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Abstract

:

The Beagle Channel is a long and narrow interoceanic passage within the Tierra del Fuego archipelago in the southernmost tip of South America. A high-resolution 3D hydrodynamic model based on the finite elements method was applied to investigate the residual circulation, water fluxes and transport time scales inside this channel. Numerical solutions were analyzed at seasonal time scale and the model results compared with observed ocean data. The circulation pattern is characterized by a west-to-east residual flow with low intensity and low seasonal variability. The water fluxes through the channel were estimated to be, on average, around 12,700 m3/s, with inflow through its western entrance and eastwards outflow mainly through the Mackinlay Strait. The water residence times vary seasonally with basin averages between 36 and 43 days and maximum values between 53 and 95 days. The results provide an overview of the hydrodynamics and water residence times in the Beagle Channel, a unique ecosystem threatened by recent anthropogenic pressures and climate change.
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1. Introduction


The Beagle Channel (hereafter BC) is a 270 km-long interoceanic passage situated at the southernmost point of South America, connecting the Pacific and the Atlantic oceans at latitude 55° S (see Figure 1A).



The channel is characterized by the presence of multiple shoals, islands and relatively confined sub-basins. From the Pacific Ocean eastwards, the Southwest and Northwest branches converge at Punta Divide, forming the central Beagle Channel that progresses to the east until opening towards the Atlantic Ocean, south of the Mitre Peninsula (see Figure 1B,C). Both western branches present sharp bathymetric constraints as shallow as 20–60 m [1] separating basins several hundred meters deep, a condition that hampers the free flow of sub-surface Subantarctic Waters [2]. Towards the east, another two shallow passages at the Murray Channel and Mackinlay Strait impose abrupt bathymetric blockages to the water flow.



The southern end of South America is part of the Patagonian cold estuarine zone [3]. The prevailing westerlies transport great amounts of humidity that produce heavy rain by orographic control upon encountering the Andean Mountain range.



Two surface branches of the South Pacific Current diverge upon encountering the Chilean Patagonia, one flowing to the north (Humboldt Current, out of the investigated domain) and a second one, the Cape Horn Current (CHC, see Figure 1A) that flows poleward and contours anticyclonically the tip of the subcontinent. The CHC transports low-salinity waters from the Southeast Pacific, whose influence extends to the Atlantic Patagonian Shelf [4].



A dense network of rivers and streams open to the BC, mainly along its central and eastern courses. Freshwater inputs from snow and glacier melting are deemed to be more relevant in the western sector, on the Pacific side of the Northwest branch, where Cordillera Darwin (see Figure 1B) holds one of the largest ice fields in the Southern Hemisphere [5]. Thermal and hydrological cycles are characterized by seasonality with maximum air temperature and water discharges in the austral summer and minima in winter. Even though total precipitation is important in winter, these are retained on land as ice and snow, and released during the summer freshet [6].



The Beagle Channel presents a microtidal regime (typical amplitudes 0.5 to 1 m; [7]). A net eastward surface flow has been observed [8,9] while a counter-clockwise circulation cell has been described at Ushuaia Bay [8,10,11].



The current knowledge about the water circulation and flushing features of the channel is, at present, very limited. Up to now, in fact, only a few studies have been published mainly to describe the time and space variability of water temperature and salinity [12] or to investigate the wind- and tide-induced water circulation in confined traits of the BC [10,11]. Advancing in our understanding of the general circulation and water residence times of the BC is, nowadays, a pressing matter in relation to climate change and anthropogenic threats.



Although most of the channel remains unpopulated, there has been continued growth in intense maritime traffic and human settlements in recent decades. In particular, the port and city of Ushuaia (about 80,000 inhabitants) has become a significant pressure on local ecosystems and a source of pollutants to the channel [13,14,15]. The dispersion routes and final fate of pollutants, including wastewaters and eventual oil spills, are not satisfactorily understood at present.



Within this context, the evaluation of the local transport time scales is crucial to estimate the channel renewal features. In particular, water residence times influence the water quality and the ecological status of marine coastal systems by controlling the physical, chemical, and biological processes taking place there [16,17,18,19]. They play a significant role in shaping the spatio-temporal distribution of pollutants and nutrients in coastal water bodies, thus influencing both the gross primary production, the trophic web structure and the eutrophication of coastal aquatic environments [20,21].



In recent decades, the increase in anthropogenic nutrient fluxes in the BC has increased the risk of dystrophic events, especially in confined and urbanized areas such as the Ushuaia Bay [15], where local cleaning capacity and the upper limits for a sustainable level of the nutrients loads need to be established.



Furthermore, the runoff of organic matter and nutrients loads produced from the vast forests surrounding the BC, influences the marine trophic web and ecosystem assemblage inside the channel [22,23]. Along with the seasonal variability of mainland fluxes, the water circulation and the flushing features play an important role in shaping the final distribution of nutrients and organic matter in the BC.



The water residence times are also key factors in determining the rate at which eggs and larvae of marine species are exchanged with the open ocean [24,25,26]. In this regard, the BC is a nursery area for different fish species [27] and the knowledge of those zones characterized by hydrodynamic conditions promoting the retention of larvae and eggs is a fundamental aspect to take into account for a sustainable management of the marine resources.



In addition, the possible future implementation of the fish farming industry in the BC reinforces the need to urgently set baselines of water fluxes and residence times in this unique ecosystem.



Furthermore, in the context of climatic changes, warming temperatures and glacial retreat, the knowledge of the fresh water residence times inside the channel can provide a tool useful to predict the consequences in the local ecosystem assemblages.



For all these reasons, the main goal of this research is to assess the hydrodynamics and the flushing features of the BC, to support a sustainable management of the marine resources of this unique ecosystem.



With this purpose, a high-resolution three-dimensional hydrodynamic model was implemented to reproduce the main circulation of the BC and to estimate the water residence times. The model was applied to the entire channel and results compared with both tidal elevations and water current observations. Seasonal variation of water fluxes, residual flows and water residence times along the channel were analyzed and discussed.



The paper is organized as follows: a detailed description of the adopted numerical method and available oceanographic data in the area is reported in Section 2. In Section 3, the model validation procedure is described, the simulation results are compared with observations and the channel water circulation and transport time scales are analyzed. Finally, in Section 4 the obtained results are discussed and some concluding remarks are put forward.




