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Abstract

:

We present a study on the ocean surface currents reconstruction by merging Level-4 (L4, gap-free) altimeter-derived geostrophic currents and satellite sea surface temperature. Building upon past studies on the multi-variate reconstruction of geostrophic currents from satellite observations, we regionalized and optimized an algorithm to improve the altimeter-derived surface circulation estimates in the North Atlantic Ocean. A ten-year-long time series (2010–2019) is presented and validated by means of in situ observations. The newly optimized algorithm allowed us to improve the currents estimate along the main axis of the Gulf Stream and in correspondence of well-known upwelling areas in the North Eastern Atlantic, with percentage improvements of around 15% compared to standard operational altimetry products.
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1. Introduction


The marine currents are key for understanding the ocean–atmosphere system, impacting its short-term and long-term dynamics. Monitoring the ocean currents is crucial for understanding heat and salt transport, aiding predictions on the marine ecosystems and supporting maritime activities such as safe navigation and the monitoring of marine debris [1,2,3,4]. Mesoscale and submesoscale oceanic features are characterized by spatial–temporal scales ranging between 10 and 100 km/weeks to months and 0.1–10 km/hours to days, respectively. Underlying dynamical processes are among the main drivers of horizontal and vertical exchanges for the global ocean [5,6,7,8,9,10,11,12,13]. Ocean currents can be investigated through several approaches, including (i) direct/indirect in situ measurements [14,15,16,17,18,19]; (ii) direct measurements from land-based infrastructures or space-based sensors [20,21,22]; (iii) numerical simulations [23,24]; and (iv) indirect derivation from space-based measurements [25,26,27,28,29].



Along-track satellite altimetry is the main indirect retrieval methodology from space, operationally available since the nineties [30]. Radar altimeters measure variations in sea surface height and enable us to derive information about the ocean circulation, including surface current speed and direction. The key advantage of traditional satellite altimetry lies in the possibility to capture large-scale oceanic features, such as major currents and eddies, on a global scale and at the operational level [31]. In the practical implementation, the methodology mainly combines altimetric and gravimetric observations in order to quantify the instantaneous sea surface height above the geoid, referred to as Absolute Dynamic Topography (ADT). Surface motion is then derived from interpolated two-dimensional ADT maps utilizing the geostrophic approximation, i.e., from the ADT partial derivatives along latitude and longitude [32]. Nevertheless, this approach is subject to inherent limitations associated with both ADT sampling and the geostrophic approximation, preventing the capture of ageostrophic, small mesoscale to sub-mesoscale processes and also generating misrepresentations (i.e., shape deformations) of the large mesoscale features. The effective spatio-temporal resolutions of the altimeter-derived products is indeed quantified around 100 km and 10 days at mid-latitude [33]. In the very near future, a new generation of wide-swath, natively 2D ocean topography observations will be accessible thanks to the Surface Water and Ocean Topography (SWOT) mission [34,35,36], bringing significant improvement in the mapping of ADT and derived surface circulation observations. However, along-track altimetry will remain the most important source of long-term measurements for the investigation of interannual to decadal changes in ocean surface circulation. As such, in order to address the aforementioned limitations, several methodologies have been proposed, including the use of dynamical frameworks [37], statistical techniques [28,29], the synergy of space-based (or space-based and in situ) observations [38,39,40,41], the computation of ADT from improved, gravimetry-based geoid models [42,43,44] up to more recent deep learning techniques [45,46,47,48]. In the present study, building upon a synergistic ocean currents reconstruction algorithm initially proposed by [41,49], we use altimeter-derived and sea surface temperature (SST) observations to generate a surface current dataset in the North Atlantic ocean, during 2010–2019. The method, derived from the theoretical and numerical investigations conducted by [50,51], considers an ocean surface tracer evolution equation and enables us to build correction factors for a background first-guess estimate of the circulation. In the present application, the surface tracer and the surface circulation first guess are, respectively, given by the sea surface temperature and the altimeter-derived surface geostrophic currents (both detailed in Section 2). Past studies based on this approach [41,49] evidenced that (i) the proposed synergistic reconstruction mostly improves the altimeter-derived geostrophic flow itself or adds contributions of slow ageostrophic components, particularly in mid-latitude regions; and (ii) global-scale successful implementation is very challenging to achieve. At high-latitudes, the synergistic ocean currents can exhibit lower performances compared to standard Altimeter-derived products, mostly due to the inaccuracies in the satellite-derived SSTs in such areas. Therefore, we optimize the ocean current computation algorithm in one of the key mid-latitude areas of the global ocean: the North Atlantic [2,52,53,54]. In particular, we here present and discuss the following upgrades: (i) the use of an improved SST dataset compared to the study proposed by [49]; (ii) a fine-tuning of the forcing term involved in the SST evolution equation; and (iii) the extension of the temporal coverage to the full 2010–2019 period, guaranteeing more robust validation statistics.




