 2016). In the case of the Black Sea, we need to apply the method to the brightness temperatures for obtaining Level-3 products of enough quality. Doing this, we improve the accuracy of the retrieved salinity (Olmedo et al., 2022).



2.3.5 Level 4 products

We apply multifractal fusion algorithms (Umbert et al., 2014) to generate the Level-4 product as done in Olmedo et al. (2021).



2.3.6 Quality estimation of the SSS products

The quality of the SMOS SSS products is estimated by using the correlated triple collocation method developed by González-Gambau et al. (2020). The method compares three datasets that resolve similar spatial scales, with two of them affected by correlated errors. Here, the two error correlated data sets are the different Level SSS products while the uncorrelated one is the Black Sea physical reanalysis system (version E3R1) freely distributed by the Copernicus Marine Service with the identifier BLKSEA_MULTIYEAR_PHY_007_004 and doi https://doi.org/10.25423/CMCC/BLKSEA_MULTIYEAR_PHY_007_004.

A flagging is defined for the SSS products (Level-2, -3 and -4) based on the range and variability of the products as described in Olmedo et al. (2022).





3 Results

The quality of EO4SIBS satellite products is assessed and compared with in-situ data and reference products (e.g., other satellite products, model results).


3.1 Altimetry


3.1.1 Level-3 along track

The number of valid measurements and the variance of the signal increase when using the EO4SIBS 5Hz Level-3 product compared to the 1Hz product delivered by CMEMS (Figure 2 and Supplementary S2). Over the basin and, in particular, in regions close to the coast (i.e., up to 50 km away from the coast), the number of valid measurements is globally higher when considering the 5Hz altimeter product rather than the 1Hz product. It is nearly twice at ~15km from the coast and when getting closer to the coast, it drastically decreases at 1Hz while at 5Hz, even if a reduction is observed, the availability rate still remains significant up to ~5 km to the coast.




Figure 2 | Left: Number of valid measurements (A) and mean SLA variance (C) as a function of the distance to the coast. Statistics computed on S3A measurements from 1Hz (red line) and 5Hz (blue line) products. Only measurement points with a minimal sampling rate of 80% compared to the maximal number of expected cycles are considered. The number of valid 5Hz measurements is divided by a factor 5 before comparison with the 1Hz product. Statistics computed over the Black Sea. Right: Example of SLA along a S3A track (date 2017/07/03) for 1Hz CMEMS product (B) and EO4SIBS 5Hz product (D).



The 5Hz measurement globally contributes increasing the spatial and temporal variance of the SLA signal by 10 to 20% (Supplementary S2). The temporal variability of the signal remains consistent between the 5Hz and 1Hz products up to ~15km (Figure 2). Closer to the coast, the variability observed with the 1Hz product shows two peaks that can be interpreted as errors in the altimeter measurement. At the opposite, the variability observed with the 5Hz product is homogeneous and consistent up to ~1km from the coast, underlining the pertinence of the additional observations brought by this product in the coastal area. This is not surprising since the 5Hz product better samples the sea surface and is specifically processed to better resolve the small wavelengths. An example of the SLA along a track is given on Figures 2B, D. It shows the improved sampling of the surface and the higher intensity of the topographic structures observed with the 5Hz product. In the eastern part of the basin, the gain of measurements with the 5Hz product is higher (Supplementary S2) mainly due to the increased availability of short segments near the coast, not present in the 1Hz product. These differences explain the high gain in SLA variance (~+40%) observed both for C2 and S3A (Supplementary S2).



3.1.2 Level-4

The Level-4 gridded EO4SIBS product is compared to the contemporaneous Copernicus Marine Service product (regional Europe in DT-2018 version, Taburet et al., 2019). The main differences are observed in Eddy Kinetic Energy (EKE). The EKE differences (Figure 3) underscore both the coastal areas, and the continental slope with higher EKE observed in the 5Hz product. Main part of this additional energy is explained by the bathymetric constraint processing. It leads to a better definition of the Rim current characterizing the circulation in the Black Sea basin, and a more accurate reconstruction of the eddies structures in coastal areas where it contributes to close eddies contours as illustrated in Figure S2.4 in the Supplementary S2. Near the coast, the improved data availability, and thus signal observability, offered with 5Hz along-track product (S3A and C2), also contributes to this result.




Figure 3 | (A) EKE differences between EO4SIBS and CMEMS gridded products; unit: percent of the EKE from CMEMS product. (B) Difference of the variance of the gridded SLA minus along-track SLA, using successively EO4SIBS and CMEMS (DT-2018) SLA gridded products. Negative values mean that the variance of the SLA differences are reduced when considering EO4SIBS regional gridded products. The results are presented in percent of the variance of the differences between CMEMS gridded and SARAL/AltiKa along-track SLA products (white regions mean no data).