2. Materials and Methods


2.1. Model Description and Simulation Setup


The water circulation and the transport time scales in the BC have been investigated following a numerical approach. A high-resolution 3D hydrodynamic model (hereafter SHYFEM, [28]), based on the finite element method was applied to reproduce the main hydrodynamics inside the channel and in the surrounding coastal areas.



SHYFEM resolves the three-dimensional primitive equations, resolving the barotropic, baroclinic and atmospheric pressure gradients, wind drag and bottom friction, nonlinear advection, vertical turbulent processes and tidal potential. The model is an open-source code project, freely available at https://github.com/SHYFEM-model (accessed on 1 March 2020), that has been applied with success to simulate the hydrodynamics in both open seas and coastal waters, e.g., [29,30,31,32,33], and to compute the transport time scales of lagoons and semi-enclosed basins (see [34] and references therein). The model uses the finite element method for the horizontal spatial discretization of the state variables, z-layers for the vertical discretization and a semi-implicit algorithm for the temporal integration. This method has the advantage of being unconditionally stable with respect to gravity waves, bottom friction and Coriolis terms allowing the transport of the variables to be solved explicitly.



The hydrodynamic model is coupled with a three-dimensional transport and diffusion numerical module that take into account the salt and thermal balance equations to simulate the transport of both passive tracers, salinity and temperature in the domain. In Appendix A, a detailed description of the hydrodynamic and transport equations systems solved by the model is reported.



The numerical application was carried out on a domain extending approximately between 87° W, 70° S and 50° W, 37° S and comprises the entire BC, part of the Drake Passage (see Figure 2), Southeast Pacific and Southwest Atlantic. The numerical computation is carried out on an unstructured mesh composed of 71,954 nodes and 132,426 triangular elements with a spatial resolution varying between 50 m for the inner part of the BC and 50 km for the far field.



In Figure 2A–C, magnifications of the model mesh for the BC area are depicted. The mesh represents the whole channel extending from its western branches (Noroeste and Suroeste channels, see Figure 1C), to the eastern opening, with higher geometric detail in the central BC section where the highest density of computational nodes was defined. The use of elements of variable sizes is fully exploited, in order to suit the geometry of the channel characterized by a sinuous coastline, islands and sharp bathymetric changes.



The morphology of the computational domain was reconstructed merging different set of bathymetric sources including the GEBCO dataset [35], available at 1 min and 30 s arc spatial resolution, for the outer ocean regions and data obtained from the digitalization of nautical charts (SHOA, Chilean Hydrographic Service charts 22430 and 22418; Argentinian Hydrographic Service chart H-477) for the Tierra del Fuego Archipelagos and BC regions. In Figure 2D, the bathymetric details of the central part of the BC, extending from Punta Divide, on the west, to the eastern mouth of the channel next to Picton Island, are reported as reproduced by the finite element mesh.



The vertical direction was discretized by 27 uneven z-levels with layer thicknesses varying from 5 m, for the uppermost layer, to 3000 m for the ocean seafloor and following an ad hoc step distribution with the first 100 m of water depth discretized by 9 layers.



The surface and bottom friction terms were computed following a quadratic law (see Equation (A2) in Appendix A) with the wind or surface drag coefficient computed according to the Smith and Banke formulation [36] and the bottom drag coefficient Cd set as constant and homogeneous over the whole model domain to the value of 3.1 × 10−3. This value was obtained after a model calibration process was performed (see Section 3.1). The water temperature and salinity were computed accounting for surface fluxes, advection and diffusion processes (see Appendix A).



Oceanographic and atmospheric data obtained from different sources were used as model forcing and boundary conditions. Specifically, ocean data were provided by the European Earth Observation Programme Copernicus (https://www.copernicus.eu/en, accessed on 1 May 2020) and included the daily means of temperature, salinity and sea level with horizontal resolution of 1/12 degree and 50 vertical levels, ranging from 0 to 5500 m. These data were produced by the Operational Mercator global ocean analysis and forecast system, based on the ocean model NEMO [37].



The atmospheric data necessary to compute the heat flux and momentum transfer were provided by ERA-Interim [38], a global atmospheric reanalysis performed by the European Centre for Medium-Range Weather Forecasts (ECMWF, https://www.ecmwf.int/node/8174, accessed on 1 May 2020). These data included the air temperature, precipitation, evaporation rate, humidity, atmospheric pressure and wind components with a temporal and spatial resolution of 6 h and approximately 80 km.



Tidal forcing was obtained from the satellite-altimetry-constrained tidal model TPXO7.2 based on updated bathymetry and assimilation procedure [39,40]. TPXO data along the SHYFEM open boundaries were extracted using OTIS (OSU Tidal Inversion Software), a tidal data inversion package described by [39] and further by [40]. In particular, the tidal elevations were reconstructed as complex amplitudes of earth-relative sea-surface elevation for eight primaries (M2, S2, N2, K2, K1, O1, P1, Q1), two long-period (Mf, Mm) and three non-linear (M4, MS4, MN4) harmonic constituents (plus 2N2 and S1 for TPXO9).



Water level boundary conditions were obtained by summing the barotropic contribution constituted by the astronomical tides to the total water elevation obtained from the daily water levels provided by the Copernicus Platform. A Dirichlet boundary condition was adopted, with water levels imposed and current velocities freely computed by the model along the open boundaries. Temperature and salinity fields were nested into the model domain using a nudging procedure following the method proposed by [30] and subsequently adopted by [33]. In particular, temperature and salinity data were interpolated for all nodes and layers of the unstructured mesh to obtain a proper nudging dataset. The value of the relaxation coefficient was set as spatially varying over the model domain from 1 day in the open sea and increasing toward high resolution areas inside the Channel. The nudging allows the model state to cohere with the assimilated Copernicus data in the open sea, thus limiting the error growth, and to fully compute the hydrodynamics in the coastal areas and in the Beagle Channel. At the open boundaries, a radiative condition was used for the temperature and salinity.



Yearly averaged fluxes of the main rivers discharging in the northern (i.e., Argentinian) side of the central BC were obtained from [41] and consisted of 31 freshwater outflows approximately located between the sections S4 and S9 of Figure 2D. The average fluxes were generally low, with most of the values lower than 1 m3/s and highest inflow estimated around 20 m3/s for the Lapataia River located on the western sector and around 11 m3/s for Lasifashaj River on the eastern part of the central BC.



