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Abstract

:

Monthly climatology data for salinity fronts in the South Atlantic have been created from satellite SMOS sea surface salinity (SSS) measurements taken from 2011–2019, processed at the Barcelona Expert Center of Remote Sensing (BEC), and provided as high-resolution (1/20°) daily SSS data. The SSS fronts have been identified with narrow zones of enhanced horizontal gradient magnitude (GM) of SSS, computed using the Belkin–O’Reilly algorithm (BOA). The SSS gradient fields generated by the BOA have been log-transformed to facilitate feature recognition. The log-transformation of SSS gradients markedly improved the visual contrast of gradient maps, which in turn allowed new features to be revealed and previously known features to be documented with a monthly temporal resolution and a mesoscale (~100 km) spatial resolution. Monthly climatologies were generated and analyzed for large-scale open-ocean SSS fronts and for low-salinity regions maintained by the Rio de la Plata discharge, Magellan Strait outflow, Congo River discharge, and Benguela Upwelling. A 2000 km-long triangular area between Africa and Brazil was found to be filled with regular quasi-meridional mesoscale striations that form a giant ripple field with a 100 km wave length. South of the Tropical Front, within the subtropical high-salinity pool, a trans-ocean quasi-zonal narrow linear belt of meridional SSS maximum (Smax) was documented. The meridional Smax belt shifts north–south seasonally while retaining its well-defined linear morphology, which is suggestive of a yet unidentified mechanism that maintains this feature. The Subtropical Frontal Zone (STFZ) consists of two tenuously connected fronts, western and eastern. The Brazil Current Front (BCF) extends SE between 40 and 45°S to join the subantarctic front (SAF). The STFZ trends NW–SE across the South Atlantic, seemingly merging with the SAF/BCF south of Africa to form a single front between 40 and 45°S. In the SW Atlantic, the Rio de la Plata plume migrates seasonally, expanding northward in winter (June–July) from 39°S into the South Brazilian Bight, up to Cabo Frio (23°S) and beyond. The inner Plata front moves in and out seasonally. Farther south, the Magellan Strait outflow expands northward in winter (June–July) from 53°S up to 39–40°S to nearly join the Plata outflow. In the SE Atlantic, the Congo River plume spreads radially from the river mouth, with the spreading direction varying seasonally. The plume is often bordered from the south by a quasi-zonal front along 6°S. The diluted Congo River water spreads southward seasonally down to the Angola–Benguela Front at 16°S. The Benguela Upwelling is delineated by a meridional front, which extends north alongshore up to 20°S, where the low-salinity Benguela Upwelling water forms a salinity front, which is separate from the thermal Angola–Benguela Front at 16°S. The high-salinity tropical water (“Angola water”) forms a wedge between the low-salinity waters of the Congo River outflow and Benguela Upwelling. This high-salinity wedge is bordered by salinity fronts that migrate north–south seasonally.
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1. Introduction


Sea water salinity is an important oceanic variable that plays a key role in numerous physical and biogeochemical processes. Salinity fronts—narrow zones where fresh and salty waters meet—play special roles, especially in tropical and subtropical regions. Along salinity fronts in the subtropics, warm and salty subtropical waters meet colder, fresher subpolar waters of similar density; thus, these fronts are partly or completely density compensated. In the tropics, copious rains and freshwater discharges from great rivers produce surface water masses of low density; therefore, salinity fronts in the tropics often feature strong density gradients. In both cases (tropics and subtropics), salinity fronts shape ocean circulation by either enhancing (in the tropics) or reducing (in the subtropics) horizontal density gradients created by temperature gradients (Boutin et al., 2023) [1]. Salinity fronts mark water mass boundaries in the tropics, where surface water masses may have similar temperatures, yet different salinities. Typically, thermal and haline manifestations of the same fronts are collocated. However, sometimes thermal and haline signatures diverge, which further illustrates the importance of studying salinity fronts and their associations with temperature fronts in the World Ocean.



Remote sensing of salinity fronts on a global scale began in this century, owing to three satellite missions—SMOS, Aquarius, and SMAP—that carried radiometers whose data were used to estimate sea surface salinity (SSS; Reul et al., 2014 [2]; Boutin et al., 2018 [3]; Vinogradova et al., 2019 [4]; Reul et al., 2020 [5]; Boutin et al., 2021 [6]; Boutin et al., 2023 [1]). The SSS data from all three missions have been used, albeit sporadically, to study space-time variability of salinity fronts, mostly in the tropics (Qu et al., 2014 [7]; Kao and Lagerloef, 2015 [8]; Yu, 2015 [9]; Melnichenko et al., 2016 [10]; Nyadjro and Subrahmanyam, 2016 [11]; Asto et al., 2019 [12]; Reul et al., 2020 [5]; Bao et al., 2021 [13]; Boutin et al., 2023 [1]; Vazquez-Cuervo et al., 2023 [14]). Yet, despite the proven potential of satellite SSS data, the global climatology of salinity fronts is lacking. The potential importance of such climatology was the main impetus for this study. We choose to focus first on the fronts of the Southern Hemisphere, because they are less studied compared with the fronts of the Northern Hemisphere. The present report on the South Atlantic will be followed by similar reports on the South Indian and South Pacific oceans. The structure of this paper is as follows: Section 1 introduces numerous South Atlantic fronts and remote sensing studies of these fronts, thereby providing a background for our study. Satellite SSS data and data processing are described in Section 2. Results are presented in Section 3, followed by the Discussion in Section 4, and Conclusions in Section 5.



Remote sensing of ocean fronts in the South Atlantic: The seminal survey of sea surface temperature (SST) fronts by Legeckis (1978) [15] ushered in an era of remote sensing studies of ocean fronts. Table 1 provides a provisional inventory of remote sensing studies of the South Atlantic, followed by a brief regional introduction to the most important studies of fronts and frontal zones of this vast region, between the equator and Antarctic Circumpolar Current (ACC). Table 1 includes studies based on four major oceanic observables—SST, SSS, SSH, and CHL—because a combined use of different observables is helpful in detecting fronts. Throughout our paper, we have cited numerous frontal studies listed in Table 1, which provides the most important metadata about these studies.



Brazil Current/Front/Retroflection and Brazil-Malvinas Confluence: Among the most conspicuous thermal fronts in the World Ocean surveyed with early infrared satellite imagery, Legeckis (1978) [15] emphasized the Brazil-Malvinas Confluence, a major water mass front between subtropical and subantarctic waters. Legeckis and Gordon (1982) [37] reported intra-seasonal north–south migrations of the Brazil Current/Front. The advent of AVHRR in 1981 and subsequent implementation of the Pathfinder project (Minnett et al., 2019) [57] stimulated studies of SST fronts, particularly in those areas where various physical processes create enhanced thermal contrasts between adjacent water masses. Such areas are mostly found in the coastal regions of the SW Atlantic and Eastern Atlantic. In the SW Atlantic, the Brazil Current/Front/Retroflection and Brazil-Malvinas Confluence have been studied by Olson et al. (1988) [47], Provost et al. (1996) [58], Saraceno et al. (2004) [52], Barré et al. (2006) [18], Lorenzzetti et al. (2009) [38], Artana et al. (2018) [17], Artana et al. (2019) [59], Castellanos et al. (2019) [22], and da Silveira et al. (2023) [25].



