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Abstract

:

The coastal ocean off western Patagonia is one of the main coastal regions with high freshwater inputs from rivers, rain, and glaciers in the Southern Hemisphere. This study conducts an analysis of the seasonal and interannual variations in sea surface salinity and meridional geostrophic transports, specifically focusing on the Cape Horn Current, using improved satellite-derived data of sea surface salinity (SSS) and geostrophic velocities spanning an ∼11-year period (September 2011–August 2022). Our results reveal a clear salinity minimum in a coastal band between 42–54°S associated with the highest freshwater content. The average geostrophic currents are stronger south of 49°S, in line with the location of the Cape Horn Current. The average salinity minimum tends to disappear south of 54°S, with salinity values increasing slightly southward. The seasonal cycle of salinity shows the most pronounced minimum in summer (∼33.2–33.4). The greatest variability in salinity (standard deviation of salinity fields) occurs in the southern region of the Cape Horn Current. Hovmöller plots reveal two cores of minimum salinity observed in spring and summer (∼33.3–33.4). The freshwater off the Gulf of Penas contributes to the northern core. The meridional geostrophic transport differs between the northern and southern sections, with transports predominantly towards the Equator (Pole) north (south) of about 47–48°S during spring–summer. There is a marked seasonal variability in the magnitude and northern limit of the southward-flowing Cape Horn Current, being extended further north during winter and with a maximum average magnitude during summer–fall (about   − 2 ×  10 4    m2 s−1). On the interannual scale, a major drop in surface salinity occurred off northern and central Patagonia during 2018–2019. Finally, a potential long-term freshening trend is observed in the coastal area off southern Patagonia (south of 52°S), although prolonged data records are essential to confirm this pattern.
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1. Introduction


At high latitudes, salinity has a significant impact on density fields; it also influences ocean currents and mixing [1]. In general, studies of freshwater outflows and plumes (and low-salinity waters) in the coastal ocean have mainly been focused on localized sources from rivers along mid-latitudes (e.g., [2,3,4,5]). Nonetheless, the largest contributions of freshwater into the coastal ocean occur in subpolar/polar regions as a response to increased precipitation, river discharges, and ice melting (e.g., [6,7,8,9]). As a result, low-density, buoyancy-driven coastal currents develop in these high-latitude systems, including the Greenland Current [10], Norwegian Current [11], Alaska Current [12], and the Cape Horn Current [13]. The later is less studied, mainly because of the lack of long-term in situ observations [14].



The start of satellite-derived sea surface salinity measurements with the Soil Moisture and Ocean Salinity (SMOS) missions opened a new era in the study of freshwater systems at regional to large spatial scales. Subsequently, measurements from the Aquarius mission [15] and the Soil Moisture Active Passive (SMAP) mission opened a new era in the study of freshwater systems at regional to large spatial scales (e.g., [1,9,16]). Based on these three missions, NASA has created the Multi-Mission Optimally Interpolated Sea Surface Salinity (OISSS) product with a 0.25-degree spatial resolution [17]. It generally matches well with the data from the In Situ Analysis System (ISAS), which is primarily based on interpolation using measurements from Argo floats and other in situ measurements [18]. Additionally, the global-scale salinity patterns observed in OISSS show only minor differences compared to the Simple Ocean Data Assimilation (SODA 3.11.2) and GLORYS12V1 ocean datasets reanalysis [19]. These datasets show that the South Pacific exhibits the lowest salinities in the polar zone and along the coasts of central and southern Chile, coinciding with a relative minimum in salinity off Patagonia [19,20]. It has been observed that regions such as the coastal ocean off Patagonia do not experience such extreme environmental conditions as the southern polar regions [20]. Therefore, the OISSS product should accurately represent the spatio-temporal variability of surface salinity on a regional scale.