Atmospheric, tidal and ocean data for the years 2015 and 2016 were used as forcing for a 2-year-long numerical run, and only the results for 2016 were analyzed, permitting the noises generated by the model initial conditions to be dumped out. This long spin-up time was adopted due both to the large extension of the model domain and to the use of multiple types of oceanic and atmospheric forcing and boundary conditions.




2.2. Transport Time Scales


Flushing features of semi-enclosed basins as coastal bays, gulfs or lagoons can be defined in many different ways depending on the adopted methods [42,43,44,45,46,47]. In this work, assuming the advection and diffusion as the main physical processes influencing the cleaning capacity of the channel, two main parameters, the turnover time and the water residence times were used to compute the flushing features of the central part of the BC. Both transport time scales were estimated at seasonal frequency and considering only the sector of the BC extending between the sections S3 and S9ab of Figure 2D, as the reference domain.



The turnover time (WTO) is theoretically defined as the time necessary to replace the water volume of a domain with new water. In the present case, the central part of the BC is considered as the domain, with new water entering from the Northwest and Southwest branches and water flowing out of at the eastern limit of the channel. Assuming a fully mixed hydrodynamic condition, considering Q the water flux flowing out of the system and V the volume of the domain, the WTO is defined as [43]:


  W T O =  V Q   



(1)




with Q computed from the simulation results as the seasonal and yearly averaged water fluxes across sections S3, S9ab and S6 and V the water volumes contained between S3 and S9ab. River runoff was very low and therefore not influencing the computation of the channel net outflow.



The water residence times or Eulerian transport time scale (WRT) were computed by simulating the transport and diffusion of a conservative tracer released uniformly and with a unitary concentration in the selected domain corresponding to the central BC between sections S3 and S9ab. During the simulation run, the initial unitary tracer concentration was reduced by the mass exchanges between the selected sector and the external domain, where the concentration was set to zero. The WRT was then defined as the time required for each node of the selected domain to replace the mass of the conservative tracer, initially released, with new water. The WRT were locally computed by integrating in time the remnant function of the tracer concentration for the entire duration of the simulation obtaining the e-folding time of the tracer concentration [42]. This method has been widely used to compute and investigate the flushing features of coastal bays, gulfs and lagoons (see [34] and references herein).



The WTO and WRT are based on different methods and provide different information, with WTO quantifying the overall basin flushing time and with WRT providing also information on its spatial variability. The two transport time scales behave differently in relation to the geometry and the hydrodynamics of the basin, and their comparison can be helpful in classifying different water bodies. We refer to [34,48,49] for a detailed description of the computed transport time scales.




2.3. Observations


A set of field data was used to verify the model results and to estimate the model accuracy in reproducing the tidal dynamics and the water circulation in the central BC.



In [50], an accurate study of the tidal propagation in the Tierra del Fuego shelf was carried out, and the harmonics of the main astronomical components were computed for more than 40 locations along the Atlantic Argentinian coasts and in the BC. These data were used to estimate the accuracy of the model in reproducing the tidal propagation in the study area. The comparison between simulation results and experimental data was made for a subset of 23 tidal stations located in the BC and in the coast of Tierra del Fuego up to the Magellan Strait in the north (see Figure 3A).



During December 2016, an oceanographic cruise was carried out in the BC to collect vertical profiles of current speed and direction for several stations along the channel and at its eastern mouth (see Figure 3B) by means of a TRDI WHS 300 kHz Acoustic Doppler Current Profiler, installed in a CTD-Rosette probe. The ADCP was configured to operate in vertical Lowered (LADCP) mode, which provided full-water column profiles of current speed and direction with 4 m vertical resolution cell size. The LADCP data was processed with the LDEO_IX version 10 implementation of the velocity inverse method [51]. The accuracy of the LADCP data was determined to be 5 cm/s [52], and current speed data below that threshold were neglected.



In addition, from 27 May to 1 December 2017, near-bottom time-series of velocity speed and direction was obtained by means of an electromagnetic single-point current meter Infinity AEM (JFE Advantech) in Ushuaia Bay at 68.22° W, 54.82° S (see Figure 3B). The current meter was attached to a mooring line 10 m above bottom (total water depth 130 m depth), and programmed with a sampling rate of 10 min. Accuracy for this current meter data is ±1 cm/s according to the manufacturer.



These datasets were used to validate the model results through direct comparison between LADCP data and modeled current velocities along the BC and by comparing the scatter distributions of the observed and modeled velocity components for the moored current-meter in Ushuaia Bay.





3. Results


3.1. Model Validation


3.1.1. Tidal Elevation


A set of calibration runs was performed comparing the modeled amplitude and phase of the five main tidal constituents, M2, S2, N2, O1 and K1, with observed data. A trial and error method was used considering the bottom friction coefficient Cd (see Equation (A2) in Appendix A), as the model parameter to be changed during the calibration procedure.



The time series of the water levels obtained from the simulation run were processed with the tidal analysis package [53] to compute, for each tidal station, the amplitudes and phases of the M2, S2, N2, O1 and K1 astronomic constituents. The model performance levels were then assessed by calculating, for each tidal station, the vectorial differences d between the observed and the modeled harmonic constants. The metric for estimating the model error reads as:


   d  i , j   =        a  i , j  o  cos  g  i , j  o  −  a  i , j  m  cos  g  i , j  m     2  +      a  i , j  o  sin  g  i , j  o  −  a  i , j  m  sin  g  i , j  m     2     



(2)




with a and g the amplitude, expressed in meters, and phase, expressed in degrees, of the tidal harmonics. The subscripts i and j refer to the tidal gauge station and to the tidal constituent, superscript o refers to the observed data and superscript m refers to the model results [54,55]. Finally, for each tidal constituent j, considering the whole set of 23 stations (N), the root mean square deviation of amplitude (RMS) between modeled and observed data was defined following [56] as:


  R M  S j  =    1  2 N     ∑   i = 1  N   d  i , j  2     



(3)







The observed amplitudes and phases (ao and go) and the calibrated model results (am and gm) used as input data in Equation (2) are reported in Table S1 of Supplementary Materials for the whole set of 23 tidal stations and for the 3 semidiurnal and 2 diurnal main constituents. Observed and modeled values are reported, in red characters, for the 8 stations located inside the channel (inner stations) and at its eastern mouth (external stations).