The Rio de la Plata plume features prominently in the salinity field. The Plata discharges over 22,000 m3/s on average, and up to 60,000 m3/s at maximum (Guerrero et al., 1997 [60]; Piola et al., 2005 [61]; Acha et al., 2008 [62]; Campos et al., 2008 [63]). The Plata discharge is made of two major components, Paraná and Uruguay, that are anticorrelated; therefore, the seasonal variations of Plata discharge are relatively small, varying between 20,000 and 27,000 m3/s according to Figure 8 in Dogliotti et al. (2016) [64], based on discharge data by Borús and Giacosa (2014) [65]. The first-ever synoptic aerial survey of the Plata Plume in winter 2003 documented the Plume’s northward extent of 1100 km up to Itajaí (Brazil) at 27°S (Burrage et al., 2008) [66]. According to the modeling study by Piola et al. (2005) [61], the Plata Plume extends north for up to 1300 km. In winter 1993, following an anomalously high Plata discharge, Plata water extended north by 1500 km up to 23°S (Campos et al., 1996 [67]; Campos et al., 1999 [68]; Campos et al., 2008 [63]). Analysis of historical precedents by Campos et al. (1999) [68] showed that the penetration of Plata water into the South Brazil Bight is not an unusual event. The Plata water’s northward penetration is driven largely by wind stress rather than variations in the Plata discharge (Palma et al., 2008) [69].



The Plata plume and associated fronts were studied, among others, by Guerrero et al. (1997) [60], Garcia and Vargas (1998) [70], Framiñan et al. (1999) [71], Simionato et al. (2001) [72], Möller et al. (2008) [73], Moreira and Simionato (2019) [74], and Lisboa et al. (2022) [75], and were recently reviewed by Piola et al. (2018) [76]. The Plata Plume front is prominent in salinity, and it also manifests in SST in summer, when the Plata outflow is warmer than offshore waters (Figure 6 in uerreroetal.,1997 [60]; Figure 8.13 in ramiñanetal.,1999 [71]). The collocated turbidity front was studied, among others, by Framiñan and Brown (1996) [77], Dogliotti et al. (2016) [64], and Maciel et al. (2021) [78]. The salinity front was studied, based on SMOS and Aquarius SSS data, by Guerrero et al. (2014) [32].



The Patos Lagoon outflow, with average discharge of 2000 m3/s (~10% of the Plata discharge), creates a plume that extends up to >30 km offshore across the inner shelf and >100 km alongshore, and is bordered by a sharp salinity front with a cross-frontal step of 10 psu. It is embedded in the Plata plume (Burrage et al., 2008) [66]. The impact of both plumes on salinity variability and cross-shelf exchanges was studied by Matano et al. (2014) [79].



The Patagonian Shelf features fronts of various nature (Acha et al., 2004 [80]; Rivas and Pisoni, 2010 [50]; Piola et al., 2018 [76]; Brun et al., 2020 [81]), including tidal mixing fronts (Glorioso, 1987) [82], especially in the Gulf of San Jorge (Palma et al., 2020) [83] and off Península Valdés. The Patagonian Shelf is bordered by the Shelf-Break Front (Franco et al., 2008 [28]; Combes and Matano, 2018 [84]; Franco et al., 2022 [29]).



The Subtropical Shelf Front was identified first from in situ data by Piola et al. (2000) [85], who also studied this front based on satellite data (Piola et al., 2008b) [86]. Cross-shelf oceanographic sections by Muelbert et al. (2008) [87] revealed a strong two-step (“double”) thermohaline front in winter (T = 12–18 °C, S = 33.0–36.5), when this TS-front extended vertically from the sea surface to the shelf break, whereas in summer this front manifested in salinity only (S = 33.7–35.2).



Surface thermal fronts of the SW Atlantic were studied from satellite SST data by Saraceno et al. (2005) [53], Rivas (2010) [49], Rivas and Pisoni (2010) [50], Bouali et al. (2017) [20], Wang et al. (2021) [55], and Wang et al. (2023) [56].



Magellan Plume: The surface salinity field of the southern Patagonian Shelf is strongly affected by the inflow of low salinity water from the Magellan Strait, Le Maire Strait, and along the Cape Horn shelf break (Palma and Matano, 2012 [88]; Brun et al., 2020 [81]; Guihou et al., 2020 [89]). Brun et al. (2020) [81] presented an up-to-date climatological map of salinity at 20 m depth over the Patagonian Shelf from in situ data (Figure 2 in [81]). This map shows the freshwater outflow from the Magellan Strait extending north up to 43°S. This flow transports up to 0.074 Sv, thereby providing “a strong interoceanic connectivity associated with diluted subantarctic waters of the Pacific Ocean through the Magellan Strait which in turn are further diluted largely by inflows from the Almirantazgo Fjord via the Whiteside Channel. … The low salinity inflow from the Magellan Strait combines with saltier inflows through the Le Maire Strait and farther east that feed the Atlantic shelf”. (ibid., p. 1).



The Congo River outflow, with long-term (2000–2010) annual mean discharge of 40,662 m3/s (Alsdorf et al., 2016) [90], creates a huge freshwater plume whose space-time variability and dynamics have been extensively studied (Denamiel et al., 2013 [91]; Hopkins et al., 2013 [33]; Reul et al., 2014 [2]; Vic et al., 2014 [92]; Chao et al., 2015 [93]; Sorí et al., 2017 [94]; Munzimi et al., 2019 [95]; Phillipson and Toumi, 2019 [96]; Laraque et al., 2020 [97]; Houndegnonto et al., 2021 [35]; Martins and Stammer, 2022 [42]; Jarugula and McPhaden, 2023 [98]; Wongchuig et al., 2023 [99]). Similar to other river plumes, the Congo River plume could feature fronts in SST and SSS that could either bound the plume, or be embedded in the plume; however, this aspect of the Congo River outflow remained unexplored to date. Chao et al. (2015) [23] studied offshore freshwater anomalies created by variations in the Congo River outflow in 2011–2013. When the Congo River discharge quadrupled between August 2012 and January 2013, this caused an offshore low-salinity anomaly (observed along Aquarius orbital tracks some 400 km from the river mouth) that peaked in February 2013, about a month after the discharge peak of >60,000 m3/s in January 2013 (Figures 5 and 9 in [23]) (see also [93] for more data and analyses of the Congo River hydrology).



The main water mass front In the Eastern Atlantic is the Angola–Benguela Front (ABF) at the confluence of the warm southward Angola Current and the cold northward Benguela Current (Shannon et al., 1987 [100]; Meeuwis and Lutjeharms, 1990 [43]; Lass et al., 2000 [101]; Mohrholz et al., 2004 [102]; Veitch et al., 2006 [54]; Vizy et al., 2018 [103]). This quasi-zonal front migrates in the general north–south direction seasonally, spanning a wide range of latitudes and including multiple fronts, thus called the Angola–Benguela Frontal Zone.



Another prominent frontal zone in the SE Atlantic is associated with the Benguela Upwelling (Andrews and Hutchings, 1980 [104]; Lutjeharms and Meeuwis, 1987 [40]; Hutchings et al., 2009 [105]). The upwelling gives rise to upwelling fronts, particularly in the southern Benguela, between Cape Agulhas (35°S) and Cape Columbine (33°S) (Hutchings et al., 1986 [106]; Armstrong et al., 1987 [107]). The Benguela Upwelling Frontal Zone (Belkin et al., 2009) [108] consists of two isolated frontal zones separated at the Lüderitz line (27°S). This separation has been documented by Duncombe Rae (2005) [109] and is collocated with the area of high winds and low chlorophyll at 26–27°S, as pointed out by Hutchings et al. (2009) [105]. This separation is also nearly collocated with a sharp bathymetric change at about 28°S, where the broad shelf to the south contrasts with the narrow shelf to the north. In addition to a strong negative signal in SST, the Benguela Upwelling manifests as a negative signal in SSS (up to −0.6 psu), which has been documented, among others, by Muller et al. (2013) [110] and Hösen et al. (2016) [34], with the latter providing statistics on 450 upwelling filaments that extend up to >500 km offshore.