The gridded altimeter product is validated by comparison with independent measurements. Two specific map series are constructed keeping measurement from one satellite (here SARAL/AltiKa with 1Hz resolution from the Copernicus Marine Service) apart for validation purposes. They correspond to the regional product presented in this paper, and conventional regional product available from the Copernicus Marine Service. The independent measurements are here considered as a reference for mesoscale validation assuming that this signal is better observed on raw along-track measurement than on the gridded product. The latter indeed induces a smoothing of the signal. The map series that maximizes the reduction of the variance of the SLA difference between the gridded product and independent along-track is thus considered as the best map series for mesoscale observation. Figure 3B shows the results obtained over year 2017. It underscores a net reduction of the variance of the differences between gridded SLA and SARAL/AltiKa along-track SLA products when EO4SIBS grids are considered. The reduction reaches between 10 to 20% in the main part of the basin, except in the Eastern part where the Copernicus Marine products have better performances. The results also suggest a light degradation along the Crimean and southern coasts.




3.2 Ocean colour

The comparison of the spectral water-leaving reflectance estimated from S3 OLCI using the BAC, Polymer and C2RCC algorithms for atmospheric corrections with that measured in-situ at Aeronet-OC stations shows that Polymer and BAC give better agreement than C2RCC (Supplementary S3). Overall, the error statistics (e.g., bias, RMSD, correlation) associated with Polymer and BAC are similar. Polymer performs slightly better than BAC for the blue wavelengths, but exhibits a tendency to underestimate water-leaving reflectance in the other spectral bands. The BAC algorithm for atmospheric correction, i.e. the standard Level-2 product delivered by EUMETSAT as operational and which showed satisfactory results in turbid coastal waters (Renosh et al., 2020), is selected here for further analyses. The comparison with in-situ data of the S3 OLCI retrieved SPM and TURB shows that the use of a regional algorithm improves the quality of the products with respect to a generic one (see Figure 4 for SPM). The use of two spectral bands (i.e., λ = 665 nm and λ = 865 nm) and the calibration of the algorithm’s parameters with regional data improve the quality of the product compared to an approach that uses a single spectral band (λ = 665 nm). The RMSD is reduced from 7.26 to 1.93 g m-3 while the MAPD is reduced from 35.15 to 15.89% when using a regionally fitted algorithm. The improvement is particularly visible for high SPM values. This is due to the better performance of the NIR band for these high SPM concentrations, for which the red band tends to saturate and gives false estimations. The merging scheme used in all the regional algorithms assured smooth transitions, without the presence of artificial steep gradients.




Figure 4 | Scatter plot between measured and satellite-derived SPM concentrations; (A) based on the default Nechad et al. (2010) approach, using one single spectral band (λ = 665 nm); (B) based on regional adapted algorithm, which implies the usage of two spectral bands (λ = 665 nm and λ = 865 nm); N is the number of match-ups, R - the correlation coefficient, MR - median ratio between observed and predicted, MB - median bias, MAPD - median absolute percentage difference and RMSD - root mean square difference.





3.3 Salinity

The comparison of the satellite-derived in-situ or modeled SSS is challenged by the fact that these estimations are obtained at different depths within the first 10 m of the water column. The topmost in-situ measured or modeled SSS, referred to as bulk SSS, is at depths larger than 1 m and mostly between 2-10 m while the satellite retrieved SSS represents the salinity in a thin layer (~1-2 cm), the skin salinity, over which the microwave radiation is penetrating. The skin SSS can be affected by evaporation-precipitation with opposite effects: precipitation dilutes the skin surface while evaporation causes skin salinification. In ROFI regions, the presence of a halocline at shallow depth (i.e. <= 10 m), decouples the skin surface from waters below the pycnocline and prevents a straightforward comparison between the satellite and in-situ SSS. In addition, sampling error (or representation error) can also be significant especially in coastal areas where this error may amount 0.4-0.7 psu (e.g., Vinogradova et al., 2019). Nevertheless, the SMOS retrieved SSS is compared with that provided in-situ Then, the estimated error statistics include the error associated to the satellite product and that associated to different sampling time and depth. Besides the comparison with in-situ, the uncertainty of SMOS SSS is also estimated by using correlated triple collocation with models and other satellite products (SMAP).