For all the locations, most of the tidal energy is contained in the M2-wave with amplitudes decreasing from around 3 m to 0.5 m, from north to south and from external to the inner channel stations. The other semidiurnal and diurnal waves are of lower amplitudes, with values lower than 1 m for the external stations to values lower than 0.2 m for the inner stations.



Inside the BC, the tidal signal is generally low with a contribution of the M2-wave on the total tidal energy around 49%. The other semidiurnal, S2 and N2, and diurnal components, O1 and K1, account for 8%, 12%, 13% and 16% of the total water level, respectively. The obtained results are in line with the observed energy distribution in which M2-wave accounted for 46%, S2 for 4%, N2 for 13%, O1 for 15% and K1 for 20% of the total water level [50]. The remnant 2% of the total tidal energy can be explained by the contribution of minor tidal diurnal and semidiurnal constituents as well as shallow water tides.



Considering the M2-wave amplitudes, the relative differences between modeled (am) and observed values (ao) are, on average, about 16% for the external stations and about 4% for the inner stations, with the model generally underestimating the observed values. Considering the differences in the phases (gm and go), the M2-wave propagation reproduced by the model results is on average slightly delayed both inside and outside the channel with a difference of about 16 degrees for the stations outside the channel and a difference of about 3 degrees for the inner stations.



In Table 1, the model accuracy is reported in the form of vectorial difference d (Equation (2)) and RMS (Equation (3)) for the 8 tidal stations located inside the BC and at its eastern open. A satisfactory agreement between the computed and empirical tidal constituents was found.



For all the stations and main components, the differences are low and range between 1.9 and 9.9 cm. The RMS varies between 3.2 cm and 5.6 cm for the semidiurnal and between 4.2 cm and 5.5 cm for the diurnal components indicating a good accuracy of the model in reproducing the tidal propagation inside the channel. In similar applications focused on reproducing the tidal propagation in micro tidal environments as the Mediterranean Sea, the numerical performance levels expressed in terms of RMS were comparable to the results obtained in this study [56,57,58]. We refer the reader to Appendix B for a thorough description of the model results in reproducing the tidal propagation dynamic inside the BC.




3.1.2. Water Currents


LADCP data were compared with the horizontal components of the water currents computed by the model for the nine sampling sites along the BC (see Figure 3B). The simulation run covering the period the data were collected, between 14 and 15 December 2016, allowed a direct comparison between the model results and observations. Nevertheless, due to the inaccuracies of the adopted forcing, parameterization and setup, the model performance levels were evaluated by comparing the measured data with the model values obtained at the two extremes during the three-hour temporal window the measurement was in. This time window was selected to account for both the errors in the reproduction of the tidal phases (see Section 3.1.1) and the possible inaccuracies in the adopted forcing and open boundary conditions.



In Table 2, the discrepancies between the model results and the observations were quantified by calculating the vectorial difference d between the observed and computed velocity.



For the sake of clarity, d is computed between observations (OBS in Table 2) and those model results with the best matching among the values computed within the three-hour temporal interval during which the measurement was carried out (MOD in Table 2). The vectorial distance d ranges from 0.03 m/s up to 0.27 m/s, with an average difference of 0.1 m/s. Considering the horizontal components of the current speed, for all the sampling stations, modeled and observed data are coherent and similar in terms of intensities, with differences of a few cm/s, with the exception of station 1, which is slightly mismatched.



These discrepancies are visualized in Figure 4A,B, where the modeled (red vectors in Figure 4 corresponding to MOD in Table 2) and observed currents (black vectors in Figure 4 corresponding to OBS in Table 2) are reported for each sampling station. The model results reproduce the BC current pattern with high accuracy especially for stations located inside the Ushuaia Bay (station 2 in panel A) and along the eastern sector of the BC (stations from 5 to 9 in panel B).



The dominance of the eastward flow with increasing speed intensity from west to east is easily recognized in both modeled and observed data. This pattern is also validated by the residual currents (grey vectors in Figure 4) obtained by the yearly averages of the horizontal velocity components, which confirm the prevalence of the eastward flow.



A further comparison between model results and observations was performed considering the near-bottom current speed data collected in Ushuaia Bay at 120 m depth (U station in Figure 3B) during 2017. Due to the mismatch between simulated and measuring periods, with model results obtained for the 2016 and observations collected during the 2017, only the statistical features of the modeled and observed current speeds were compared and analyzed. In Figure 5, the scatter plots of the horizontal components of the current speeds computed between May and December 2016 and measured between May and December 2017 at the U location are reported.



The two distributions are quite similar with a major axis directed east to west, a westward prevalent direction of the flow and with a very low variability along the north–south direction. Similar mean current speeds of 0.046 m/s and 0.042 m/s were obtained from observations and model results, respectively. Averages and standard deviations of the horizontal components were computed for both datasets. The results reveal a general match between the statistical features of the two distributions, with −0.033 m/s and 0.006 m/s versus −0.027 m/s and −0.004 m/s for observed and modeled averages of the zonal and meridional components of the current speed, respectively. Similar values were obtained for the standard deviations along the x and y-axis, with 0.04 m/s and 0.017 m/s for the observations, and 0.035 m/s and 0.02 m/s for the model results. The variance ellipses, defining the regions containing 95% of all observations and model results, were computed. In Figure 5, the iso-contours are depicted indicating a good matching between the two distributions, with the observed variance ellipse slightly more extended and less tilted with respect to the modeled one. Concluding, the model results reproduce with a good accuracy the main features of the near-bottom currents at station U, slightly underestimating the flow intensity.



The discrepancies between model results and measurements are generally small and can be associated with several sources of errors such as the inaccuracy in reproducing the bathymetry and geometric details of the measuring locations or the inaccuracies in the meteorological and oceanographic forcing and boundary conditions. Considering the scope of the paper, focusing on reproducing the transport time scales in the main part of the BC, the model performance levels, even if defined comparing data related to different years, can be considered as acceptable.