Compared to coastal fronts, open-ocean fronts have attracted less attention. Belkin (1993) analyzed sparse historical data to distinguish the North and South STF some 400–500 km apart, thus forming the Subtropical Frontal Zone (STFZ), extending quasi-zonally at 35–40°S. This double-front pattern was confirmed, among others, by Belkin and Gordon (1996) [111] and Smythe-Wright et al. (1998) [112], and is consistent with the double-front pattern of STF presented by Lutjeharms et al. (1993) [41]. In the central South Atlantic, Juliano and Alves (2007) [113] documented a major zonal current/front at 34–35°S and termed it the St. Helena Current/Front after the St. Helena high pressure system centered over St. Helena Island at 20°S. Vianna and Menezes (2011) [114] noted this geographic incongruence and termed this jet the Tristan da Cunha Current after the Tristan da Cunha Islands at 37°S. Burls and Reason (2006) [21] studied SST fronts between 25°S and 55°S. Funke (2009) [115] used satellite data to study the STF in the central South Atlantic. Billany et al. (2010) [19] studied fronts at the Greenwich Meridian. Dencausse et al. (2011) [26] studied the STFZ in the SE Atlantic. Bouali et al. (2017) [20] estimated 12-year trends of SST gradients (fronts) across the entire South Atlantic. The Subantarctic Front (SAF) observed at 45–50°S in numerous in situ studies has never been comprehensively studied from satellite data (save for the Meeuwis (1991) [41] PhD study) as opposed to the Polar Front (PF), which has been a subject of several remote sensing studies. In this regard, Peterson and Stramma (1991, p. 47) [116] noted: “The course of the SAF has been studied to a much lesser extent than that of the PF, which is partly because the SAF is not always clear in the surface temperature fields; it is better identified with upper-layer salinities”. The Polar Front has been mapped by Moore et al. (1997) [45], Moore et al. (1999) [46], Dong et al. (2006) [27], and Freeman and Lovenduski (2016) [30].




2. Data and Methods


SSS Data: We used SSS data from SMOS (Kerr et al., 2010 [117]; Reul et al., 2014 [2]; Boutin et al., 2018 [3]; Reul et al., 2020 [5]; Boutin et al., 2021 [6]; Boutin et al., 2023 [1]). We used high-resolution SMOS SSS data provided by the Barcelona Expert Center (BEC; smos-bec@icm.csic.es), in which nine years (2011–2019) of SMOS data were reprocessed and daily global SSS maps generated, as documented by Olmedo et al. (2021) [118]. We used BEC Level 4 SMOS SSS daily data with a horizontal resolution of 0.05° × 0.05°, or approximately 5.6 km × 5.6 km at the equator. These data were downloaded from https://bec.icm.csic.es/bec-ftp-service/ (accessed 24 April 2024).



Front detection: We used the Belkin and O’Reilly (2009) [119] algorithm (BOA) to calculate horizontal gradients of SSS. High-gradient zones were identified with salinity fronts. The BOA is widely used thanks to its efficiency and simplicity (Belkin, 2021) [120]. The BOA uses a contextual shape-preserving, scale-sensitive, adaptive median filter that effectively eliminates impulse/shotgun/salt-and-pepper noise. At the same time, the BOA does not smooth ramp-like steps (fronts). It also retains intact roof-like ridges and significant peaks or valley-like minima (local pointwise freshening events). The BOA’s median filter can be applied iteratively. The iterative median filter, when applied to a one-dimensional dataset (e.g., a time series), is known to converge to a root signal (Gallagher and Wise, 1981) [121]. However, when applied to a 2D dataset (e.g., an image), the iterative median filter does not necessarily converge. Our experiments with the BOA’s iterative MF confirmed the lack of convergence while processing daily mean global SMOS SSS fields. The main reason for that is probably the overall smoothness of BEC L4 data. Therefore, after the first 10–20 iterations, when the MF removes remaining noise, the subsequent iterations do not result in any improvement. Therefore, the number of iterations can be kept to a minimum.



Logarithmic transformation of data: Logarithmic transformation (or log-transform) of experimental and remote sensing data has a long history (Irons and Petersen, 1981 [122]; Currant-Everett, 2018 [123]). A typical situation in which log-transform is needed is when the distribution of experimental data are highly skewed. When data distributions are far from normal, statistical tests developed for normally distributed data cannot be applied. Also, highly skewed 2D data are difficult to visualize, especially when the data range spans a few orders of magnitude, which is a common situation in digital image processing (Gonzalez and Woods, 2018 [124]; Gonzalez et al., 2020 [125]), including digital processing of satellite imagery.



Log-transform in satellite oceanography: In oceanography, following the seminal work by Campbell (1995) [126], the log-transform method has been routinely applied to CHL data, particularly to global CHL data provided by satellites, because (1) the global distribution of original CHL data is highly skewed, and (2) the global CHL data range is wide (Gregg and Casey, 2004 [127]; Werdell et al., 2018 [128]). Other oceanic remotely sensed observables are almost never transformed, since the observed data do not span orders of magnitude, especially in the open ocean, and also because their distributions are not highly skewed. The above does not apply to some derived quantities, e.g., gradients. For example, Zhang et al. (2014) [129] have log-transformed the gradient magnitude (GM) of SST data from the Taiwan Strait and demonstrated the lognormality of GM data.



Log-transform of SSS gradient: To bring out SSS fronts, we ran the BOA algorithm (Belkin and O’Reilly, 2009) [119] over SSS data to obtain salinity gradients. Maps of the gradient magnitude (GM) of SSS revealed zones of enhanced GM, which represented salinity fronts. The frequency distribution of GM was strongly skewed; therefore, we log-transformed GM using natural logarithms (ln). The frequency distribution of the log-transformed gradient ln(GM(SSS)) was symmetrical and fairly normal, while the maps of log-transformed gradient presented in the next section reveal more features, particularly fronts. Using the terminology of digital image processing, the log-transform enhances contrasts across digital maps (Gonzalez and Woods, 2018 [124]; Gonzalez et al., 2020 [125]). Experiments have shown that log-transformation of original SSS data slightly improves the visual contrast of gradient maps, although this additional preprocessing step is not critical, while log-transformation of the gradient is crucial.




3. Results


3.1. Large-Scale Open-Ocean Salinity Fronts


3.1.1. Large-Scale Pattern of Sea Surface Salinity


The large-scale (ocean-wide) pattern of SSS is fairly stable year-round, as evidenced by long-term (2011–2019) mean monthly maps of SSS that feature a low-salinity equatorial belt, high-salinity subtropical pool, and general salinity decrease due south toward 45–50°S (Figure 1a (January–June) and Figure 1b (July–December)).



Superimposed on this ocean-scale pattern, there are four large-to-mesoscale regions of low-salinity: (1) Rio de Plata region; (2) Magellan Strait region; (3) Congo River region; and (4) Benguela Upwelling region. The ocean-wide maps of SSS do not reveal visually apparent zones of high horizontal gradients of SSS (salinity fronts), except for salinity fronts that border the outflows of two great rivers, Rio de la Plata and Congo. The large-scale open-ocean pattern of SSS does not qualitatively change seasonally. Unlike the large-scale open-ocean fronts that remain fairly stable seasonally, the above-mentioned four large-to-mesoscale regions off the coasts of South America and Africa experience substantial seasonal variability, as reported below.




3.1.2. Salinity Fronts: An Overview


Salinity fronts are visualized by (1) running the BOA algorithm that calculates gradients of SSS after filtering out impulse noise while preserving fronts, and (2) log-transforming SSS gradient magnitude (GM) (Figure 2a,b) The following large-scale open-ocean quasi-zonal fronts can be distinguished in all monthly maps, north to south: (1) Tropical Front (TF) between 10 and 15°S; (2) Western Subtropical Front (WSTF) near 30°S; (3) Eastern Subtropical Front (ESTF) near 35–40°S; (4) Brazil Current Front (BCF) between 40 and 45°S, (5) Subantarctic Front (SAF) near 45°S, and (6) joint STF/BCF/SAF front south of Africa near 45°S. In addition to these high-gradient zones (fronts), we detected a quasi-zonal narrow belt of near-zero gradient that crosses the Tropical Atlantic south of the Tropical Front, between 15 and 20°S.