The quality of Level-2 dataset corresponding to descending satellite overpass (i.e., L2D) is generally poor and its estimated error is approximately twice that corresponding to ascending orbits (i.e., L2A) due to a more severe RFI contamination of descending orbits. L2D SSS products are then inappropriate for scientific studies. The error of L2A products amounts to 1.5-1.85 psu, is strongly heterogeneous and dependent on the coverage of the basin by the satellite overpasses. When the satellite overpass completely covers the basin, the quality is much better than when the satellite partially crosses the Black Sea (Supplementary S4 and Figure S4_1).

The global comparison with Argo and historical data confirms a reduction of the error in terms of bias and standard deviation of the difference between satellite and in situ measurement from Level-2 to Level-3 and Level-4 products (Table S4.1 and Supplementary 4). The reduction of standard deviation by a factor of 3 is particularly striking. It results from the fact that after mitigating the biases, the uncorrelated error of the satellite measurements decreases as the number of averaged measurements increases. The Level-2 products are daily products provided by single satellite overpasses, while Level-3 maps include the measurements taken over 9 days. Over 2011-2020 and whole basin, the averaged bias is negative (i.e. -0.11 -0.13 psu) pointing to a general underestimation of the SMOS SSS with respect to Argo. The yearly statistics shown in Table S4.2 (Supplementary 4) shows better accuracy over the period 2016-2020 compared to 2011-2015. The degradation of the accuracy over 2011-2015 is explained by a stronger RFI contamination during that period (Oliva et al., 2016). The spatial distribution of the bias and its standard deviation (see top plot in Figure S4.2 in Supplementary S4) display the highest values along the coast and in the eastern basin. The SMOS SSS is lower than Argo along the coast while in the central eastern basin, positive and negative bias can be found. Although this coastal-offshore gradient in the bias is not confirmed when comparing with ship and mooring data (bottom plot in Figure S4.2), it could suggest an underestimation of SSS in the lower salinity coastal region.

The results from the correlated triple collocation analysis between the satellite and the model salinity fields show that the error is significantly reduced in Level-3 and Level-4 products, with an error usually lower than 0.7 psu (Figure 5). L2A, L3 and L4 SMOS products present larger errors in coastal areas, in ROFIs and along the Rim current than in the open ocean regions. This could be explained by some residual land-sea contamination still present in the satellite products. The error is significantly reduced in Level-3 and Level-4 products but still in the eastern part of the sea the error amounts 0.6-0.7 psu. The eastern part of the sea is the most affected region by RFI that results in a decreased accuracy. Moreover, we should note that the coastal region and, in particular, the eastern basin are regions of intense mesoscale activity with generation of cyclonic and anticyclonic eddies that, if not well placed in the model, can induce large differences when compared to the SMOS SSS due to a misplacement of the structures (sampling error).




Figure 5 | Spatial distribution of the uncertainty associated with the SSS product with respect to model simulations using the correlated triple collocation procedure for L2A (first row), L2B (second row), L3 (third row) and L4 (bottom) over 2011-2015 (left column) and 2016-2020 (right column).






4 Discussion


4.1 Coastal applications and mesoscale

The altimeter observing capability is defined by analyzing the SLA Power Spectral Density (PSD). It allows to define the minimum wavelength associated with the dynamical structures that the altimeter would statistically be able to observe with a signal-to-noise ratio (SNR) greater than 1 (i.e. the observable wavelength). The methodology applied is derived from Dufau et al. (2016) and consists in finding the wavelength for which the SNR is equal to 1, the signal being defined by the mesoscale spectral slope and the noise by a constant value fitted on the spectral plateau (or quite flat slope) visible at the shortest wavelengths. The determination of the spectral slope and noise is done by least square fitting a two-line sum model to the signal PSD. This analysis is done for both the 20Hz (i.e. upstream products for 5Hz product generation) and 1Hz altimeter raw (i.e. not low pass filtered) measurements provided by the Copernicus Marine Service for S3A and C2 missions. This analysis shows that the observing capability of the full rate measurement ranges between 25 (S3A) and 32 (C2) kms and is increased by a factor ~1.6 with respect to that of the 1Hz measurements that ranges between 40 (S3A) and 53 (C2) kms (Figure 6).




Figure 6 | Mean SLA PSD over the Black Sea region, deduced from Cryosat-2 (A) and Sentinel-3A (B) measurements. The PSD obtained from 20Hz (resp. 1Hz) measurements is presented in blue (resp. orange). The spectral slope and noise level deduced from the PSD analysis are presented in dotted black lines, while theoretical spectrum, defined as the sum of the spectral slope and noise, are presented in thick black lines. The intersection between the spectral slope and noise level is symbolized by a blue (yellow) star for 20Hz (1Hz) measurements. It is representative of the SNR equal unity.