3.2. Simulations Results


3.2.1. Water Circulation


The BC hydrodynamics were investigated throughout the computation of the residual water currents obtained by the time averaging of the horizontal components of the velocity fields [59,60]. The residual circulation is the main driver the spatial and temporal variability of transport time scales in semi enclosed basins [48,49]. In particular, it quantifies the mean flow by filtering the high frequency variability induced by both tidal and meteo-marine forcings. The same approach was followed with success in previous works by Cucco et al. (2006, 2009). Canu et al. (2012) aimed at analyzing the relationship between water circulation and transport time scales in lagoons and semi-enclosed basins under tidal and meteorological forcings. In Figure 6, the vertically averaged residual circulation computed for the whole simulated year is reported for the eastern (panel A), middle (panel B) and western sector (panel C) of the Central BC. The vertically averaged residual flow is mainly eastward along the whole channel with the presence of recirculation cells and calm water areas.



Water enters the BC from its western entrance, predominantly along the Noroeste branch (see Figure 6A), and flows eastwards along the northern side of the channel, generating residual anticlockwise circulation cells in correspondence with the abrupt bathymetric changes. The southern side of the channel is characterized by a low westward residual flow interspersed with calm water areas and recirculation cells (see Figure 6A).



In the central sector of the BC (see Figure 6B), the residual circulation is characterized by a more complex pattern due to the presence of morphological features such as Ushuaia Bay, a number of islands, and the Murray Channel. The residual flow, mainly eastward and with intensifications along the northern side of the channel, carries the waters into Ushuaia Bay from the West, through the dense net of shallow water passages cut across the archipelagos south of the bay. In agreement with previous studies [8,10,11], the circulation within the bay, characterized by an anticlockwise gyre along the western side and by a calm water area in its central part, is well reproduced by the model results. In the Murray Channel, the residual circulation is southward indicating that this passage promotes the outflow of the BC water. Beyond Ushuaia Bay, toward the east, the residual flow is mostly homogeneous in directions but with variation in the intensity fields from north to south, with minimum values in the middle of the channel.



An intensification of the residual flow is evident approaching the Mackinlay Strait where the highest residual currents are found (see Figure 6C). The eastern outflow is characterized by an intense and homogeneous residual current pattern carrying the BC waters toward the Atlantic Ocean across the passage between the main Tierra del Fuego and Picton islands. A further intensification of the water currents is observed in correspondence with the western tip of the Picton Island where the northward flow from the outer ocean and the BC outflow converges. The vertically averaged residual current intensities vary between a few cm/s in the calm water areas along the southern bank of the channel, to values higher than 0.35 m/s inside the Mackinlay Strait, with an average value around 0.1 m/s. We refer to Appendix C for a detailed overview of the variability of the residual flow along the vertical.




3.2.2. Water Fluxes


The computation of the inflow and outflow fluxes through the main openings, is necessary to define the cleaning capacity of semi-enclosed basins. In Table 3, the seasonally and yearly averaged water fluxes through the sections depicted in panel D of Figure 2 are reported.



The values indicate that the water masses enter in the BC from both the Northwest and Southwest branches (Sections S1 and S2) with a total flux varying between 8478 m3/s in autumn and 15,179 m3/s in summer and in spring (Section S3). The distribution of the total inflow between the two branches varies during the seasons with the Northwest contributing with percentages ranging from the 70% to 88% and the Southwest with values ranging from the 12% to 30% on the total flux through the BC. The amount of water entering in the middle sector of the BC (Section S5) partially outflow through the Murray Channel (Section S6) with average values ranging between 422 m3/s in autumn and 2773 m3/s in spring, corresponding to a percentage on the influx varying between the 5% in autumn and the 16% in spring.



Most of the water masses are carried eastward to the open ocean crossing the Mackinlay Strait (Section S9ab) with values ranging between 8121 m3/s during autumn and 13,430 m3/s in summer. Further east, the BC water converges to the Atlantic Ocean through the passage north of Picton Island, generating a total outflow ranging between 37,271 m3/s and 49,516 m3/s, depending on the season (Section S11). The seasonal variability of the residual exchanges is mainly due to the action of the westerly and southwesterly winds which promotes the eastward outflow inside the channel. We refer to Appendix D for a detailed description of the impact of the wind variability on the net exchanges.



On average the water flux intensities across the central BC varies between around 12,700 m3/s at its western entrance (Section S3) and around 11,200 m3/s at Mackinlay Strait (Section S9ab) with a secondary outflow of about 1500 m3/s across the Murray Channel (Sections S6).




3.2.3. Transport Time Scales


We approximate the BC sector, comprised between sections S3, S6 and S9ab, as a rectilinear channel with an approximate volume   V = 6.1 ×   10   10      m3, corresponding to the yearly averaged water volume of the Central BC, and with a continuous water inflow and outflow through its openings equal to   Q = 12 , 750    m3/s, which corresponds to the total yearly averaged outflows through section S9ab and S6 (see Table 3). Using these values as inputs for Equation (1), a yearly average turnover time (WTO) of about 55 days was estimated for the central BC.



Following the same approach, the seasonal WTO were computed obtaining values ranging from 46 days in summer up to 82 days in autumn with intermediate values of 61 and 44 days in winter and spring, respectively. These differences are mainly due to the changes in the water circulation intensities, i.e., the variation of the water levels is negligible if compared with the basin water depths, thus not affecting the total volume V.



In Figure 7, the vertically averaged water residence times (WRT), computed at seasonal time scale, are reported for the BC.



In all cases, the values are minimum at the west and maximum at the east as a consequence of the prevalent eastward flow. Minimum values are also found at the Murray Channel where the BC waters outflow to the open ocean. In all the panels, maximum values are found in proximity of the Mackinlay Strait, in correspondence with a shallow water bank along the southern side of the channel where the current intensity is generally reduced (see Figure 6). The west to east gradient is quite homogeneous except for the Ushuaia Bay where the WRT locally increases due to the peculiarity of the bay water circulation pattern (see Figure 6).



The lowest WRT values, with a basin average of 26 days and a maximum up to 53 days, are found in summer (see Figure 7A), when the fluxes across the channel are generally more intense and promote a higher flushing. On the contrary, the highest WRT, with a basin average of 43 days and a maximum of 95 days, are found in autumn (see Figure 7B) when water exchanges are low. Winter and spring seasons are characterized by intermediate WRT with basin averages varying between 34 and 30 days and maximum values between 67 and 53 days, respectively.