Studies of the low-salinity freshwater conditions off western Patagonia have been limited. An extensive low-salinity tongue extending from approximately 40ºS to 56ºS, with the freshwater band extending up to 5º offshore, has principally been documented [8,21]. An extended analysis showed the contrasting seasonal variability and vertical structure of the freshwater wedge along the meridional gradient off western Patagonia [9], whereas the dominant biogeochemical conditions were described along the freshwater gradient off central Patagonia by Galán et al. [22]. To the best of our knowledge, this is the first study analyzing the spatio-temporal variability of the low-salinity waters off western Patagonia based on the improved OISSS product, whereas the transport of the Cape Horn Current has been recently inspected based on sea level variability [14]. Section 2 describes the data and methods with emphasis on the satellite sea surface salinity measurements and the geostrophic velocities. Finally, Section 3 presents the main results and discussion on the spatio-temporal variability of low-salinity waters and geostrophic currents along the coastal ocean off western Patagonia.




2. Materials and Methods


2.1. Datasets


Satellite data have allowed the study of sea surface salinity and freshwater conditions worldwide at multiple spatio-temporal scales (e.g., [23,24,25,26]). Here, we used the Multi-Mission Optimally Interpolated Sea Surface Salinity (OISSS) Level 4 V1.0 dataset [27], accessed through https://podaac.jpl.nasa.gov/dataset/OISSS_L4_multimission_7day_v1 (accessed on 20 November 2023). OISSS is an L4 product generated by merging the L2 data of the AQUARIUS, SMOS, and SMAP datasets using optimal interpolation to generate global maps of sea surface salinity with a 4-day temporal resolution and 0.25° × 0.25° spatial resolution. The product uses SMOS data to achieve temporal continuity along the period and is validated using data from ARGO buoys and moored buoys. This dataset has been used for different regional studies (e.g., [28,29,30,31]) and studies at the global scale (e.g., [32,33]). This is the first time that it has been used for a detailed study off of Chilean Patagonia. Monthly averages and anomalies of SSS were computed using the OISSS product at each pixel from September of 2011 to August 2022. Anomalies were calculated by subtracting the corresponding monthly climatology from each monthly average within the study domain (39–56°S and 70°W and 90°W).



Geostrophic currents were obtained from the SSALTO/DUACS Delayed-Time Level-4 product distributed by AVISO (https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/gridded-sea-level-heights-and-derived-variables.html (accessed on 27 November 2023). These currents were derived from daily sea level height anomaly values with a spatial resolution of 0.25° × 0.25° spanning the period from 2011 to 2022, which aligns with the data available in the OISSS dataset. Monthly values were determined for each pixel.




2.2. Salinity Gradients


Regions of salinity gradients/fronts were characterized by calculating the gradient magnitude using the central difference method as in previous studies of SST fronts [34,35,36]:


   ∇ x  S S S  ( i , j )  =  ( S S  S  ( i + 1 , j )   − S S  S  ( i − 1 , j )   )  /  (  X  ( i + 1 , j )   −  X  ( i − 1 , j )   )   



(1)






   ∇ y  S S S  ( i , j )  =  ( S S  S  ( i , j + 1 )   − S S  S  ( i , j − 1 )   )  /  (  Y  ( i , j + 1 )   −  Y  ( i , j − 1 )   )   



(2)






   | ∇ S S S |  ( i , j )   =   {   (  ∇ x  S S  S  ( i , j )   )  2  +   (  ∇ y  S S  S  ( i , j )   )  2  }   1 / 2    



(3)




where SSS is the sea surface salinity from OISSS, and X and Y are the zonal and meridional axes. The index i and j stands for the positions along the zonal and meridional direction, respectively.




2.3. Meridional Transports


For a detailed analysis of the nearshore variability in SSS and meridional transports, a coastal band of 100 km was averaged at each time step considering the last available pixel in the SSS data. Coastal monthly SSS was computed at each latitude by averaging the pixels inside the coastal band. In the same way, meridional transports (  V  t r a n s p o r t   ) were computed in this 100 km band by integrating the meridional geostrophic velocities at each latitude:


   V  t r a n s p o r t    ( y , t )  =  ∫   x 0   ( y )     x 0   ( y )  − 100   k m    V  g e o    ( x , y , t )  d x  



(4)




where   x 0   is the last pixel with data near the coast, and   V  g e o    is the meridional velocity at each grid point.




2.4. EOF Analysis


In order to determine the leading patterns of SSS anomalies in the study area, an empirical orthogonal functions (EOF) analysis was performed using the monthly SSS anomalies. A single value decomposition (SVD) approach was used to compute the EOFs considering the number of pixels and was much greater than the number of time steps [37].