2. Materials and Methods


2.1. Sea Surface Temperature


We use the L4 multi-year reprocessed Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) developed by the U.K. Met Office and distributed by Copernicus Marine (Copernicus Marine product ID: SST-GLO-SST-L4-REP-OBSERVATIONS-010-011). OSTIA SSTs combine SST/sea-ice observations from the following sources: ESA SST CCI, C3S, EUMETSAT OSI-SAF, and REMSS satellite data, as well as in situ SSTs from HadIOD. OSTIA L4 provides daily foundation SST fields (i.e., not affected by the diurnal cycle and representative of a 10 m depth seawater temperature [55]). The processing is based on objective analysis and provides fields over a 1/20° regular grid. Here, the OSTIA SST was sub-sampled to 1/10° resolution, and the resulting grid is taken as the final grid used for the pre-processing of the other surface datasets [56,57].




2.2. Background Geostrophic Currents


The input L4 geostrophic currents are obtained from the Copernicus Marine Service, (Copernicus product ID: SEALEVEL_GLO_PHY_L4_MY_008_047). Such currents are derived collecting information from multiple satellite platforms, i.e., considering all available altimeter missions flying simultaneously between 1993 and the present (e.g., Altika, Cryosat-2, Haiyang-2A/B, Jason-1/2/3, Sentinel-3A/B, Sentinel-6A, T/P). The absolute geostrophic currents are determined by adding the mean geostrophic circulation derived from the Mean Dynamic Topography (MDT, [58]) to the geostrophic currents anomalies derived from the gridded (2D) Sea Level Anomalies. They are originally provided on a 1/4° regular grid, thus necessitating an upsize to the final 1/10° grid to be merged with SST data through the method described in Section 2.4.




2.3. In Situ Measurements


The in situ measured sea surface currents are obtained from Surface Velocity Program (SVP)-type drogued drifting buoys, providing surface currents estimates representative of the 15 m depth circulation. The SVP drifters are also equipped with a temperature sensor at ≃20 cm depth. Quality-controlled, six-hourly data are available from the NOAA AOML Surface Drifter Data Assembly Center ([59], https://www.aoml.noaa.gov/phod/gdp/ (accessed on 29 August 2022)).



Table 1 summarizes the data used in the present study.




2.4. Ocean Currents Reconstruction Methodology


The surface current reconstruction methodology, extensively described in [41,49,50,60], is briefly recalled here. The method considers the SST advection Equation (1) to derive correction factors that are applied to the altimeter-derived geostrophic (GEO) currents, used as a first guess.


   ∂ t  SST + u  ∂ x  SST + v  ∂ y  SST = F  



(1)







In (1), the subscripts x, y, t, respectively, indicate a derivative with respect to the zonal, meridional directions and time, while F represents the SST source and sink terms, here referred to as the Forcing term.