The spatial variability of the flushing features was analyzed in the three dimensions. In Figure 8 and Figure 9, the surface and bottom distribution of the seasonal WRT, corresponding to the model results obtained for the top and bottom layers, are depicted.



The main differences between surface and bottom WRT are observed in the western and central part of the domain where the bathymetric gradients are higher and the presence of a two layers residual flow was observed (see Appendix C). In particular, for all the seasons, in the western sector, a north to south positive component of the WRT gradient is found at the surface, while at the deeper layer, the gradient is mainly west to east, indicating the surface eastward flow along the northern BC side as the main dynamical feature promoting the flushing of this area. These differences are smoothed eastward along the channel up to the Mackinlay strait where the WRT is homogeneous along the vertical.



These features are well evidenced when analyzing the vertical distribution of the WRT. In Figure 10, the yearly WRT is displayed along a set of selected sections inside the channel (see Figure 2D) located in proximity of the western border (S4), in the middle channel (S5), in the Ushuaia Bay (S7) and in proximity of the western mouth (S8).



At the western border of the domain of interest, along Section S4 (see Figure 10A), the WRT is quite homogeneous, and most of the differences are found at the surface with values higher than 10 days on the southern side and values lower than few days on the north. This feature is smoothed while approaching eastward in the middle sector of the channel where the main differences in the flushing features are found along the vertical direction. An example is given by the distribution of the WRT along Section S5 (see Figure 10B) highlighting a higher cleaning capacity in the surface layers, with WRT values lower than 29 days, whereas a higher retention is found in the bottom layers, with WRT reaching 37 days. This section, characterized by steep bathymetric gradients, emphasizes the role of the residual flow (see Appendix C) in increasing the residence times of the waters in the bottom layers. In the eastern sector of the channel, the pattern of the WRT is characterized by lower values along the northern side and higher in the deeper part (see Figure 9). This feature is well represented by the distribution of the WRT computed along Section S8 (see Figure 10D) depicting a strong meridional gradient and a less intense vertical variation of the WRT, with the southern side characterized by WRT values higher at the surface than at the bottom.



An opposite pattern is found in Ushuaia Bay where the local circulation promotes an increase in the surface WRT along the northern coast with respect to the southern border. The main differences between the surface and bottom flushing features are found in the deeper part of the bay where the increase in the WRT is due both to the reduced local current intensity and to the direction of the flow that, moving northwest, carries the older water toward the inner bay. This is well evidenced by the distribution of the WRT along Section S7 located inside the bay (see Figure 10D) with the highest WRT values at the surface on the northern side and an increase in the retention time of the deeper waters at the bottom.



The seasonal surface and bottom WRT were extracted for stations from 1 to 6, located along the BC and in Ushuaia Bay (see Figure 3B) and the values reported in Table 4.



All the stations are located far from the southern coast and are characterized by a general increase in the WRT from the surface to the bottom layers. The differences vary among the seasons with the highest values, ranging between 6 and 9 days, found for stations 2 and 3 located inside the bay. Minimum differences are always found for station 6 located inside the Mackinlay Strait, where the shallow water area and the high flow intensity smash the vertical WRT gradient.



For each station, the relative increment of the WRT with the local water depth (D) was computed following a simple formula   V R G =   W R  T b  − W R  T s   D      and the results reported in Table 4. This quantity provides an evaluation of the rate of increment of the residence time with the water depth allowing the identification of those areas where the local circulation is the main factor shaping the water retention features.



For all the seasons, the highest values, expressed in days per 100 m, are obtained for stations 2 and 3 located inside the Ushuaia Bay, thus confirming that the bottom waters in this area are relatively confined and potentially subjected to anoxic events and low ventilation efficiency.



Among the WRT and the WTO, a further a-dimensional quantity, the advection index (ADI), was computed following the simple formula   A D I =   W T O   2 * W R  T  a v g      . Considering the methods adopted to compute the two transport time scales, in the case of a rectilinear channel with mono-directional and homogeneous flow, the relation WRTavg= WTO/2, is always satisfied. In this theoretical condition, the WRT increases linearly along the channel from 0 at the inlet, to maximum values, equal to WTO, at the outlet and, with a basin average value WRTavg, equal to the half of the WTO. In this case, the basin flushing features are dominated by the advection, whereas the diffusive processes, which could promote the trapping of the water masses, are absent. Therefore, the computation of ADI can be helpful to quantify the efficiency of the cleaning capacity for channel-type basins as the Beagle Channel. In particular, in the case   A D I = 1 ,     the investigated domain can be considered as a channel with a mono directional and homogeneous flow characterized by a WTO which is equal to the time a tracer, initially released inside the channel, takes to completely flow out of the domain. On the other hand, ADI values lower than 1 indicate hydrodynamic patterns characterized by cleaning capacity deviating from the optimum, with both advection and diffusion processes determining the basin flushing feature. The ADI was computed for both seasonal and yearly distribution and the results, along with the main quantities to be considered when evaluating the BC flushing features, are reported in Table 5.



The ADI values highlight that the BC flushing features are, on average, 88% similar to the ones of a rectilinear channel with homogeneous and mono-directional flow. In this context, the advective processes are prevailing, with respect to the diffusive ones, on shaping the pattern of the flushing features inside the channel. As a consequence, the weight of the water trapping areas, as Ushuaia Bay, in determining the basin cleaning capacity is low, accounting for the 12%.



Therefore, assuming that, with a degree of similitude equal to 88%, the flushing features of the BC are typical of a rectilinear channel, the Lagrangian transport time scale or water transit times (WTT) can be easily assessed. In [48], the relation between the Lagrangian transport times scales, the WTT, and the Eulerian ones, the WRT, was analyzed in detail, evidencing that, in case of fully advection-dominated domain, the spatial distributions of the two times scales were reciprocal. Considering the results obtained from the ADI evaluation, the time a water particle takes to exit out of the BC can be estimated, with an accuracy of 88%, through the simple formula     W T  T  x , y   = W R  T  m a x   − W R  T  x , y    , with x and y indicating the location inside the channel.