3. Results and Discussion


3.1. Seasonal Variability of Sea Surface Salinity off Western Patagonia


The mean SSS off western Patagonia shows minimum values in a coastal band mostly restricted to the east of 80°W and the meridional extent between the latitudes 54–42°S (Figure 1a). On the other hand, the average maximum salinities are found around the southwest area of the domain, which produces an SSS gradient towards the northeast, reaching the aforementioned salinity minimum. This is consistent with the average surface (0–10 m) salinity from the Argo profiling floats in the study area (Figure 1c). The area of the salinity minimum represents the zone with the highest freshwater content observed in the region, coinciding with the greatest seasonal variability in SSS (Figure 1b). This occurs because of the considerable temporal variability in freshwater discharges into the coastal region. This freshwater pattern coincides with the contribution from rivers and glacial melting in the fjords and channels of Chilean Patagonia (e.g., [9,38]). In addition, the most intense average geostrophic currents occur south of 49°S (Figure 1), increasing in magnitude towards the south, which is consistent with the location of the Cape Horn Current [14,39]. It is noteworthy that the salinity minimum tends to disappear south of 54°S, with salinity values increasing slightly southward (Figure 1a). This is in agreement with the meridional analysis of Saldías et al. [9], in which the stratification was mostly controlled by the cold temperatures off southern Patagonia, and the freshwater content was mostly confined to the coastal ocean off central Patagonia. Another potential explanation for the enhanced southward salinity could be the influence of surface winds. Pérez-Santos et al. [40] identified a more pronounced positive (upwelling) Ekman vertical velocity south of 50°S, facilitating the mixing of saline water from the subsurface layer. Furthermore, Yu [41] highlighted the importance of anomalous vertical entrainment in shaping the sea surface salinity (SSS) characteristics off western Patagonia.



The SSS off western Patagonia has a seasonal cycle marked by the most pronounced saline minimum occurring in summer (Figure 2a). During this season, a contrast in the salinity minimum is evident within the coastal band, as a core with even lower salinities emerges between about 43 and 48°S. There is a lower presence of freshwater in spring compared to summer (Figure 2d), although these two seasons are the ones that exhibit the greatest amount of freshwater in this coastal ocean (e.g., [9]). In spring, the salinity minimum presents a similar spatial distribution (Figure 2d). The lowest salinity is restricted to the coastal area south of 48°S in fall and centered around 51°S (Figure 2b). As mentioned above, the Cape Horn Current is evidenced in the average geostrophic velocities and seems to be fairly persistent throughout the annual cycle (Figure 2). On the other hand, the SSS exhibits its greatest variability (standard deviation) in the coastal band (Figure 2e–h). Notice that the highest salinity variability, except for the area off Chiloé Island around 42°S, occurs primarily in the southern region of the Cape Horn Current (Figure 2e–h). The surface salinity exhibits its greatest variability during the summer season (Figure 2e). It is not clear in which season the lowest variability in salinity occurs; fall, winter, and spring show similar magnitudes of variability (Figure 2f–h), though with differences in the spatial patterns. An analysis of the seasonal variability of surface salinity from the Argo floats reveals differences compared to the seasonal climatology of sea surface salinity (SSS) from OISSS for the same study period (Figure 2i–l vs. Figure 2a–d). The average grid cells from the Argo floats exhibit fresher conditions. These discrepancies result from relatively sparse data points in the Argo float averages compared to satellite SSS images. In fact, a significant portion of the area covered lacks Argo floats in the analysis (white areas in Figure 2i–l).