In Capet et al. (2022), the application of eddy detection and tracking algorithms to the EO4SIBS and Copernicus Marine Service gridded products confirms the enhanced capacity of the EO4SIBS products to describe mesoscale dynamics and eddy characterization: areas of formation dominant pathways, retrieved eddies properties and distinction between cyclones and anticyclones. In addition, the refined eddy mapping obtained with EO4SIBS Level-4 altimetry product allows a better characterization of subsurface anomalies of oxygen and temperature as evidenced by colocation of eddies with ARGO data.



4.2 River plume and open sea salinity

The comparison of the seasonal cycle of SMOS SSS with that simulated by the Copernicus Marine Service physical model shows that SMOS SSS represents the main characteristics of the seasonal variability of the SSS spatial pattern in agreement with model simulations. The presence along the year of a freshwater plume (i.e. SSS <17 psu) formed by the discharges from mainly the Danube but also the Dniester and Dnieper over the northwestern shelf and advected along the coast by the Rim current is well represented (Figure 7). The extension of the plume from winter to summer along the basin is quite well visible even if SMOS SSS displays a band of low SSS values along the northeastern coast which is not clearly present in the model. Several spots of low SSS are present along this coast in association with the discharge from the Rioni and near the Kerch Strait connecting the Black Sea with the Azov Sea. Others seem to be due to local bathymetric features and/or river discharges. SMOS SSS underestimates the seasonal variability of the river plume dynamics over the shelf with a larger extension in winter and a lower extension in summer. We note however that an extension of river water over the shelf from winter to summer is visible in SMOS. SMOS is able to represent a salinification of the open sea from summer to winter in response to an enhanced mixing by turbulence and convection from October to March combined with an intensification of the Rim current that shallows the main pycnocline. However, the SMOS SSS above 19 psu in fall is too high compared to model results and Argo profiles (~6000 profiles) collected over the last 14 years that show surface salinity values between 17.5-18.7 psu (Stanev et al., 2019). This points to an overestimation of the SSS in the deep sea as already mentioned in Sect. 3. Yu (2010) shows that skin salinification can cause an increase of 0.05-0.15 in regions with high evaporation or/and low wind intensity. The summer-fall period is characterized by an excess of evaporation with respect to precipitation over most of the basin (Supplementary S5). This excess combined with an intensification of mixing explain the increase of SSS in fall but the SMOS values seem too high. This very large SMOS SSS is only present in 2017 and does not seem to be associated with any meteorological event. We have also  exploited the capability of SMOS SSS product to track the freshwater plume to study the connection between SSS and Coloured Detrital Matter (CDM) with the final objective of retrieving a SMOS derived CDM product. One of the main advantages of this product is that, despite the coarse spatial resolution, it is an all-weather variable. This has a potential significant added value, especially in a basin that has a 40-50% of average cloud coverage (González-Haro et al., 2021).




Figure 7 | Seasonal evolution of the SSS from SMOS (left) and modelling (right) over 2017. First row: winter (January-February-March), second row: spring (April-May-June), third row: summer (July, August, September), Last row: fall (October, November, December).