Therefore, from values reported in Table 5, the WTT along the middle channel, where the flow is mainly dominated by advective processes, can vary, on average, from 67 days at the western entrance in correspondence with section S3 (see Figure 2D) up to few days in proximity of Mackinlay Strait at the eastern mouth.



In Figure 11, the WTT spatial distribution is reported as computed from the yearly vertically averaged WRT values.



The low resolution of the WTT distribution, characterized by a 15 days step, is adequate to the intrinsic inaccuracy of the calculation method. In fact, due to   A D I ≠ 1  , the computed values are underestimated with respect to the ones obtained by using a particle tracking model (PTM). Nevertheless, the proposed rough zonation can be a helpful preliminary overview of the Lagrangian flushing features of the investigated basin, which can be subdivided into an eastern area characterized by WTT generally greater than 45 days, a central part with values varying between 15 to 30 days and a western sector with WTT always lower than 15 days.






4. Discussion and Conclusions


A high-resolution 3D hydrodynamic model based on the finite element method was applied to investigate the water circulation and the transport time scales in the Beagle Channel, a long and narrow interoceanic passage within the Tierra del Fuego archipelago in southern South America.



The presented numerical application provided the first large-scale comprehensive description of the general circulation and transport time scales in the Beagle Channel, a pristine marine environment in which many oceanographic aspects are still far from being fully understood. A set of fundamental information that may proof useful for a sustainable management of both marine resources and human activities in the Channel are provided.



The validation of the model with in situ data shows that the model reproduces with high accuracy the propagation of the tidal waves in the BC and the surrounding coastal areas.



Since the water circulation inside the channel was presumably not forced by tides only, the model results were also compared with surface current observations obtained for several stations along the channel and with near-bottom time-series of current velocity collected in Ushuaia Bay. For all the considered measuring stations, the computed horizontal components of the current speeds were appreciably coherent with the observations.



An improvement of the model validation procedure could be performed in the future, in case of the availability of a synoptic dataset of water currents and other oceanographic variables, which would allow a more detailed analysis of the model performance levels in reproducing specific features of the water circulation inside the channel.



Hence, the model has been applied to compute the residual water circulation inside the channel, which is one of the main aspects influencing the basin flushing features [59,60]. The obtained results highlight a circulation pattern characterized by a west-to-east (Pacific to Atlantic) residual flow with moderate intensity, low seasonal variability, minimum residual current speeds in autumn, and maximum in summer. A more complex pattern was found in Ushuaia Bay, where the residual flow is characterized by an anticlockwise circulation in the southwest edge of the bay, in concordance with previous studies in that particular location [10,11]. The seasonal variation of the residual flow is related to the time variability of the wind speed that modulates the intensity of the surface drag acting on the channel, with minimum values during the autumn and higher values during summer and spring.



The water infilling the BC enters its western sector mainly from the Northwest Branch and, to a lesser extent, from the Southwest Branch, with a total yearly average inflow around 12,700 m3/s. Then, it is carried eastwards along the central sector of the channel and through the Mackinlay Strait with a yearly average flux towards the open ocean around 11200 m3/s. Only a small percentage of the total BC water outflows across the Murray Channel, on the southern channel side, with a yearly average flux around 1500 m3/s. Finally, eastwards from the Mackinlay Strait, the BC water reaches the Atlantic Ocean through the passage north of Picton Island after being partially mixed with the open sea water coming from the passage south of the same island.



The flushing features of the Beagle Channel were analyzed at seasonal time scales through the computation of different quantities including the water turn-over time (WTO), the residence time (WRT) and the transit time (WTT).



The WTO was computed as a basin average without taking into account the spatial and temporal variability of the flow field and provides a theoretical and approximate estimate of the flushing features. WTO varied seasonally from 46 days in summer, when the water fluxes were more intense, up to 83 days in autumn, when the inflow and outflow were at minimum, and with a yearly average of 59 days.



On the contrary, the estimate of the WRT allowed us to analyze the spatial variability of the flushing features in the three dimensions. The results evidenced the same WTO seasonal trend, with the basin averages WRT lowest in summer, with 26 days, and highest in autumn, with 43 days, and with a yearly average value of 33 days. WRT values are at a minimum, around a few hours, at the western entrance and at a maximum, up to 95 days, at the eastern exit.



The WRT varies along the vertical direction with surface values generally lower on the northern side of the channel, and higher on the southern side. These differences are more pronounced in the western sector, where inversions of the residual flow directions are found across the channel sections. The Ushuaia Bay is characterized by a relative maximum of WRT especially in the deeper layers indicating this area can promote the trapping of the water masses.



This analysis, comparing the relative variation of the water flushing features at different water depths, allowed us to individuate the areas potentially subjected to water trapping phenomena generally leading to low ventilation and dissolved oxygen depletion. This is the case of the Ushuaia Bay, in which deeper parts are often subjected to such phenomena [11] and where the computed ratio between surface and deeper WRT values indicates a potential trapping of the water masses in the bottom layers.



The two times scales, WTO and WRT, were used to compute the ADI, an a-dimensional index that quantifies the efficiency of the cleaning capacity of channel-type basins. The obtained values evidenced that the BC flushing features were, on average, 88% comparable to the ones of a rectilinear channel with homogeneous and mono-directional flow. Specifically,   A D I = 0.88     indicates that most of the BC, about 88%, is characterized by a mean rectilinear flow dominated by advective processes, which shapes the WRT spatial distribution as linearly increasing from the inlet (at the west) to the outlet (at the east). In the smaller portion of the channel, about 12%, the transport of the water masses is influenced mainly by diffusive processes, and in such areas (e.g., Ushuaia Bay), the water masses tend to be trapped. For this type of basin, a direct relation between the Eulerian (WRT) and the Lagrangian transport time scales (WTT) exists, which allows us to infer the WTT from the WRT spatial distribution [49]. The obtained values evidenced that the BC can be subdivided into a western area, characterized by WTT greater than 45 days, a central part with values varying between 15 and 30 days and an eastern sector with WTT always lower than 15 days.