To clarify the seasonal variability of river discharges and SSS and geostrophic velocities in the coastal band where freshwater dominates, the seasonal cycles of large rivers and Hovmöller plots (considering a coastal band extending 100 km offshore) are presented in Figure 3 and Figure 4, respectively. Rivers of northern Patagonia, such as the Puelo River, present a seasonal cycle with the largest discharges in winter and spring, whereas large rivers in central and southern Patagonia (e.g., Baker and Serrano) present maximum discharges in spring and summer (Figure 3). Coherently, the average fresher signature off central Patagonia starts in spring (August–October) in the area between 45°S and 48°S. Two cores of minimum salinities continue in summer (from January to March) and are centered around 43–48°S and 49–52°S (Figure 4a). The presence of the northern core may be attributed to the contribution of freshwater from the Gulf of Penas (e.g., [22]), which accounts for the freshwater discharges from the Pascua and Baker rivers (e.g., [42,43]). This input of freshwater is highly significant in the region as it alters the physical and biogeochemical characteristics of the upper ocean [9,22]. In terms of water masses, sub-Antarctic water (SAAW), Equatorial subsurface water (ESSW), Antarctic intermediate water (AAIW), and Pacific deep water (PDW) have been identified in previous studies in the same area [44,45,46,47]. The SAAW occupies a surface layer of about 100 m, whereas ESSW penetrates right below (about 100–250 m) with low temperatures, high salinity, and low oxygen. The AAIW spreads northward below the ESSW and above the PDW, which is mostly confined below 1000 m [45]. In the coastal region where freshwater conditions are dominant, the SAAW is mixed with estuarine water (EW) that contains fresher water from river outflows, rain, and ice melting, which results in modified sub-Antarctic waters (MSAAW) [44,48,49,50]. Thus, our analyses of low-salinity variability off western Patagonia correspond mainly to the variability of MSAAW.



The meridional geostrophic transport shows a marked contrast between the northern and southern sections of the region (Figure 4b). While in the northern section, the transport is predominantly towards the Equator with values around 0.5–1 × 104 m2 s−1; the transport is predominantly towards the Pole in the southern area. This north–south difference exhibits variability throughout the year, with a shift in the transport direction occurring near 48°S from January to March. Later in the year, this shift moves northward, reaching near 39°S in May and staying at these latitudes until August. Finally, this boundary shifts southward again, reaching near 46°S from October to December. Thus, there is clear seasonal variability in the magnitude of the southward Cape Horn Current at certain latitudes, and its coastal formation would move farther north in winter (Figure 4b). In general, weak magnitudes are found for the poleward flow farther north with values around   − 0.5 ×  10 4    m2 s−1 in winter between 42–48°S. In contrast, strong southward transports (∼2 × 104 m2 s−1) develop south of ∼52°S with the stronger poleward transports during February–July. Recent estimates, based on modeling results, have found that the Cape Horn Current transport increases from 0.4 ± 0.5 Sv near 49°S to 5.3 ± 2.2 Sv at Cape Horn [14], which agrees with the intensification of the southward flow farthest south (Figure 4b). However, the weaker southward transport extending from about 39°S in winter could be related to a buoyancy-driven coastal current formed off northern Patagonia, similarly to the presence of the Davidson Current [51] and of the Oregon Coastal Current off Oregon [52] in response to coastal river discharges and wind stress forcing. In fact, the seasonal cycles of river discharges in northern Patagonia present a dominant peak in winter (Figure 3), in agreement with previous studies (e.g., [38]). The formation, evolution, and structure of this poleward coastal flow during winter is beyond the scope of this study, but it is being analyzed in detail in a forthcoming study.




3.2. Seasonal Variability of Sea Surface Salinity Gradients


The seasonal salinity gradients off western Patagonia are presented in Figure 5 to evaluate a potential coherence with the seasonal variability of the meridional geostrophic flow field and dominant salinity fronts. As expected, the lowest salinity gradients are found north of 48°S in all seasons. The greatest gradient magnitudes occur in summer south of 47°S (Figure 5a). Conversely, similar average gradient magnitudes are found in fall, spring, and winter, with greater values south of 48°S (Figure 5b–d). The variability (standard deviation) of the SSS gradient is quite similar to the pattern of the gradient itself, with a greater magnitude east of 80°W and a meridional difference west of this longitude (Figure 5e–h). These results indicate an increase in variability towards southern Patagonia (south of 48°S), and a major persistence, or lower variability, of the average SSS gradients off northern Patagonia. Although salinity gradients should be tightly related to horizontal density gradients, and consequently, to geostrophic currents through thermal wind balance [53], a stronger geostrophic Cape Horn Current during fall (April–June) (Figure 4b) should be mainly driven by a barotropic component of the pressure gradient through the sea level [14]. We intend to carry out a future study that will involve a detailed analysis of the driving forces influencing the Cape Horn Current. This analysis will include the integration of modeling results and the utilization of satellite and in situ observations to examine the vertical structures of velocity, salinity, and density fields.