This framework allows us to build a set of currents (OPTimized Currents, OPT hereinafter) based on the following equations:


      u OPT  =  u GEO  +  u CORR         v OPT  =  v GEO  +  v CORR      



(2)




where   u CORR   and   v CORR  , respectively, indicate the zonal and meridional flow correction factors, expressed by Equation (3) below:


      u CORR    =   u 0  sin ϕ +  v 0  cos ϕ        v CORR  = −  u 0  cos ϕ +  v 0  sin ϕ     



(3)




where


       u 0  =   f ( min ( β , q ) ) − f ( max ( α , − q ) )   g ( min ( β , q ) ) − g ( max ( α , − q ) )            v 0  =  pu 0          ϕ = atan ( A / B )        



(4)







The functions  f ,  g  (expressed as functions of a generic variable  γ ) and the quantities  p ,  q ,  α  and  β  are


      f  ( γ )  = − 2   (  q 2  −  γ 2  )   3 / 2   / 3 ;         g  ( γ )  = x  (  q 2  −  γ 2  )  +  q 2  asin  ( γ / q )  ;         p = sin ϕ cos ϕ  (  σ v 2  −  σ u 2  )   q  − 2   ;         q =     σ 2  u   sin 2  ϕ +  σ v 2   cos 2  ϕ   ;           α =   Au GEO  +  Bv GEO  + E − h  /    A 2  +  B 2    ;         β =   Au GEO  + B  v GEO  + E + h  /    A 2  +  B 2    ;     



(5)







In Equation (5),



	
  A =  ∂ x   SST,   B =  ∂ y   SST are, respectively, the zonal and meridional SST spatial gradients, computed with a smooth noise-robust differentiator ([41], http://www.holoborodko.com/pavel/numerical-methods/ (accessed on 13 April 2022)) in order to reduce noise and/or interpolation artifacts in the L4 satellite SSTs.



	
E =   ∂ t  SST-F is the difference between the SST temporal derivative and the SST forcing term “F”. The forcing term, following [41], can be approximated as the low-pass filtered SST temporal derivatives. A specific tuning for the present study is detailed in Section 2.5).



	
  σ  u / v    represents the uncertainty associated with the background zonal/meridional geostrophic currents (computed as described in Section 2.5).



	
h is the error on the determination of the forcing term, detailed in Section 2.5.






The correction factors are thus strongly dependent on SST spatial temporal derivatives, the SST source/sink terms,   σ  u / v    and h.




2.5. Additional Inputs for the Ocean Current Reconstruction Methodology: Errors in the Geostrophic Currents and the SST Forcing Term


2.5.1. Error on the Geostrophic Currents


The error in the geostrophic currents is crucial to evaluate where the altimeter currents are less accurate, thus enabling us to weight differently the corrections introduced by SST. This computation involved the interpolation of geostrophic currents derived from altimeter data (zonal and meridional components) along the trajectories of NOAA/AOML SVP drogued drifting buoys from 1993 to 2019. Subsequently, the root-mean-square (RMS) error of the geostrophic currents was assessed by considering all interpolated observations into 4° × 4° grids, using SVP currents as a comparative benchmark. To avoid sharp spatial variations resulting from the 4° × 4° binning procedure, a 500 km smoothing process was applied. Figure 1a illustrates an example of the error for the zonal currents (  σ u  ). The error is higher in coastal areas and along persistent dynamically active oceanic regions (i.e., the Gulf stream) where it locally reaches 0.25 m/s. This is in agreement with standard altimetry ADT/geostrophic currents formal mapping errors (not shown here) and expresses the fact that gridded, optimally interpolated altimeter-derived data generally suffer from land contamination effects and are characterized by effective spatio-temporal resolutions hindering the description of smaller-scale/fast evolving features (as in highly turbulent areas) [33].




2.5.2. Error in the Forcing Term


As outlined in [41], the SST Forcing term is mainly identified by the surface heat fluxes, estimated by low-pass spatial filtering of the temporal derivatives of the daily satellite SSTs, as in (6):


  F =  ∂ t    SST |  L   



(6)







Here the subscript t denotes the temporal derivative, and L (set to 500 km for global scale applications by [41,49]) stands for the low-pass filtering scale.