4.3 Productivity dynamics

Throughout the year, the highest concentrations of SPM are along the coast, more particularly, at the mouth of the main rivers (Danube, Dnieper, Rioni) and at the exit of the Kerch strait (Figure 8). In offshore and deep-sea regions, the SPM dynamics exhibits important variability with high values at basin scale in winter and during the massive surface development of coccolithophores as in early summer 2017. Lower values are observed in spring and fall. At the Danube’s mouths, the behaviour of the plume is consistent with the long-term dynamics (Constantin et al., 2017), with higher extension at the end of spring as for the SSS. Because SPM lumps all optically active near-surface suspended particles including both living (phytoplankton, zooplankton, bacteria), non-living organic (detritus) and mineral (sediments, coccolithophorid plates) materials, the understanding of its dynamics integrates physical and biogeochemical processes including flocculation/aggregation, deposition, resuspension, transport, bloom dynamics and river discharges. The dynamics of the biogenic SPM is predominantly governed by phytoplankton bloom and can be inferred from satellite Chl-a while that of mineral SPM is determined by the balance of river inputs and deposition-resuspension processes. Resuspension is expected to be the largest in winter due to enhanced wind waves while river inputs reach their peak in May. Model simulations by Stanev and Kandilarov (2012) found that the heavy SPM (i.e., coarse sediment) settles close to the river mouth and is trapped near the mouths of the rivers and in the southwestern coastal zone. On the other hand, fine sediment particles are transported away from river mouths via several deposition and resuspension events mainly driven by wind-waves. These events are responsible for the spatial extension over the shelf and coast of the riverine SPM and for their transfer to the deep sea. The grain size distribution of bottom sediment reflects this feature with the largest size (i.e., 20-63 µm) south of the Danube’s mouth where the shear stress is the highest (e.g. Wijsman et al., 1999), 6.3-63 µm along the slope area and <2 μm in the abyssal plain (Müller and Stoffers, 1974). In winter, high SPM values are observed at basin scale in response to the winter phytoplankton bloom and to the intense resuspension along the coast (e.g., western coast). The distribution is not uniform but exhibits mesoscale variability in the form of mushroom structures and elongated tongues associated with eddies and filaments (Figure 8). Then, in spring, the SPM sharply decreases in the central basin and over the north-western shelf as a result of the decrease of both bloom and wind intensity. The largest values of SPM are observed in June 2017 due to a massive coccolithophore algal bloom quite common during this period (Kubryakov et al., 2019; Kubryakova et al., 2021). This bloom was particularly intense in 2017 with satellite-derived SPM and Chl-a concentration (Figures 8, 9) two or even three times higher than during the same period in 2016. The algorithm simulates high Chl-a value in connection with the summer coccolithophores bloom (Figure 9). However, these high Chl-a values cannot be confirmed in-situ due to the lack of data. Previous finding indicates that Chl-a is generally low when coccolithophores blooms are detected, especially for winter blooms (Kubryakova et al., 2021). For early summer blooms, however, the relationship low Chl-a - high-coccolithophore abundances appears less significant. Indeed, during this period, favorable conditions for diatoms growth appear (Kubryakov et al., 2019). Diatoms and coccolithophores population could then co-exist during this transition phase, and this could partially explain the high values of Chl-a. In-situ data on coccolithophore abundances and Chl-a concentrations are needed at basin scale to validate this assumption. During this bloom, the composition of the SPM differs in the central basin where it is mainly made of Chl-a and on the north-western shelf where the mineral part dominates (Figure 10).




Figure 8 | EO4SIBS SPM concentration maps (monthly composites) during selected months of 2017.






Figure 9 | EO4SIBS Chl-a concentration maps (monthly composites) during selected months of 2017.






Figure 10 | Map of the organic fraction (in %) of the SPM estimated during the coccolithophorid in June 2017 (weekly composite: 10-16 June 2017). This fraction has been computed using the approach described in Babin et al. (2003) (see their equations 1 and 2) using the estimated Chl-a as a proxy of the organic part.



In August, an anticyclonic gyre forms over the Black Sea northwestern shelf and transports northward riverine waters. The shelf is occupied by waters with high SPM and Chl-a values that penetrate towards the deep sea via filaments ejected at the shelf break (Figures 8, 9). It is during this period that bottom hypoxia may occur (e.g., Mee et al., 2005; Capet et al., 2013). In the deep sea, surface SPM and Chl-a are very low because the bloom occurs deeper and results in a deep chlorophyll maximum (e.g., Yunev et al., 2005; Ricour et al., 2021). In October, the extension of the bloom over the shelf is reduced due to the decrease of the river discharges and intensification of northern wind (Grégoire and Beckers, 2004; Grégoire et al., 2004).

The Black Sea is mostly occupied by case-1 water throughout the year, except during the coccolithophores bloom in June when a significant part of the sea becomes case-2, the exception of the northern part of the northwestern shelf (Figure 11). Case-2 waters are also found in August in the eastern part of the shelf. Case-3 waters are very localized, mainly at the mouth of the main rivers. Nevertheless, the distribution of water optical classes, as defined by the current approach, can be very dynamic in shorter periods of time. This comes to reinforce the necessity for class-specific algorithms definition and for the collection of adequate data for their validation.




Figure 11 | Water classification as Case 1, 2 or 3 (see the text for definitions) as monthly composites in April 2017 (top) and June 2017 (bottom).