3.1.3. Meridional (North-South) and Zonal (West-East) Variations of Surface Salinity


We used cross-frontal distributions of SSS to study along-front variability of frontal parameters, first of all to study along-front variations of cross-frontal ranges (“steps”) of SSS. This is the most effective and efficient approach for mapping large-scale fronts across ocean-scale distances. This approach is based on assembling a set of cross-frontal sections arranged along the front in question, extracting frontal parameters (e.g., cross-frontal steps of T and S) along each section, and analyzing the along-front variability of these parameters. This approach has been used in numerous frontal studies, e.g., Stramma and Peterson (1990) [130], Belkin (1993) [131], and Belkin and Gordon (1996) [111], to name just a few.



Since the above-mentioned large-scale fronts are quasi-zonal, their main characteristics (intensity and strength) are best determined along meridians that cross the fronts quasi-normally. We chose 14 meridians spaced 5° of longitude apart, from 45°W to 20°E. Distributions of SSS vs. latitude along every 10° of longitude are shown in Figure 3.



Each subplot shows 12 long-term (2011–2019) mean monthly distributions of SSS vs. latitude along a given meridian, illustrating the year-round stability of the meridional (north–south) pattern of SSS, except for the equatorial belt and Congo River outflow. Similar meridional distributions of SSS vs. latitude for individual years, 2011 through 2019 (not shown), document the interannual stability of the meridional (north–south) pattern of SSS, except for the equatorial belt and Congo River outflow. The seasonal and interannual stability of the meridional (north–south) distributions of SSS contrasts sharply with the relatively strong zonal (west–east) variations in the meridional distributions of SSS. Indeed, substantial qualitative (morphological) changes in the meridional distributions of SSS occur between meridians just 5° of longitude apart (that is, <500 km at 30°S). Thus, the large-scale meridional pattern of SSS experiences qualitative changes in the west–east direction at the upper mesoscale (500 km).




3.1.4. Large-Scale Pattern of Open-Ocean Salinity Fronts


The large-scale open-ocean salinity fronts appear as broad zones of enhanced gradient that are several hundred kilometers wide (Figure 1, Figure 2 and Figure 3). The apparent breadth of salinity fronts can be partly accounted for by the original spatial resolution of SMOS data (35–50 km). It cannot be accounted for by temporal averaging of daily SMOS data used in this study, as evidenced by sample comparisons of daily, monthly, annual, and multi-annual (2011–2019) mean meridional (north-south) distributions of SSS. Owing to the temporal stability of large-scale open-ocean salinity fronts, these fronts retain their main characteristics, such as width and gradient, after temporal averaging on monthly, annual, and multi-annual scales. The rather smooth large-scale appearance of meridional distributions of SSS is not unusual, as it has been observed elsewhere, e.g., in the North Atlantic (Kolodziejczyk et al., 2015) [132].




3.1.5. Tropical Front


A close inspection of monthly gradient maps (Figure 2) reveals (1) seasonal migrations of the Tropical Front in the north–south direction, and (2) seasonal variations in the spatial orientation of this front. The north–south range of seasonal migration is rather small (about 2° of latitude). The front’s spatial orientation (“tilt”) varies seasonally in sync with the front’s north–south seasonal migrations. When the front reaches its northernmost location, its orientation is strictly zonal. When the front reaches its southernmost location, its non-zonal orientation (tilt) is at maximum.




3.1.6. Meridional Salinity Maximum


Immediately south of the Tropical Front, a narrow quasi-zonal band of zero salinity gradient, which corresponds to the meridional salinity maximum (Smax), crosses the Tropical Atlantic between 15 and 20°S from Brazil to Africa (Figure 2 and Figure 3). The meridional Smax marks the southern flank of the Tropical Front. In the west, off Brazil, the meridional Smax is collocated with the absolute maximum of SSS, dubbed “SSS-max” by Gordon et al. (2015) [133], who pointed out that the South Atlantic is the only ocean where the SSS-max is found in the western part of the subtropical belt. Along the zonally trending meridional Smax identified in this study, the SSS decreases due east from >37.3 psu off Brazil down to nearly 36 psu off Africa (Figure 3).



The meridional Smax belt shifts north–south seasonally in sync with the north–south shifts of the Tropical Front. The Smax belt orientation (tilt) varies in sync with that of the Tropical Front. The persistence of the Smax belt, which shifts north–south seasonally while retaining its well-defined linear morphology, is suggestive of a mechanism that maintains this feature. Since our paper is squarely focused on kinematics, we cannot speculate on a possible physical mechanism that maintains the meridional Smax and that is responsible for the regular seasonal shifts of this feature that we observed in SSS data. We would only suggest that atmospheric variability is likely a key factor, as it affects cloudiness (hence solar radiation, evaporation, and eventually SSS), precipitation (directly affecting SSS), and winds (affecting evaporation and hence SSS).




3.1.7. Subtropical Frontal Zone (STFZ)


The Subtropical Frontal Zone (STFZ) consists of two tenuously connected fronts, western and eastern. The Western Subtropical Front (WSTF) is well defined in the western part of the South Atlantic, where it extends quasi-zonally along 30°S. The Eastern Subtropical Front (ESTF) is well defined in the eastern part of the South Atlantic, where it extends quasi-zonally along 35°S. The STFZ trends NW–SE across the South Atlantic, seemingly merging with the Subantarctic Front south of Africa to form a single front near 45°S.




3.1.8. Subantarctic Front (SAF)


The SAF extends quasi-zonally southeast and east of the Brazil-Malvinas Confluence along 45–48°S. The SAF joins the Polar Front between 30°W and 45°W, where both fronts extend along the northern flank of the Falkland Ridge as documented from in situ data by Peterson and Whitworth (1989) [134].




3.1.9. Meso-Scale Quasi-Meridional Tropical-Subtropical Fronts


Gradient maps (Figure 3) reveal an enigmatic ripple pattern of multiple quasi-meridional fronts extending between the Tropical Front and East Subtropical Front. This pattern covers a vast triangular area in the Tropical/Subtropical Atlantic, where the ripple field stretches due west from Africa toward Brazil. Within this ~2000-km-long area, ~20 fronts are regularly spaced ~100 km apart. The ripple pattern evolves seasonally, being best defined during the boreal winter, e.g., in January. Similar mesoscale streaky fronts can be seen elsewhere, e.g., in the SW Atlantic. However, the eastern tropical-subtropical ripple field stands out owing to its sheer size and regular structure.





3.2. Rio de la Plata Outflow


Monthly maps of SSS (Figure 4a,b) and SSS gradient magnitude (Figure 5) reveal seasonal variations of the Rio de la Plata (RP) estuarine front and seasonal alongshore migration of the RP plume. The estuarine front extends northward along the coast of Uruguay and Brazil in winter, reaching its maximum extent typically in June–July (except for October–November in 2015). In 2019, the Plata plume reached its maximum northern extent in June and persisted off SE Brazil for five months through October. The large extent and longevity of the Plata plume in winter 2019 was caused by the extremely high Plata discharge, which in turn was caused by the record-high discharge of Uruguay River. This discharge, for a few days, exceeded the Parana River discharge, whereas normally the former is about one-third of the latter (Aubriot et al., 2020 [135]; Kruk et al., 2021 [136]).



The alongshore northward propagation of the RP plume is facilitated by the persistent wintertime southerly winds. The alongshore progress of the RP plume can be traced by using the 31.0 isohaline off Uruguay, the 34.0 isohaline off the SE Brazil, or the 35.0 isohaline into the South Brazilian Bight. Piola and Romero (2004) [137] used the 33.5 isohaline to trace the diluted Plata waters.