To assess the uncertainty associated with such an approximation, we rely on in situ data from drogued SVP drifting buoys. These Lagrangian platforms enable the in situ estimation of the forcing term according to Equation (1). The RMS of the F term is determined by binning the satellite and in situ derived F term into 4° × 4° grids over the period from 1993 to 2019. The resulting error field (also considering the 500 km smoothing) is depicted in Figure 1b.



The filtering scale L appearing in Equation (6) is not expected to be the same across different oceanic basins. For instance, Ref. [60] found a 400 km scale for the Mediterranean area. In the current study, a dedicated analysis was conducted to determine the optimal filtering scale for approximating the F term from the OSTIA    ∂ t  S S T s  , utilizing the in situ measured F term obtained from drifting buoys. The in situ measured F, in practice, is obtained considering the buoy-measured surface currents and SSTs in the 1993–2019 period, by means of Equation (1). Over the same period, daily time series of    ∂ t  S S T   were generated and low-pass filtered at scales of 200, 300, 500, 1000, 1500, and 2000 km. For each low-pass filtered    ∂ t  S S T   time series, an interpolation onto the buoys trajectories was performed as described in Section 2.5. This enabled us to compute the RMS (through the entire study area) between the satellite-derived and the in situ measured F term, presented in Figure 2 as a function of the    ∂ t  S S T   filtering scale.



The analyses revealed that the 1000 km filtering scale minimizes discrepancies between the satellite-derived F term and the in situ measured counterpart. Consequently, the OPT surface currents are determined incorporating a forcing term based on    ∂ t  S S T   low-pass filtered at 1000 km. The corresponding error map is provided in Figure 1b and, in terms of mean pattern, is in agreement with previous studies ([41]). Finally, as also outlined by [41,49], the error maps were empirically calibrated as illustrated in Appendix A.






3. Results


Initially, we present a test case on 11 July 2018, in the 42°W–40°W and 43°N–45°N bounding box (Figure 3). It illustrates the 2D surface circulation through the following three distinct approaches:




	
The Copernicus Marine altimeter-derived geostrophic currents (depicted by the white arrows);



	
The 2D surface currents derived from the OPT product (represented by black arrows);



	
The trajectory of a drogued drifter, flowing northward along a north–south oceanic surface thermal gradient (green dashed line).








The underlying sea surface temperature is given by the L4 OSTIA SSTs (the ones used to generate the OPT product). The SST pattern depicts an elongated feature characterized by an approximate +2K temperature anomaly relative to the surrounding environment.



The Copernicus Marine geostrophic currents cross the thermal front with angles of up to 45°. For large mesoscale geostrophic flows, if we assume SST plays a dominant role in regulating the surface gradient pressure, such a behaviour is quite unexpected and is presumably due to inaccuracies in the standard altimetry product. On the other hand, the streamlines from the OPT product (black arrows) align well with the pattern of the thermal feature, also exhibiting a good agreement with the trajectory of a drogued drifter (our reference) evolving along the main thermal front on the same date. This example shows how SST can correct the altimeter-derived currents providing a dynamical constraint to improve the description of the geostrophic circulation. The case study is also available online via the World Ocean Circulation visualization tool, accessible via https://odl.bzh/ngvDR7bm (accessed on 25 December 2023).



While this last finding represents a qualitative validation of the OPT currents, a quantitative validation involves the computation of the Percentage of Improvement (PI) relative to standard altimetry, as specified in Equation (7), also following [41].