3.3. Interannual Variability of SSS, Salinity Anomalies, and Meridional Geostrophic Transports


The interannual variability of SSS along the coastal band (first 100 km) shows that salinity minima generally occur within the early months of each year. Nonetheless, there is a marked interannual variability (Figure 6a). The salinity maxima extend across the northern and southern tips of our domain. The higher salinities occurred at the southern boundary and within the first 5 years of the study (2011–2015). In contrast, the lower salinities (fresher conditions) developed during the spring–summer of 2018 and 2019. A similar SSS feature was registered by an oceanographic buoy in the Reloncaví Sound, northern Patagonia [54]. Examining the patterns of SSS anomalies (Figure 6b), we observe that higher positive anomalies occurred around 42°S (off Chiloé Island) and south of 52°S during the first 5 years (Figure 6b). The higher salinity anomalies off Chiloé Island during spring–summer could correspond to enhanced coastal upwelling events bringing cold and salty waters off northern Patagonia [36,40,55]. Reduced freshwater conditions occurred during the spring–summer of 2016–2017 and most of 2021 and 2022. On the other hand, negative anomalies prevailed during spring–summer 2015–2016 and the most of 2018 and 2019, indicating a trend towards a greater amount of freshwater during these periods. These findings complement the seasonal patterns found by Saldías et al. [9] and highlight the importance of implementing a long-term monitoring effort to further understand the implications of freshwater outflows and coastal currents off western Patagonia.



The meridional geostrophic transport shows that the annual cycle is well marked in all the years of the study (Figure 6c), with the predominant northward transport covering a larger region (it is extended further south) during the warm seasons (spring–summer). This variability may be linked to the seasonal migration of the South Pacific Gyre, which has been observed to strengthen (spin-up effect) in relation to the Southern Annual Mode [56,57]. In contrast, the southward transport reaches its northernmost latitudes during fall–winter. Anomalously, the southward geostrophic flow reached up to 39°S during the winters of 2014 and 2022 (Figure 6c). However, this anomalous northward extension does not coincide with a stronger Cape Horn Current. The stronger southward flows occurred generally south of 50°S and during 2012 and 2018.




3.4. Dominant Spatio-Temporal Modes of Variability and Linear Trends


An EOF analysis using monthly normalized SSS fields is presented in Figure 7. The first three modes explain 22.8%, 16.6%, and 11.3% of the total variance, respectively. The spatial pattern of the first mode exhibits a north–south dipole, with its sign change occurring near 48°S nearshore (Figure 7a) and predominantly occurring in summer (Figure 7e). The spatial pattern of the second mode shows that most of the entire region varies together (Figure 7b), with negative anomalies mainly occurring during December and January (Figure 7e). The spatial pattern of the third mode exhibits an east–west dipole (Figure 7c), where the eastern zone shows a higher magnitude in a coastal tongue north of ∼52°S, and where the enhanced negative anomalies are presented in the coastal area north of the Gulf of Penas.



The time series associated with the first principal component represents a marked seasonal variability (Figure 7e), with preferred positive/negative anomalies for particular years (Figure 7d). This first principal component (blue curve) switched from large negative values to mostly positive values in 2016, which suggests an increase in freshwater conditions (lower salinities) with the greatest contribution during most of 2016, 2017, and 2022. Other years post-2016 (e.g., 2018, 2019, and 2021) presented a stronger seasonal pattern. This aligns with the saline minima observed during those years south of 48°S along the coastal band (Figure 6a). The time series associated with the second principal component (Figure 7d) suggests periods of increased freshwater primarily during spring and summer and in phase along the coastal band (Figure 7b). Supporting this signal, a core of minimum salinity is appreciated north of 48°S during 2018–2019 (Figure 6a), also related to the most intense negative anomalies observed (Figure 6b). The time series associated with the third principal component (Figure 7d) shows that there was an inclination towards greater salinities in a tongue north of about 51°S, such as during 2016–2017 (Figure 7c,d).