The northernmost extent of the Plata water in the South Brazilian Bight (23–28°S) is more difficult to determine unambiguously because of freshwater discharges by numerous rivers that empty into the Bight (Marta-Almeida et al., 2021) [138]. Nonetheless, the Plata water may extend due north up to 23°S (~1500 km from the Plata estuary) during El Niño winter seasons (Campos et al., 1996) [67].



The Plata plume’s extension to the south along the coast of Argentina is quite limited year-round and varies very little seasonally and interannually. The plume’s front can be identified with the 33.4–33.6 isohalines (Figure 6), which is consistent with the 33.5 isohaline used by Piola and Romero (2004) [137] to track the plume’s extension to the north. The preferred direction of the Plata plume spreading to the north is confirmed by numerical models. Monthly maps of SSS gradient magnitude GM (Figure 7) show that the GM peaks in the Samborombón Bay (off the coast of Argentina) year-round. This is consistent with the results obtained by Framiñan and Brown (1996) [77] from a multiyear statistical analysis of SST imagery. Our finding is interesting because the majority of studies postulate that the northern route (along the coast of Uruguay) is the dominant pathway for the Plata water spreading offshore. The southern route via the Samborombón Bay is widely considered to be minor vs. the northern route. However, the idea of the southern flow being slow and the Samborombón Bay being almost stagnant is incompatible with the year-round presence of enhanced salinity gradients, as evidenced by the SMOS data.



The low-salinity outflow from the Patos Lagoon is barely noticeable in the monthly maps of SSS (Figure 4) and SSS gradient magnitude (Figure 5), including such maps for individual months (not shown). According to the detailed aerial mapping by Burrage et al. (2008) [66], the size of the outflow bulge was 33 km × 100 km with SSS inside the bulge varying between 12 and 27 psu, ranging by ~10 psu from 18 to 28 psu across a well-defined bulge front.



The Plata estuarine front is identified with the 30.0 isohaline (Figure 6). As the season progresses, this front expands offshore in October–January and retreats inshore in February–June to stay along the Barra del Indio shoal till September. The front also changes its orientation as its western end (off the coast of Argentina) shifts from ~36°S in June to ~37°S in January, while its eastern end (off the coast of Uruguay) remains stationary year-round at ~34.5°S.



The low-salinity coastal belt’s northern limit can be defined by the 34.0 isohaline, which migrates seasonally from 31.5°S in summer (November–April) to 28.5°S in winter (May–September). An alternative (broader) definition of the low-salinity coastal belt would use the 36.5 isohaline as the belt’s northern boundary, which marks an interface between the low-S coastal belt and high-S subtropical gyre. The interface is not smooth. Instead, the interface is collocated with a sharp along-shore gradient of SSS (Figure 5). The low-S coastal tongue extends throughout the South Brazil Bight (SBB) year-round up to Cabo Frio (23°S, 42°W) and beyond, reaching 21°S in December–January (Figure 4). This conclusion is consistent with the climatological surface salinity map presented by Piola et al. (2018) (Figure 1a in [76]) and based on an extensive collection of in situ data. Most studies of the SBB oceanography invoke local river discharge to explain the low salinity (<34.0) of coastal waters. With the total discharge of local rivers into the SBB exceeding 4000 m3/s (Marta-Almeida et al., 2021) [138], their impact cannot be ignored. A modeling study of river plumes in the SBB by Marta-Almeida et al. (2021) [138] revealed a low-salinity nearshore tongue propagating along the coast throughout most of the SBB up to 25.5°S and possibly occasionally up to Cabo Frio at 23°S, 42°W.




3.3. Magellan Strait and Le Maire Strait Outflows


The Magellan Strait region in this study extends to Cape Horn (56°S, 67°W). The spatial and seasonal variability of SSS and SSS fronts in this region are illustrated by sample maps for mid-summer and mid-winter (Figure 8). The SSS field of the southern Patagonian Shelf is strongly affected by the outflow of low-salinity water from the Magellan Strait. This outflow has two sources: the Pacific Ocean off Western Patagonia, and the copious amount of local precipitation onto the Magellan Strait watershed. The low-salinity Pacific water also flows to the Eastern Patagonian Shelf along the Western Patagonia shelf break, where it is carried south and east by the Cape Horn Current (Brun et al., 2020) [81]. After bypassing Cape Horn, the Pacific water enters the Patagonian Shelf via Le Maire Strait (Brun et al., 2020) [81]. Lagrangian simulations by Guihou et al. (2020) [89] inferred a net NE-ward transport of 0.88 Sv across 51°S.



Brun et al. (2020) [81] presented an up-to-date climatological map of salinity at 20 m depth over the Patagonian Shelf from in situ data (Figure 2 in [81]). This map shows the freshwater outflow from the Magellan Strait extending north up to 43°S (see the map). The SMOS data improve this picture. According to the SMOS data, the low-salinity Magellan Strait water (S < 33.5) extends to 44°S in winter (June–July) and up to 40°S in late spring and summer (November–January). A close inspection of 108 individual monthly maps of SSS in 2011–2019 shows that the MS water occasionally extends north beyond 40°S, where it merges with the Rio de la Plata outflow. The MS outflow is bounded by a well-defined front at some distance east of the eastern entrance to the strait. This front does not appear to be terribly robust, as the MS plume extends north along the coast of Eastern Patagonia. In that respect, the MS plume qualitatively differs from the Rio de la Plata plume. Our maps do not resolve the individual flows that emanate from the Magellan Strait and Le Maire Strait. The low salinity tongue formed by the combined flow extends north alongshore, driven by the northerlies. According to Piola et al. (2018) [76], the combined low-salinity tongue eventually merges with the Rio de la Plata plume. Our maps support this conclusion. The combined low-salinity tongue forms a relatively low-intensity salinity front at its interface with ambient waters.



The low-salinity outflow from the Magellan Strait (MS) exhibits seasonal variations in its spatial extent. The MS plume’s boundary can be identified with the 33.5 psu isohaline (Palma and Matano, 2012) [88], which is the same isohaline that is commonly used to delineate the Plata plume. The MS plume (defined by the 33.5 isohaline) extends north along the Patagonian coast from the Magellan Strait’s eastern entrance off Punta Dungeness (52°24′S, 68°26′W), up to 40°S in winter (June–July), but only to 44°S in spring-summer (November–January). The MS outflow is fed by a pool of low-salinity waters off western Patagonia (40°S–55°S), which is split into two parts, with a gap in between at ~50°S (Davila et al., 2002) [139]. It is the southern part of the low-salinity belt that feeds the MS throughflow.



The MS plume’s characteristics (salinity, area, and northward extent) largely depend on (1) the amount, timing, and salinity of the low-salinity Pacific water coming down the Strait; (2) the amount and timing of the MS watershed precipitation; and (3) the wind stress field over the Eastern Patagonian Shelf. The vast pool of low-salinity water off Western Patagonia south of 35°S is created by copious amounts of precipitation falling on the western slopes of the Chilean Andes. This vast freshwater pool consists of two parts (lobes) separated by a wedge of more saline water at 50°S (Dávila et al., 2002) [139]. The SMOS SSS data allowed us to document this feature in detail. The monthly maps of SSS and SSS fronts (Figure 8) revealed a sharp SSS front at 50°S, which is the southern boundary of the northern lobe of low salinity, and the northern edge of the gap between the northern and southern lobes of low salinity. The gap remained absolutely stable during the 9-year study period, showing no signs of seasonal variability. Bathymetry is deemed to be the only reason for such uncanny stability of an oceanic feature. The northern lobe waxes and wanes seasonally, apparently in accordance with seasonal variations of precipitation. Using the 33.7 psu isohaline to delineate the northern lobe, its area peaks in December when the 33.7 isohaline extends west beyond 80°W. Since the northern lobe is separated from the southern lobe of low salinity, it is not clear whether the low salinity water from the north can be transported to the western entrance of the Magellan Strait. The southern lobe’s seasonal variations are out of sync with the northern lobe. Indeed, the southern lobe’s area peaks in March–May, and shrinks in October–January. The salinities of both lobes are quite different, with the southern lobe being much saltier than the northern lobe. Moreover, the southern lobe’s minimum salinity is much higher than the minimum salinity of the Magellan Strait outflow. If the southern lobe contributes significantly to the MS outflow, the southern lobe’s salinity must be substantially diluted by local precipitation within the Magellan Strait watershed, which is extremely high.