   PI  U , V   = 100  1 −     RMS  U , V  OPT   RMS  U , V  GEO    2    



(7)




where U and V, respectively, stand for zonal and meridional surface currents. Considering the 2010–2019 period, we performed interpolation of daily GEO and OPT maps onto the trajectories of the SVP, 15 m drogued drifting buoys. The RMS for both altimeter-derived and OPT current estimates were then computed, utilizing the in situ measured currents as a benchmark. The OPT velocities are indeed computed relying on foundation (10 m depth) SSTs. In areas of intense SST gradients, where the corrections from SST are pronounced [41,49], we can expect the OPT estimates to represent currents at 10 m depth, thus making the 15 m drogued drifters a valid reference. By the way, it should be also kept in mind that SVP drifters constitute the standard validation benchmark also for operational altimeter-derived products (e.g., [61]).



The PI was ultimately computed within 2° × 2° spatial bins, considering all available observations within each box. The resulting PI is presented in Figure 4. Consistent with previous studies (e.g., [41,49]), our reconstruction methodology yielded larger improvements in the meridional component of the surface circulation. Local PI values reached 20%, particularly accentuated along the Gulf Stream axis. Furthermore, 67% of the analyzed boxes exhibited PIs larger than zero.



Concerning the zonal component of motion, local improvements fell within the 5–13% range, and boxes with PIs larger than zero covered 69% of the study area. For both components of surface circulation, occasional degradations (i.e., negative PIs) were observed, never exceeding 2%. Notably, most of the larger improvements were concentrated near the Gulf Stream main axis, where the intensified SST gradients resulted in enhanced correction factors according to Equations (3) and (4).



An additional inter comparison of the GEO and OPT products is finally performed through spectral analysis considering the two components (zonal and meridional) of the surface flow. By selecting an area along the axis of the Gulf Stream and employing the Fast Fourier Transform analysis, we quantified the spectral characteristics of the two aforementioned products following a methodology proposed by [41,62] over the entire 2010–2019 time series. At a large scale (>100 km), the power spectral density (PSD) of the two spectra displays a similar pattern, signifying a comparable description of the large mesoscale oceanic features. As we progressively approach smaller scales, approximately from ≃100 km downward (1 deg−1 wavenumber onward), the GEO currents spectrum (black line in Figure 5) rapidly falls towards significantly lower values compared to the OPT one (for both the zonal and the meridional currents), suggesting a less efficient representation of the mesoscale motion in the 100 to 30 km scale. Below scales of 40 km and 30 km, the GEO and OPT datasets, respectively, display spectra dominated by noise (thus excluded from Figure 5).



Comparisons with Respect to Previous Studies


The performances of the OPT currents are here compared to the OPT dataset obtained by [49]. The aim is to show the effect of fine-tuning the ocean currents reconstruction algorithm in the North Atlantic with respect to previous global scale studies based on the same input (first guess) of altimeter-derived geostrophic currents (i.e., the 4SAT case presented in [49]). In [49], the OPT currents were reconstructed and validated by means of Equation (7) in the 2014–2016 period. We thus newly computed the PI of the North Atlantic OPT currents (from the present study) over the same time period and relying on the same validation methodology. The results of [49] (here referred to as C20) are then newly computed over 2° × 2° boxes, leading to the PI depicted in Figure 6a,b for zonal/meridional currents.



In [49], the optimized surface currents dataset exhibited improvements locally reaching 20% for both components of the surface flow, although degradations of the same magnitude were occasionally observed along the Gulf Stream. Interestingly, the validation of the updated optimized currents (from the present-day version of the algorithm) are showing weak degradation, only around −5%, and a more homogeneous improvement pattern along the Gulf Stream.



Focusing on the updated OPT currents, we also performed a significance test to identify areas where the PI shown in Figure 6c,d is statistically significant. To this aim, we followed a procedure based on t-student statistics described in [41]. Such analyses (not shown here) confirmed that the improvement patterns of OPT currents presented in this study are significant with a 95% confidence level.





4. Discussion and Conclusions


Exploiting information from satellite-derived oceanic surface tracers, either alone or in combination with other satellite-derived data, is beneficial for ocean dynamics applications [28,29,39,40,41,46,47,48,49,60,63]. Here, based on previous studies focused on the global-scale surface current reconstruction, we tuned an ocean currents computation methodology in a key geographic region for scientific and practical purposes: the North Atlantic Ocean ([2,52,53,64]).