4.4 Mean sea level trend

The monitoring of the long-term evolution of the Mean Sea Level (MSL) for climate applications and the analysis of Ocean/Climate indicators (e.g., MSL trends) require a homogeneous and stable sea level record. Such a dataset is produced within the Copernicus Climate Service (C3S, Legeais and Meyssignac, 2021), which is considered as the reference product for MSL change detection. Trend in the MSL estimated from C3S is compared with that estimated with products from the Copernicus Marine Service and EO4SIBS (Figure 12). These last two products are more designed for mesoscale activities. The MSL trend is analyzed over the 10-year period common to the 3 products considered. Although a 10-year period is too short to give an accurate estimation of the MSL climate trend over the Black Sea, it allows to qualify the consistency of the different gridded products. The 10-year trend in the MSL obtained from these 3 gridded products show important differences with -0.11 ± 0.35 mm yr-1 for EO4SIBS, 0.07 ± 0.36 mm yr-1 for C3S and 1.17 ± 0.35 mm yr-1 for Copernicus Marine Service. The EO4SIBS MSL trend presents large (-0.178 mm yr-1) and very large (-1.28 mm yr-1) differences with trends obtained from C3S and Copernicus Marine Service regional reference products, respectively. Analyses suggest that a good part of these differences arises from the choice of the Mean Sea Surface (MSS) solution used in the processing. While C3S use the same gridded MSS reference for the processing of all the altimeter measurement used for this product, Copernicus Marine Service production rather considers Mean Profile (i.e., a MSS estimated along the track of the altimeter) for repetitive altimeter measurements (e.g., Jason-3 and Sentinel-3A over the period considered). The long wavelength pattern difference between these two MSS solutions can affect the stability of the MSL trend over regional areas such as the Black Sea as discussed in the C3S product quality document. Additionally, possible residual biases between SAR and LRM mode acquisition areas for C2 may also contribute to the MSL trend differences. Further analyses are however required to quantify this effect. Nevertheless, the better consistency of the MSL trend deduced from EO4SIBS products and reference two-satellite C3S products suggests an improvement compared to the CMEMS production. The use of higher frequency upstream data may have enhanced cross-calibration correction in the EO4SIBS multi-satellite processing.




Figure 12 | Difference of the Black Sea MSL trend estimation from EO4SIBS and Copernicus Marine Service (DT-2018 version) gridded products (red line) and from EO4SIBS and C3S (DT-2018 version) gridded products (green line).



These trends can be compared with that of 7.6 ± 0.3 mm yr-1 found over 1992-2005 by Kubryakov and Stanichnyi (2013) from along track Topex Poseidon and Jason 1 altimetry data and that of 27 ± 2.5 mm yr-1 obtained over 1993-1998 by Cazenave et al. (2002) using Topex Poseidon and ERS-1/2. However, this last estimate was obtained over 6 years and was ~15 times larger than the interdecadal trend derived from tide gauges (TG) which are of 1.8 ± 2.2 mm yr-1. The authors concluded that the larger altimetry derived sea level rise reflects more the multiyear fluctuations rather than the climatic signal that is possibly evidenced by TG measurements. The differences between these estimates of MSL rise can be explained by the use of different data, data treatments and period of computations. They also underlined the need for an improvement of coastal altimetry products validated by quality-controlled TG data over several decades.




5 Conclusions and perspectives

In this paper, new algorithms and earth observation products related to OC, SSS and altimetry are described and their potentials analyzed for understanding the Black Sea dynamics. The products are developed at basin scale with specific treatments to improve their quality in the coastal areas.

The SMOS SSS Level-2, -3 and -4 products presented here are the first and cover 10 years from 2011-2020. This has required dedicated efforts for improving L-band data processing algorithms, especially focused on the mitigation of the RFI, but also to deal with the land-sea contamination and the challenge of the SSS retrieval in low temperature and low salinity water regimes. The comparison of SMOS SSS with in-situ and model data estimates the accuracy of the final EO4SIBS SMOS SSS products at 0.4-0.7 psu (Olmedo et al., 2022). This is a success taking into account that since the beginning of the SMOS mission it is evident that the environmental conditions of the Black Sea basin hamper the SSS retrieval. In comparison, the seasonal variability of the Black Sea SSS in the open sea in response to dilution, evaporation, mixing and river water intrusion amounts to a few tenths of psu (~0.1-0.5 psu).

For OC, Chl-a, SPM and TURB datasets are produced using regional calibrated algorithms. The application of a water classification algorithm highlights the heterogeneity of the Black Sea from optical point of view (e.g. mostly case-1 in open sea areas, with periods of class-2 and very localized case 3 waters). These regional products need to be further validated using datasets independent from the calibration ones, representative of the entire Black Sea and of all possible environmental conditions, including during coccolithophores blooms.

Here below we summarize the main novelties of this study and propose further developments for different Black Sea’s applications.


5.1 Coastal applications

We deliver a 5Hz altimetry along-track product obtained by processing the full rate (20Hz) altimeter measurements from C2 and S3A. This 5Hz product is combined with existing 1Hz product and interpolated to produce gridded datasets for the SLA, mean dynamic topography, geostrophic currents. We show that these EO4SIBS altimetry products offer, compared to a 1Hz one, a better definition of the main Black Sea current, a more accurate reconstructions of eddies structure in coastal areas and improve the observable wavelength by a factor 1.6. It also allows a better characterization of the mesoscale circulation with, in particular, an improved identification and characterization of eddies.