3.4. Congo River Outflow


The Congo River Plume waxes and wanes as the season progresses, as evidenced by the monthly maps of SSS and SSS gradient (Figure 9 and Figure 10). The Plume’s spatial extent and minimum axial SSS vary in sync. The Plume grows in October–March and shrinks in April–September. During the Plume’s maximum extent in January–February, its axial minimum SSS (immediately offshore the river mouth) drops down to ~30 psu. During the Plume’s minimum extent in July, its axial minimum SSS is ~32 psu.



The Plume Front exhibits a dominant mode of spatial orientation, which is a quasi-zonal extension to the west along 6°S, as evidenced by monthly maps of salinity gradient (Figure 10). The meridional plots of SSS along 10°E (Figure 3) document the seasonal stability of this locational mode, which varies within 1° of latitude between 5°S and 6°S. The local bathymetry south of the Congo River Canyon does not provide any clue to the front’s stability. The Plume Front’s spatial stability contrasts with the substantial seasonal variability of the Plume Front’s intensity and strength that correlate with the Plume’s seasonal variations in extent and minimum salinity noted above.



The monthly maps of SSS (Figure 9) reveal seasonal variability in the Congo River outflow. The Congo River discharge (CRD) has its main peak in summer (January–February). The CRD’s main peak translates without much delay into the seasonal growth and spreading of the Plume, whose extent peaks in January–February. The absence of a significant delay is not surprising, given the extremely swift outflow of up to 2.5 m/s at the mouth. Since the Kinshasa–Brazzaville gauges are located about 500 km upstream of the mouth, the time lag between the gauges and mouth is less than three days, given the current speed of 2.5 m/s.



The monthly maps of SSS gradient (Figure 10) reveal the CR plume front (CRPF) and make evident the significant seasonal variability of the front’s morphology, extent, location, and orientation. The outflow direction varies widely from NW alongshore, to westward offshore, to SE alongshore. The plume morphology and extent can be estimated objectively with a proper algorithm, which would be outside the scope of this study. Nonetheless, the modal location and orientation of the Plume front are apparent from monthly maps of the SSS gradient (Figure 10): most often, the plume front extends quasi-zonally along 6°S. This is the first known determination of the modal location and orientation of the Plume front. Admittedly, this result is not quite rigorous; an objective method is needed to delineate the front and quantify its movements, orientation, and morphology.




3.5. Angola-Benguela Front


The ABF is a quasi-zonal front, extending west from the African coast for a few hundred kilometers along 16°S, and migrating north–south seasonally. The ABF is a strong temperature front, and also a structural front, bordering from the south the sharp and shallow tropical thermocline. In the salinity field, the ABF is weak, with a cross-frontal range of a mere 0.2–0.3 psu, typically spread over a few hundred kilometers, thus never forming a sharp salinity front. Occasionally, the ABF lacks any manifestation in the salinity field, at least in the surface layer. The monthly maps of SSS and SSS gradient in the Congo–Angola–Benguela region (Figure 11) do not show any sign of enhanced SSS gradient within the zonal band of the thermal ABF (15–17°S), or immediately south of it.



The most striking result is the absence of the Angola–Benguela Front (ABF) in the SSS and SSS gradient (Figure 11) fields. South of the tropical maximum of SSS, across a broad latitudinal range between 10°S and 25°S, and farther south in the SE Atlantic, the offshore SSS decreases southward in a very gradual fashion. This general north–south decreasing trend in SSS reflects a large-scale transition from tropical waters to subtropical waters. This transition manifests in the SST field as a strong thermal front (with a total cross-frontal SST range of up to 6 °C and a well-defined local maximum of SST gradient), which can be quite sharp at times. Surprisingly, unlike the great majority of ocean fronts, this thermal front is not accompanied by a local horizontal maximum in the SSS gradient field (Figure 11), a defining characteristic of a salinity front. In the SST field, the ABF manifests as a well-defined gradient maximum between 15.5°S and 17°S (Veitch et al., 2006) [54].



There is much less certainty, if any, regarding the ABF manifestation in the salinity field, especially in the surface layer, where the ABF presence is tenuous at best despite some evidence to the contrary. In the seminal paper on the ABF, Shannon et al. (1987, p. 11) [100] wrote: “Although salinity data suggest that the front may extend to a depth of at least 200 m, it is particularly marked in the upper 50 m where it can be defined in terms of both temperature and salinity”, yet noted “the salinity “front” (which is admittedly weakly defined)” (ibid., p. 19). The alongshore salinity data in Shannon et al. (1987) (Figure 7 in [100]) revealed a week salinity front at 17–18°S with a cross-frontal step of 0.2–0.3 psu, from 35.3–35.4 in the south to 35.6 in the north.



The April–May 1997 CTD survey of the ABF by R/V Petr Kottsov (Lass et al., 2000) [101] revealed a strong SST front, with SST ranging from 25 °C at 14°S to 16 °C at 17°S, while SSS gradually decreased from 36.2 at 14°S to 35.6 at 17°S and decreased farther south at the same rate (Figure 5 in [101]). Thus, there was no enhanced north–south gradient of SSS, and hence no SSS front, within a broad, strong SST front. Similarly, the February–March 2002 CTD survey of the ABF by FRS Africana (Ekau and Verheye, 2005) [140] documented a strong SST front, from 26 °C at 16°S to 19 °C at 18°S, with no attendant SSS front. However, a strong SSS front was found much farther south at 20°S (Figure 1 in [140]).



The absence of an SSS front can be explained by an influx of fresh water from the Gulf of Guinea, with the Congo River discharge (CRD) deemed to be the main constituent. The idea of the CRD (originated at ~6°S) affecting the ABF at 16°S—thus >1000 km away—might appear far-fetched to some researchers. For example, the CRD impact was not even mentioned by Shannon et al. (1987). Nonetheless, this idea of the CRD-ABF link seems to have been established in the literature by now. The CRD’s impact can be quite dramatic during Benguela Niños. For example, in 1995, the negative SSS anomaly reached 4 psu in Angolan waters (Gammelsrød et al., 1998) [141].



The classical concept of the Angola Current carrying warm and saline tropical waters has been augmented by Mohrholz et al. (2004, pp. 1337–1339) [102]: “The Angola Current transported in its surface part less saline water from the great rivers in the north towards the ABFZ. … Along the continental slope the Angola Current advected warm and less saline surface waters (originating from the great rivers in the Gulf of Guinea) to 13°S, and warm tropical waters to 19°S”. Thus, the influx of warm and fresh water from the Gulf of Guinea does not attenuate the thermal signature of the ABF, yet greatly reduces the salinity contrast across the ABF, which explains the absence of an SSS front within the ABF latitudinal range (15–18°S) in our results (Figure 9, Figure 10 and Figure 11).




3.6. Benguela Upwelling Front


The dominant persistent southeasterlies blowing along the west coast of South Africa drive year-round coastal wind-induced upwelling in a vast region—Benguela Upwelling (BU)—between Cape Agulhas at 35°S and Cape Frio at 18°S. The cold upwelled water stands out in SST maps that have been extensively used in numerous studies of the BU’s temporal and spatial variability. Salinity data have not been systematically utilized to date. The SMOS data clearly portray the BU region as being of low salinity and document its seasonal variability (Figure 12). The BU region includes several upwelling cells, each bordered by a local front. The entire BU region is bordered by a front called the Benguela Upwelling Front (BUF), according to von Bodungen et al. (2008) [142]. The BUF is well defined in the upper 20–40-m layer as, e.g., in May 2004, when R/V Alexander von Humboldt’s zonal transect T3 along 17°S crossed the unperturbed BUF normally with SST = 17–20 °C and SSS = 35.6–35.9 (von Bodungen et al., 2008) (Figure 6 in [142]). The monthly maps of SSS gradient magnitude GM (Figure 12) reveal either a single salinity front or numerous salinity fronts that comprise the BUF.