In the past, such an approach was tested by merging global-scale satellite SSTs and altimeter derived currents with the tentative aim of a near-real time operational production ([49]). The reconstruction methodology was thus tested with different operational SST data and lead to the following main conclusions:




	
Global scale improvements are highly challenging to achieve. This is due to intrinsic issues in the high-latitude SST data, whose quality is severely impacted by cloud cover, preventing an accurate SST retrieval in the InfraRed band and generating degradation when SST data are merged with the altimeter-derived currents.



	
The use of the OSTIA SSTs minimized the occurrences of degradations in the synergistic currents (i.e., merging altimeter and SST data) at high latitude, also exhibiting satisfying performances at low and mid-latitudes.



	
The accurate representation of dynamical features in SST fields, namely the SST gradients associated with the currents advection, is pivotal for a successful implementation of the synergistic ocean currents reconstruction.








Here, the ocean currents reconstruction was performed over a 10-year-long (2010–2019) timescale. There are several reasons behind this choice. Firstly, this study is carried out in the framework of the ESA World Ocean Circulation (WOC) project [65], https://www.worldoceancirculation.org/ (accessed on 19 May 2023)). Among the WOC requirements, the development of space-based observations products had to include contributions from the ESA Earth Explorer 2 SMOS mission, launched back in 2009. The SMOS SSS observations are indeed employed in a WOC product devoted to the 3D ocean currents computation and using information derived from the OPT currents among the input data [66]. A 10 years long time series is also sufficient to ensure robust statistics for the assessment of the generated dataset; the validation carried out by means of Equation (7) and depicted in Figure 4 could rely on an average of   O (  10 3  )   in situ observations in the 2° × 2° boxes. In addition, the 2010–2019 period is characterized by an optimal coverage in terms of available radar altimeters to derive surface geostrophic (first guess) circulation [31]. It also ensures the use of a reprocessed OSTIA SST dataset generated via specific algorithms that maximise feature resolution, guaranteeing a dynamically consistent representation of SST patterns [56,57]. This is an upgrade compared with previous studies, where a near-real-time operational SST product was considered [49]. A quick assessment of the reprocessed OSTIA versus the near real time SST products is also provided in Appendix B.



The percentage of improvement with respect to standard altimeter-derived currents depicts a well-known behaviour of the reconstruction methodology proposed here [41]. The improvement pattern follows the SST spatial gradient intensity distribution in the North Atlantic Ocean, i.e., larger in correspondence of the Gulf Stream and upwelling areas, with peaks of ≃20% and only few degradation occurrences. Improvements are thus found both in coastal areas and the open ocean. However, the 67°W to 45°W–36°N to 43°N region shows no degradation occurrences for both components of the OPT currents (Figure 4), suggesting that our reconstruction methodology is particularly indicated for open ocean contexts.



Following spectral analysis and considering the bounding box depicted in Figure 5a, the GEO and OPT datasets are able to describe oceanographic features until scales of 40 and 30 km, respectively. Below such scales, the spectra evolution is not shown due to the following reasons: (i) The GEO spectrum exhibited nonphysical bumps, very likely due to the upsizing of the native 1/4° data onto the final 1/10° OPT grid. This upsize was specifically carried out to inter-compare the GEO and OPT datasets on the same grids. (ii) The OPT spectrum is characterized by a pretty much flat evolution, basically suggesting the injection of noise at small scales. The inter-comparison of the spectral properties was also repeated remapping the OPT currents onto the 1/4° GEO grid, leading to similar conclusions (not shown). As such, the OPT currents are mainly applicable to the description of the oceanic mesoscale circulation in the North Atlantic region, the latter being characterized by Rossby deformation radii ranging from 15 to 50 km [67].