For SSS, we show that the SMOS product tracks the basic characteristics of the Danube’s plume dynamics with an increased extension at the plume at the end of spring when the discharge is maximum. However, SMOS SSS underestimates the variability of the plume dynamics. An increased resolution of Level-2 products for coastal applications can be achieved by combining the SMOS retrieved brightness temperature with SST from S2 and S3, using non-linear fusion schemes. A consideration of the day-night temperature cycle is also expected to improve the resolution of the Level-2 product.

For OC, the combination of different datasets from S2 and S3 using appropriate fusions techniques is promising for the delivery of very high-resolution products for coastal applications. For instance, fusion between S2-MSI and S3-OLCI data can bring benefits in areas where a detailed inspection of the spatial patterns combined with improved spectral information is needed (Alvera-Azcárate et al., 2021). The comparison of cloud-free S2-MSI and S3-OLCI satellite images obtained over three coastal optically complex areas (i.e., ROFIs regions, one of them being close to a port) shows consistency between S2-MSI and S3-OLC for the green and red bands but this consistency tends to decrease for other spectral regions requiring specific treatments.



5.2 Climate trend

The MSL trend estimation and associated error budget in the Black Sea region may still be improved. Estimates of MSL rise range from -0.11 to 27 mm yr-1. These uncertainties arise from the use of different data types, treatments and periods of estimation. For the future, an improvement of the quality of Level-3 and Level-4 altimetry products is proposed along four main directions in order to better constrain the MSL rise estimation and, in particular, to improve the quality of the product in the coastal ocean. 1) Extend the full rate altimeter processing to additional altimeter nadir measurement, and continue to improve the processing. 2) Progress in the understanding of the altimeter capabilities and limitations, especially with new altimeter technologies. 3) A better characterization for the Black Sea of the pertinence and quality of geophysical and environmental corrections classically used in altimeter processing. 4) Improve mapping methodologies. The merging with in-situ measurements (e.g. drifters, TG) may also contribute to improve the signal reconstruction near the coast. It is critical to maintain a TG network able to monitor the long-term variability of the sea level with a consistent processing.

The assessment of climate impact on SSS is still not clear. Alterations of the thermohaline Black Sea state has been recently evidenced from the analysis of Argo data (Stanev et al., 2019). These alterations are associated to changes in the vertical diapycnal mixing at the depth of the main pycnocline due to CIL erosion that cause an increase of the salinity in the surface layer. Miladinova et al. (2017) modeled a small increase of 0.02 of the SSS. The small amplitude of the signal to capture puts significant constraints on the SMOS SSS. The analysis of the accuracy of the SMOS SSS in comparison with ARGOs over the last decade does not show drift in the quality of the product but rather incoherent noise which is encouraging (Supplementary S6).



5.3 Deoxygenation

Satellite products are more and more used for assessing climate change and the near-real time monitoring of ocean health (e.g., Morrow et al., 2018; Groom et al., 2019; Vinogradova et al., 2019). Yet, their use in understanding marine deoxygenation is still limited although coastal hypoxia is a worldwide phenomenon (e.g. Breitburg et al., 2018; Fennel and Testa, 2019; Grégoire et al., 2019; Pitcher et al., 2021).

The combination of OC, SSS and altimetry products can be used to identify potential critical regions for the generation of hypoxia by monitoring the plume dynamics, regions of enhanced productivity and stratification duration. The combination of these satellite products with in-situ real time monitoring (e.g., mooring, profilers) and model forecasting will constitute an ideal system for alerting on hypoxia.

In the open sea, the formation of the CIL constitutes one of the main processes of ventilation of the subsurface layer. Because the amplitude of the seasonal thermal buoyancy flux exceeds that of the haline buoyancy flux by an order of magnitude, density variability in the upper 50m is mainly governed by temperature variability. Due to that and to the lack of SSS at basin scale, the role of salinity in the CIL dynamics has been less investigated than that of temperature with some noticeable exceptions (e.g., Stanev et al., 2019). The potential of SST and SSS products to map areas that meet the two necessary conditions for having formation of cold intermediate waters (i.e., SST < 8°C and density larger than 14.5, Stanev et al., 2003) can be investigated thanks to SMOS SSS.