4. Discussion


Large-scale open-ocean fronts: The SMOS SSS data revealed a rich pattern of salinity fronts in the South Atlantic, including a few newly identified features. Perhaps the most important frontal zone that has been reliably documented during this study is the Tropical Front, which has not been distinguished in the South Atlantic in previous satellite studies of salinity fronts (listed in Section 1 and Table 1). Another feature of interest is the discontinuity of the Subtropical Frontal Zone (STFZ), previously noted by Graham and de Boer (2013) [31]. The STFZ was found to consist of two major frontal zones (Western and Eastern STF), both quasi-zonal, yet offset from one another by up to 5° of latitude (roughly 500 km). This finding will likely revive the discussion of continuity (or discontinuity) of the STFZ across the South Atlantic. In this respect, Burls and Reason (2006, p. 10) [21] wrote: “West of about 15°W, the satellite data analyzed here suggests little evidence of continuous frontal features associated with the Subtropical Front extending across the basin. By contrast, Deacon [1982] and Peterson and Stramma [1991] used hydrographic data to infer that such a continuous feature does exist across the basin”.



Freshwater pools and ITCZ: Reul et al. (2014) [2] pointed out the importance of monitoring the space-time variability of freshwater pools created by copious amounts of precipitation in the Inter-Tropical Convergence Zone, ITCZ. The ITCZ freshwater pools are likely bordered by salinity fronts in a pattern similar to that in the equatorial Indian Ocean, where, according to Nyadjro and Subrahmanyam (2016, p. 146) [11], “Strong salinity fronts are observed along the equatorial region, with meridional migration of the fronts following the migration of the Intertropical Convergence Zone (ITCZ)”. In the equatorial Atlantic, the ITCZ and associated salinity fronts are located north of the equator, outside our study area.



The Angola–Benguela Front (ABF) is traditionally recognized as a boundary between the southward flowing warm waters of the Angola Current and northward flowing cold waters of the Benguela Current (Shannon et al., 1987) [100]. The above traditional concept of the ABF as a confluence of two meridional currents is a simplification. Complications come from both sides. In the north, the Congo River’s summertime peak discharge feeds the Congo River plume extending south alongshore toward the ABF. In the south, the Benguela Upwelling brings cold and less saline water to the surface layer, where this water spreads north alongshore toward the ABF. Thus, the large-scale salinity pattern consists of three water masses: (1) low-salinity water of the Congo River in the north; (2) low-salinity water of the Benguela Upwelling in the south; and (3) tropical high-salinity water in-between. The monthly maps of SSS in the Congo-Angola–Benguela region (Figure 9, Figure 10, Figure 11 and Figure 12) clearly document the significant seasonal variability of the above three-component SSS pattern. The summertime (January–April) southward alongshore spreading of the Congo River water is apparent in every summer except 2013 and 2017, with the most extensive spreading event in 2016. Perhaps not coincidentally, this was the year of a Benguela Niño. The Benguela Upwelling’s intensity and extent are known to peak in winter (July–September) when the southerly winds pick up. The northward alongshore spreading of upwelled water normally follows upwelling episodes. The monthly maps of SSS in the Benguela Upwelling region (Figure 12) portray the seasonal northward spreading of low-salinity water brought by upwelling and alongshore advection.



Validation: A rigorous validation study would involve comparisons with remote sensing SSS data from other satellite missions (Aquarius and SMAP) and in situ data from a variety of platforms (oceanographic stations, underway CTDs, Argo buoys etc.). Such a massive endeavor is outside the scope of this paper, yet is planned for the near future. Meanwhile, ad hoc comparisons with published SSS data attest to the accuracy of the SMOS SSS data provided by the BEC and documented by Olmedo et al. (2021) [118]. For example, our definitions of the Rio de la Plata plume front and Magellan plume front from SMOS SSS data are consistent (within 0.1 psu) with definitions used in numerous studies based on in situ data (Piola et al., 2018 [76]; Palma and Matano, 2012 [88]). In the tropics, the maximum salinity (off Brazil) of meridional Smax from SMOS SSS data is virtually the same (within 0.1 psu) as the collocated SSS-max in the monthly climatology by Aubone et al. (2021) [143]. The Congo River outflow is delineated by a salinity front with the axial SSS similar to the one adopted by previous researchers (e.g., Houndegnonto et al., 2021 [35]). In the Benguela Current system, our criterion for the delineation of the upwelled water from SMOS SSS data is consistent with the criteria used in numerous studies based on in situ data (e.g., Ekau and Verheye, 2005 [140]).




5. Conclusions


We conducted a systematic study of sea surface salinity (SSS) fronts in the South Atlantic using satellite SMOS SSS data from 2011–2019. We produced and analyzed monthly climatology of SSS fronts from high-resolution (1/20°) daily SSS data generated at the Barcelona Expert Center of Remote Sensing (BEC). The daily data were averaged on a monthly basis (largely to mitigate some artifacts, e.g., faint horizontal stripes); then, monthly data were used in the analysis. The Belkin–O’Reilly algorithm (BOA) was used to generate gradients of SSS after filtering out impulse/dot/salt-and-pepper noise, while preserving high-gradient zones identified with salinity fronts. To facilitate feature recognition in satellite imagery, the SSS gradient magnitude GM generated by the BOA algorithm was log-transformed. Experiments have shown that log-transformation of original SSS data slightly improves the visual contrast of gradient maps, although this additional preprocessing step is not critical, while log-transformation of the gradient is crucial. The enhanced visual contrast of the gradient maps revealed a few newly identified features, such as a giant 2000 km-long ripple field of quasi-meridional mesoscale (100 km wave length) striations in the tropical-subtropical Atlantic, and a narrow linear band of meridional SSS maximum south of the Tropical Front. Large-scale open-ocean salinity fronts are stable and do not substantially change seasonally, except for the equatorial belt and, to some extent, the Tropical Front, which shifts seasonally in the north–south direction and also changes its orientation (non-zonal tilt). Strong fronts border low-salinity regions maintained by the Rio de la Plata discharge, Magellan Strait outflow, Congo River discharge, and Benguela Upwelling. In the SW Atlantic, the Plata plume expands northward in winter (June–July), reaching into the South Brazilian Bight, up to Cabo Frio (23°S) and beyond. The inner Plata front moves in and out seasonally. The Magellan Strait outflow expands northward in winter (June–July) from 53°S up to 39–40°S and sometimes beyond, approaching the Plata outflow. In the SE Atlantic, the Congo River plume spreads radially from the river mouth, with the outflow direction and areal extent varying seasonally. The plume is often bordered from the south by a quasi-zonal front along 6°S. The diluted Congo River water spreads southward seasonally over a 1000 km distance down to the Angola–Benguela Front at 16°S (mean position). The Benguela Upwelling is bordered by a quasi-meridional front, which extends north alongshore up to 20°S, where the low-salinity Benguela Upwelling water forms a salinity front, which is separate from the thermal Angola–Benguela Front at 16°S. The high-salinity tropical water (“Angola water”) forms a wedge between the diluted Congo River water and low-salinity Benguela Upwelling water. This high-salinity wedge is bordered by salinity fronts that migrate north–south seasonally.
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Figure 1. (a) Long-term (2011–2019) mean monthly maps of SSS, January–June. (b) Long-term (2011–2019) mean monthly maps of SSS, July–December. 
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Figure 2. (a) Log-transformed gradient magnitude GM of sea surface salinity SSS, January–June. (b) Log-transformed gradient magnitude GM of sea surface salinity SSS, July–December. 
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Figure 3. Long-term (2011–2019) mean monthly distributions of SSS along 7 meridians between 40°W and 20°E from the equator to 50°S. Monthly curves are numbered as in the legend (1 January, … 12 December). 
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Figure 4. (a) Long-term (2011–2019) mean monthly SSS in the Rio de la Plata outflow region, January–June. (b) Long-term (2011–2019) mean monthly SSS in the Rio de la Plata outflow region, July–December. 
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Figure 5. Long-term (2011–2019) mean monthly log-transformed gradient of SSS in the Rio de la Plata outflow region. 
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Figure 6. Long-term (2011–2019) mean monthly maps of SSS in the Plata Estuary region. 
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Figure 7. Long-term (2011–2019) mean monthly maps of SSS gradient magnitude in the Plata Estuary region. Red fingers along the northern flank of the estuary are likely artifacts since their scale is smaller than the resolution of the original SSS data. 
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Figure 8. Long-term (2011–2019) mean monthly maps of SSS and log-transformed gradient magnitude GM of SSS in mid-summer (February) and mid-winter (August) in the Magellan Strait outflow region. 
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Figure 9. Long-term (2011–2019) mean monthly maps of SSS in the Congo River outflow region. 
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Figure 10. Long-term (2011–2019) mean monthly maps of gradient magnitude GM of SSS in the Congo River outflow region. 
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Figure 11. Long-term (2011–2019) mean monthly maps of SSS and log-transformed gradient magnitude GM of SSS in mid-summer (February) and mid-winter (August) in the Congo-Angola-Benguela region. 
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Figure 12. Long-term (2011–2019) mean monthly maps of SSS and log-transformed gradient magnitude GM of SSS in mid-summer (February) and mid-winter (August) in the Benguela Upwelling region. 
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Table 1. Satellite studies of the South Atlantic.
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	Reference
	Variable
	Period
	Sensor/Mission
	Region