The OPT dataset thus showed improved performances with respect to standard altimetry both in terms of variability and in the characterization of dynamical features at scales between 100 and 30 km. Such a dataset was prepared to achieve an effective resolution of 1/10°, but spectral analyses confirmed this is very challenging to achieve. The main limitations are very likely due to (i) the use of optimally interpolated (L4) satellite-derived data, whose effective resolutions can be lower than the nominal ones due to the L4 processing (e.g., [33,49]); (ii) the approximations behind the estimate of the forcing terms (Equation (6)), here mainly identified by large-scale surface heat fluxes, which may cause the overlooking of small scale SST variations due to the actual SST source and sink terms, including vertical advection and entrainment velocity; (iii) the use of a smooth noise-robust differentiator for the computation of the SST spatial and temporal derivatives appearing in Equation (5), whose purpose is to minimize occurrences of small-scale noise in the satellite SSTs after the L4 processing, at the cost of reducing sharpness in the SST-related dynamical features. The OPT dataset, despite the aforementioned limitations, constitutes an improved surface geostrophic current estimate compared to present day capabilities and compared to previous studies on the same topic [49], as shown by the results depicted in Figure 6; although, its use is mainly recommended for open ocean and mesoscale dynamics applications. Applications based on the OPT algorithm can span from the scientific domain [54,66] up to the potential implementation for reprocessing past time series of altimeter-derived geostrophic currents.
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The following abbreviations are used in this manuscript:



	AOML
	Atlantic Oceanographic and Meteorological Laboratory



	C3S
	Copernicus Climate Change Service
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	Copernicus Marine Service



	ENVISAT
	Environmental Satellite



	ESA
	European Space Agency



	EUMETSAT
	European Organisation for the Exploitation of Meteorological Satellites



	CCI
	Climate Change Initiative



	HadIOD
	Hadley Centre Integrated Ocean Database



	NOAA
	National Oceanic and Atmospheric Administration



	OSI-SAF
	Ocean and Sea Ice - Satellite Application Facility



	SVP
	Surface Velocity Program



	T/P
	Topex/Poseidon



	REMSS
	Remote Sensing Systems



	SMOS
	Soil Moisture and Ocean Salinity



	SSS
	Sea Surface Salinity










Appendix A. Empirical Calibration of the Correction Factors


The correction factors, as outlined in Section 2, are strongly dependent on the SST spatial temporal derivatives as well as the SST source/sink terms. After [41,49], the computation of the optimal currents requires a fine tuning of the reconstruction algorithm. To optimize the OPT current performances relative to the altimeter system, the error maps detailed in Section 2.5 necessitate empirical calibration based on in situ data from Lagrangian SVP drogued drifters. This calibration operation influences the set of Equation (5), thereby modulating the correction factors values. The empirical calibration of   σ  u , v    and h was executed by computing three-year-long time series of optimal currents (spanning 2014–2016) using Equations (2)–(5) and applying empirical calibration factors ranging from 1 to 4 in increments of 0.5 for both   σ  u , v    and h. This process resulted in 49 distinct reconstructions for each combination of the calibration factors.



For each reconstruction, the average improvement (expressed as the percentage of improvement, PI) relative to standard altimetry was computed using Equation (7). We recall here that the PI indicates an enhancement of the altimeter-derived currents after the optimal combination with satellite SSTs. Equation (7) enabled to evaluate the mean value of the PI and to detect the areas where the PI exceeded zero, the latter expressed as a fraction of the entire study area.



The calibration factors that maximized both the areas of improvement and their mean value were determined to be 2.5 and 3 for   σ  u , v    and h, respectively, in fair agreement with previous studies [41,49].