Capet et al. (2022) evidence that the EO4SIBS Level-4 altimetry dataset better characterize subsurface anomalies of oxygen and salinity within cyclonic and anticyclonic eddies. The imprint of mesoscale structure on the oxygen distribution inside eddies is not limited to a vertical displacement. Other changes potentially induced by within-eddy biogeochemical processes are suggested. This finding is in agreement with that of Karstensen et al. (2015) who show that eddies are local sites of enhanced production and degradation of organic matter.

The combination of SST, SSS and altimetry satellite products with increased resolution and quality in connection with models and in-situ platforms offer information to progress in the understanding of the role of mesoscale and SSS in the formation of the CIL and evolution of Black Sea’s thermohaline state.



5.4 Towards a multiplatform system to monitor the Black Sea state and its variability

The development of OC, altimetry and SSS products for the period 2010-2020 has suffered from the lack of fit for purpose in-situ data for the calibration and validation of the algorithms. Table 2 summarizes the requirements for in-situ observations and gaps that are identified for developing the products listed in Table 1. In general, except for Argo, most in-situ data available in public databases (e.g., EMODnet, CMEMS, WOD) are collected in the frame of local campaigns, are very coastal and mostly cover the western basin (e.g., Palazov et al., 2019). The quality is sometimes not optimal and would benefit from best practices documentation and inter-calibration exercises across regions and basins.


Table 2 | Requirements for an observing system to support the development of EO products related to OC, SSS, altimetry.



For OC, the available in-situ data over the S3 and S2 periods are very limited and do not allow a validation of the products over the full spectrum of contrasted optical conditions present in the Black Sea. For Chl-a, high quality data, determined ideally by High Performance Liquid Chromatography (HPLC), is usually recommended. Yet, such data are very rarely available. For turbidity, SPM and CDOM, very few (no) data are available in the open sea. For SSS, most of the in-situ data used are collected from 1-10m (the shallowest). In the past, the Black Sea MSL has been quite well monitored by TG with data series longer than 100 years along the north-eastern coast (Figure 13, Table S2.2 and Supplementary S2). However, presently, the number of active TG significantly decreases and is mainly limited to the southern coast where two radars have been recently installed. In addition, the disparity in temporal series (e.g. gaps in time series), sampling and anomalies detected on the data series (e.g., no clear quality flagging) challenge to obtain significant results.




Figure 13 | Mapping of the approximate positions of the different components of a Black Sea in-situ observing system to support (left) the development of OC products with SPMs superimposed, (right) the validation of altimetry products and estimation of the MSL. For OC, position of current Aeronet OC and suggestion for ship cruises and areas of deployment of BGC Argo are shown. For altimetry, position and names of tide gauge (TG) are indicated with different colour corresponding to the length of the dataset and its extension over recent years. In green, TG datasets are available to validate the MSL trend derived from altimetry (selection criteria: duration of the dataset > 10 years with datasets delivered recently i.e. >2015). In red, Russian TG datasets extend at least over 1992-2005. In black, TG datasets that cannot be used for the validation of the MSL trend (i.e., less than 10 years in common with the altimetry era).



Then, our recommendations for the evolution of the in-situ Black Sea observing system to support the development of high-quality satellite products on OC, SSS and altimetry are:

	To reinforce and sustain the existing AERONET-OC network, which could inform and assess the quality of atmospheric correction algorithms. So far, two stations are present, and both are located along the western coast.

	To deploy and permanently maintain 3 BGC-Argo floats, equipped with CDOM, Chl-a, backscatter and irradiance sensors in the eastern, central and western parts of the open sea (Figure 13).

	To deploy at least 1 BGC-Argo float specifically equipped with hyperspectral radiance and irradiance instruments to provide high quality spectrally resolved radiometric data (e.g., spectral reflectance and irradiance, backscattering coefficients) (i.e., PROVAL, Leymarie et al., 2018; Xing et al., 2020).

	To organize regular (i.e. two times/year) ship expeditions to collect along a coastal-offshore transect and ROFI regions an exhaustive high quality in-situ data set (i.e., radiometric, biogeochemical, skin salinity) for algorithms calibration and validation.

	To continue the monitoring of sea level at historical stations where long data series are already available (e.g., Constantza, Batumi, Poti, Tuapse, Trabzon) and improve the processing, quality check, flagging and analysis of existing TG data at different scales (high frequency, monthly, yearly, …). Assure a monitoring covering the different coastal regions (currently, TG data are only available at three stations along the southern coast) (Figure 13).

	To deploy drifters and high frequency radar radial measurement to validate the altimeter products.

	To coordinate Observing System Experiments (OSEs) and Observing System Simulation Experiments (OSSEs) across regions to assess the benefit of satellite products on the quality of forecasting and reanalysis systems and to provide recommendations for missions development and observing network deployment.
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