	Allega et al., 2021 [16]
	SST
	1985–2019
	AVHRR, MODIS
	Patagonian Shelf



	Artana et al., 2018 [17]
	SST, SSH
	2007–2016
	Multisensor; Altimeters
	SW Atlantic



	Barre et al., 2006 [18]
	SST, color
	2002–2004
	MODIS, SeaWiFS
	Brazil-Malvinas Confluence



	Belkin & Shen 2024 (this study)
	SSS
	2011–2019
	SMOS
	South Atlantic (0–60°S)



	Billany et al., 2010 [19]
	SSH
	1993–2007
	Altimeters
	Greenwich Meridian



	Bouali et al., 2017 [20]
	SST
	2003–2014
	MODIS
	South Atlantic (0–60°S)



	Burls & Reason 2006 [21]
	SST
	2002–2005
	TRMM, AMSR-E
	South Atlantic (25–55°S)



	Castellanos et al., 2019 [22]
	SSS
	2011–2015
	SMOS
	SW Atlantic; SE Atlantic; 12mos



	Chao et al., 2015 [23]
	SSS
	2011–2013
	Aquarius
	Congo River plume



	Chen et al., 2019 [24]
	SST
	2002–2016
	MODIS
	SE Brazil; Shelf fronts



	Da Silveira et al., 2023 [25]
	SST

SSH
	2002–2020

1993–2020
	Multi-sensor

Altimeters
	Brazil Current, 22–23°S



	Dencausse et al., 2011 [26]
	SSH
	1992–2007
	Altimeters
	SE Atlantic (5°W–35°E)



	Dong et al., 2006 [27]
	SST
	2002–2005
	AMSR-E
	Polar Front



	Franco et al., 2008 [28]
	SST
	1985–2002
	AVHRR
	Patagonian Shelf; SBF (39–44°S)



	Franco et al., 2022 [29]
	SST

SSH

CHL
	1993–2019

1993–2019

2002–2020
	Multi-sensor

Altimeters

MODIS
	Patagonian Shelf



	Freeman & Lovenduski 2016 [30]
	SST
	2002–2014
	Microwave radiometers
	Polar Front



	Graham & de Boer 2013 [31]
	SST

SSH
	1999–2009

1999–2009
	AVHRR

Altimeters
	Subtropical Front



	Guerrero et al., 2014 [32]
	SSS
	2010–2013

2011–2013
	SMOS

Aquarius
	SW Atlantic



	Hopkins et al., 2013 [33]
	SST

SSS

CHL

SSH
	2010
	AVHRR, AMSR

SMOS

MODIS, MERIS

Altimeters
	Congo River plume



	Hösen et al., 2016 [34]
	SST
	2006–2011

2011–2014
	AMSR-E/MODIS 9 km

MODIS 4 km
	Benguela Upwelling filaments



	Houndegnonto et al., 2021 [35]
	SSS
	2010–2017
	SMOS
	Congo River plume



	Kim & Orsi 2014 [36]
	SSH
	1992–2011
	Altimeters
	ACC fronts



	Legeckis & Gordon 1982 [37]
	SST
	1975–1978
	VHRR
	Brazil-Malvinas Confluence



	Lorenzzetti et al., 2009 [38]
	SST
	2000–2002
	AVHRR
	Brazil Current



	Luko et al., 2021 [39]
	Velocity
	1993–2018
	Altimeters
	South Equatorial Current



	Lutjeharms & Meeuwis 1987 [40]
	SST
	1982–1985
	AVHRR
	SE Atlantic; Benguela Upwelling



	Lutjeharms et al., 1993 [41]
	SST
	1988
	AVHRR
	Subtropical Front



	Martins & Stammer 2022 [42]
	SSS
	2010–2020
	SMOS, Aquarius, SMAP
	Congo River plume



	Meeuwis & Lutjeharms 1990 [43]
	SST
	1982–1985
	AVHRR
	Angola-Benguela Current



	Melnichenko et al., 2016 [10]
	SSS
	2011–2015
	Aquarius
	Global



	Meeuwis 1991 [44]
	SST
	1982–1985
	AVHRR
	South Atlantic and South Indian



	Moore et al., 1997 [45]
	SST
	1987–1988
	AVHRR
	Polar Front, 90°W–20°W



	Moore et al., 1999 [46]
	SST
	1987–1993
	AVHRR
	Polar Front, Circumpolar



	Olson et al., 1988 [47]
	SST
	1981–1987
	AVHRR
	Brazil-Malvinas Confluence



	Piola et al., 2008a [48]
	CHL
	1998–2005
	SeaWiFS
	Rio de la Plata plume



	Reul et al., 2014 [2]
	SSS
	2010–2012
	SMOS
	Congo River plume



	Rivas 2010 [49]
	SST
	1985–2002
	AVHRR
	Southwest Atlantic



	Rivas & Pisoni 2010 [50]
	SST
	1985–2002
	AVHRR
	Patagonian Shelf



	Ruiz-Etcheverry & Saraceno 2020 [51]
	SSH
	1993–2017
	Altimeters
	South Atlantic (36–55°S)



	Saraceno et al., 2004 [52]
	SST
	1987–1995
	AVHRR
	Brazil-Malvinas Confluence



	Saraceno et al., 2005 [53]
	SST

CHL
	1998–2003

1998–2003
	AVHRR, AMSR-E

SeaWiFS
	Southwest Atlantic



	Veitch et al., 2006 [54]
	SST
	1982–1999
	AVHRR
	Angola-Benguela Front



	Wang et al., 2021 [55]
	SST

CHL
	2004–2019

2007–2019
	Multi-sensor

MODIS
	SW Atlantic



	Wang et al., 2023 [56]
	SST

SSH
	2010–2018

2010–2018
	AVHRR

Altimeters
	SW Atlantic



	Yu et al., 2015 [9]
	SSS
	2012–2013
	Aquarius
	Tropical Atlantic
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