Appendix B. Comparing the Reprocessed and Near Real Time OSTIA SSTs


A comparison of the near-real-time (NRT) versus reprocessed (REP) OSTIA SSTs is provided in Figure A1, showing two snapshot examples on 24 March 2015 (panels (a) and (b)) as well as statistical and spectral analyses based on a one-year-long time series (panels (c) and (d)). The data are accessible via the Copernicus marine service web portal (https://data.marine.copernicus.eu/, accessed on 12 December 2023) under the following product IDs:




	
SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001



	
SST_GLO_SST_L4_REP_OBSERVATIONS_010_011
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Figure A1. (a,b) SST from the OSTIA NRT and REP products, respectively, (the maps refer to 24 March 2015); SST from the OSTIA REP product (employed in the present study); (c) STD differences between the REP and NRT products on a one year time scale (2016); (d) spectral analysis for the NRT and REP OSTIA products over 2016, in the bounding box sketched in Figure 5a. 
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After visual inspection of the selected test case, the REP SST field shows a much more detailed description of the SST patterns associated with the mesoscale dynamics in our study area, potentially resulting in a more efficient application to the ocean currents methodology presented here. The higher variability of the reprocessed OSTIA SSTs vs. the NRT ones is also assessed on a one-year-time scale. Randomly choosing one year of our time series (2016), we inter-compared the temporal standard deviations (STD) of the two datasets in our study area. The REP product shows a much larger variability in correspondence with dynamically active areas (i.e., the Gulf Stream), resulting in an enhancement of the STD by about 1K (Figure A1c). Additionally, still choosing the year 2016 and focusing on the bounding box depicted in Figure 5a (inset map), we evaluated the power spectral density of OSTIA NRT and REP, using the same methodology already described in Section 3. For scales larger than ≃ 500 km, the NRT and REP products display a fairly equivalent behaviour. Progressively approaching the mesoscale range, O(100 km), the NRT spectrum (blue line in Figure A1d) drops compared to the REP OSTIA product, suggesting a less efficient representation of the mesoscale features in the NRT L4 SSTs. Eventually, the REP and NRT SSTs spectra indicate noise below the respective scales of ≃40 km and ≃20 km, as suggested by the flattening of the spectra. A thorough comparison of OSTIA REP and NRT datasets is out of scope for the present study. Nevertheless, such analyses suggest a positive impact of the REP dataset (compared to the NRT one) for dynamical applications as the one addressed in the present study.
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Figure 1. (a) Uncertainty in the zonal geostrophic currents (identified as   σ u   in Equation (5)). (b) Uncertainty in the Forcing term (identified as “h” in Equation (5)). 
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Figure 2. Error on the Forcing term as a function of the   ∂ t  SST spatial low-pass filtering scale. The shadowed area indicates the uncertainty on the mean value evaluated via the bootstrap technique. 
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Figure 3. Intercomparison of standard altimetry geostrophic currents (white arrows) and OPT currents (black arrows) on top of the OSTIA sea surface temperature (11 July 2018). The map also shows the trajectory of a Coriolis drifter drogued at 15 m (dashed green line). 
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Figure 4. (a) Percentage of improvement computed via Equation (7) in 2° × 2° boxes, for the zonal optimal currents. (b) Same as (a), for the meridional currents. The statistics are computed over the 2010–2019 period. 
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Figure 5. Power Spectral Density of the GEO (black) and OPT (magenta) currents over the 2010–2019 period, computed in the red box shown in the inset map. Panels (a,b) stand for zonal and meridional flows. 
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Figure 6. (a) Percentage of improvement (PI) computed via Equation (7) in 2° × 2° boxes, for the zonal optimal currents from [49] (C20). (b) Same as (a), for the meridional currents from [49] (C20). Panels (c,d) refer to the PI of the North Atlantic OPT currents computed over 2014–2016 for zonal and meridional currents, respectively. 
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Table 1. Summary table of the dataset used in the present study. (N) stands for nominal.
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	DATA
	Geostrophic Currents
	Sea Surface Temperature
	In-Situ Currents/SST





	Spatial Resolution (N)
	0.25°
	0.05°
	sparse



	Temporal Resolution (N)
	daily
	daily
	six-hourly



	Source
	Satellite (multi-imission)
	Satellite (multi-mission)
	Drifting Buoy



	Access
	CMS portal
	CMS portal
	NOAA/AOML portal
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