Considering the relatively large meridional extension of the study area, SSS variability could lead to contrasting patterns of long-term freshening and/or increased salinity trends. Thus, the linear trends (2011–2022) were computed for each pixel to provide a preliminary assessment of coastal areas potentially experiencing freshening. Although the 11-year time series is not long enough to provide a solid conclusion of freshening, it identifies the coastal areas off western Patagonia that are likely to continue with those long-term trends. Two main regions were identified with a decreasing SSS trend: the coastal ocean off southern Patagonia, limited to the areas south of ∼52°S and with a decreasing trend between −0.02 and −0.03 psu year−1, and the coastal area off Chiloé Island (41.7–43.3°S) with a marked negative trend about −0.03 psu year−1 (Figure 8). The coastal areas with the lowest salinities (greater freshwater inputs) have mainly been found off central Patagonia [8,9,22]. Nonetheless, this pattern might change in the future if these trends persist in the long-term. Eventually, the coastal ocean off southern Patagonia might become a region comparable to the fresher coastal ocean off central Patagonia, which might have profound implications for the strength and dynamics of the Cape Horn Current. In the context of climate change and variability, future studies are suggested combining in situ and satellite observation along/across the salinity gradients of the entire coastal ocean of Chilean Patagonia to further understand the impact of freshening due to global surface warming [58] on the biogeochemical cycles, and the link between the thermohaline structure (i.e., density gradients) and the dynamics of the Cape Horn Current.
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Figure 1. Study area off western Patagonia. (a) Average and (b) standard deviation of sea surface salinity from the OISSS product (2011–2022). (c) Average surface salinity (0–10 m) from all available Argo floats in the region (8540 good-quality profiles). The vectors are the average geostrophic velocities for the same period. White contours in (a) correspond to the 33.6, 33.7, 33.8, 33.9, and 34 psu isolines, and the red line delimits the low-salinity core defined by the 33.45 isoline. 
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Figure 2. Seasonal variability of (a–d) average and (e–h) standard deviation of sea surface salinity from the OISSS product (2011–2022). Seasonal variability of sea surface salinity from Argo floats (0–10 m) (i–l). The seasons are defined as summer (JFM), fall (AMJ), winter (JAS), and spring (OND). White contours in (a–d) correspond to the 33.6, 33.7, 33.8, 33.9, and 34 psu isolines, and the red lines delimit the low-salinity core defined by the 33.45 isoline. 
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Figure 3. Seasonal variability of river discharges for the Palena River (northern Patagonia; blue line), Baker River (central Patagonia; red line), and Serrano River (southern Patagonia; yellow line). The seasonal climatologies were computed using the period 2011–2022. 






Figure 3. Seasonal variability of river discharges for the Palena River (northern Patagonia; blue line), Baker River (central Patagonia; red line), and Serrano River (southern Patagonia; yellow line). The seasonal climatologies were computed using the period 2011–2022.



[image: Remotesensing 16 01482 g003]







[image: Remotesensing 16 01482 g004] 





Figure 4. Seasonal variability of (a) surface salinity and (b) meridional geostrophic transport as a function of latitude considering the average fields for a coastal band of 100 km. The red contour in (a) corresponds to the 33.45 psu isoline as in Figure 1 and Figure 2, and the black line in (b) denotes the zero transport isoline. 
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Figure 5. Seasonal variability of (a–d) average and (e–h) standard deviation of the gradient magnitude of sea surface salinity from the OISSS product (2011–2022). The seasons are defined as summer (JFM), fall (AMJ), winter (JAS), and spring (OND). 
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Figure 6. Interannual variability of (a) surface salinity, (b) surface salinity anomaly, and (c) meridional geostrophic transport as a function of latitude considering average fields for a coastal band of 100 km. The red contour in (a) corresponds to the 33.45 psu isoline, whereas the purple contour in (c) denotes the zero transport isoline. 
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Figure 7. EOF analysis of sea surface salinity. (a) First, (b) second, and (c) third modes of variability. (d) EOF time series for the corresponding mode (mode 1 in blue, mode 2 in red, and mode 3 in yellow). (e) Seasonal climatology of the first three EOF time series. 
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Figure 8. Spatial distribution of linear trends of sea surface salinity during the period 2011–2022. Positive (negative) values indicate an increase (decrease) in surface salinity. 
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