The approach followed to compute the WTT is based on a strong assumption and can be used only to provide an approximated and averaged overview of the Lagrangian transport times scales inside the channel. This method cannot be used to estimate, with the necessary accuracy, the transit times of the water parcels from a specific location to the channel outlet, e.g., from the deep-water layers of the westerns sectors, where the residual currents are often westward. This level of information can be achieved only by applying a particle tracking model (PTM). Nevertheless, when the basin is characterized by a complex flow pattern, such as the one in the Ushuaia Bay or in the western sectors of the channel, even the adoption of PTM cannot be a proper solution. In fact, in this case, the interpretation of the Lagrangian trajectories is often difficult, both due to the so-called Lagrangian Chaos [61], which led a consistent fraction of the released particles to be retained indefinitely into the basin, and to the non-conservative features of the PTM method itself, which are not adequate to provide evaluations of the flushing features at basin scale. Therefore, the Eulerian approach we used, even if approximated, can provide a first insight into the Lagrangian transport time scales of the channel.



This study constitutes a necessary and preliminary step for the assessment of the carrying capacity of the marine system in relation to different types of human activities such as aquaculture, fisheries and tourism. However, future work is necessary to improve our understanding of this high latitude system, including the acquisition of new data (both Lagrangian and Eulerian measurements) along the entire channel and for longer periods; such research should be conducted in order to both acquire a more accurate overview of the BC general circulation and to provide an essential dataset for improving the future numerical model applications.



Among the possible applications of the present effort, several can be mentioned here: The WTO along with the mass flux estimation provide the basic information for implementing a box model approach to estimate the salt, nutrients or heavy metals budget in the channel, as conducted in other environments [62,63,64]. On the other hand, the computation of the WRT allows us to identify the areas of the domain characterized by higher sensibility to pollutants exposure in the case of contaminants released [65,66,67,68] and to identify those areas with water trapping features that can favor the accumulation of dispersed particles as larvae and eggs [69]. Finally, the WTT, providing an approximate quantification of the average time a water particle takes to exit out from the channel, can constitute helpful information to support the Satellite Aperture Radar procedures in case of maritime accidents or to be used for assessing the risk of impact of any oil spill events [70,71,72].
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Appendix A. The Hydrodynamic Model


SHYFEM is a three-dimensional hydrodynamic model based on the finite element method, which resolves the shallow water equations integrated over each layer in their formulations with water levels and transports. The ocean is divided into single horizontal layers (z-layers), and the integrated equations on each layer are then solved. The equation system for a single layer l reads as:


       ∂  U l    ∂ t   +  u l    ∂  U l    ∂ t   +  v l    ∂  U l    ∂ t   +  w l    ∂  U l    ∂ t   − f  V l                    = g  h l    ∂ ζ   ∂ x   −   g  h l     ρ 0     ∂  ∂ x     ∫   −  H l   ζ   ρ ′  d z +    h l     ρ 0      ∂  p a    ∂ x   +  A H       ∂ 2   U l    ∂  x 2    +    ∂ 2   U l    ∂  y 2      +  ∂  ∂ z        K l     h l      ∂  U l    ∂ z     + g  h l    ∂ η   ∂ x   − g  h l  β   ∂ ζ   ∂ x       
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       ∂  V l    ∂ t   + +  u l    ∂  V l    ∂ t   +  v l    ∂  V l    ∂ t   +  w l    ∂  U l    ∂ t   − f  U l                    = g  h l    ∂ ζ   ∂ y   −   g  h l     ρ 0     ∂  ∂ y     ∫   −  H l   ζ   ρ ′  d z +    h l     ρ 0      ∂  p a    ∂ y   +  A H       ∂ 2   V l    ∂  x 2    +    ∂ 2   V l    ∂  y 2      +  ∂  ∂ z        K l     h l      ∂  V l    ∂ z     + g  h l    ∂ η   ∂ y   − g  h l  β   ∂ ζ   ∂ y       
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    ∂ ζ   ∂ t   +   ∑  l    ∂  U l    ∂ x   +   ∑  l    ∂  U l    ∂ x   = 0  



(A3)




where  l  indicates the vertical layer, (   U l  ,  V l   ) the horizontal transports (integrated velocities over one layer) components in x and y directions for each layer,   (  u l  ,  v l  ,    w l  )     the velocity components,  f  the Coriolis parameter,    p a      the atmospheric pressure,    g   the gravitational constant,   ζ     the sea level,    ρ 0      the standard water density,    ρ ′      the density anomaly, and   ρ =  ρ ′  +  ρ 0      the water density,   τ     the internal stress term at the top and bottom of each layer,    h l      the layer thickness,    H l    the depth of the bottom of the layer  l , and    A H      the horizontal eddy viscosity estimated following the Smagorinsky parameterization [73,74].



The GOTM (General Ocean Turbulence Model) turbulence closure model described in [75] was used for the computation of the vertical viscosity    K l   .



Momentum exchanges across the model layers are accounted by computing both the advective contribution and the vertical constituents of the diffusive terms    ∂  ∂ z        K l     h l      ∂  U l    ∂ z       and    ∂  ∂ z        K l     h l      ∂  V l    ∂ z      . The vertical velocities  w  are derived from the divergence of the horizontal flow field computed for each sub-surface layer in the continuity equations.



Wind and bottom friction terms, corresponding to the boundary conditions of the stress terms (   τ x  ,  τ y   ), are defined as:


   τ x  s u r f a c e   =  c D   ρ a  w  i x    w  i x 2  + w  i y 2     
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   τ x  b o t t o m   =  c B   ρ 0   u L     u L 2  +  v L 2     



(A5)






   τ y  s u r f a c e   =  c D   ρ a  w  i y    w  i y 2  + w  i y 2     
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   τ y  b o t t o m   =  c B   ρ 0   v L     u L 2  +  v L 2     



(A7)




with    c D    as the wind drag coefficient,    c B    the bottom friction coefficient,    ρ a    the air density (  w  i x  ,   w  i y   ) the wind velocity components and (   u L  ,  v L   ) the bottom velocity components.



Equilibrium tidal potential ( η ) and load tides are included as model forcing. The term  η  is computed as the sum of the tidal potential of each tidal constituent multiplied by the frequency-dependent elasticity factor [76], whereas the factor  β  accounts for the effects of load tides [61].



The hydrodynamic model is coupled with a 3D advection and diffusion numerical module to simulate the transport of both passive tracers and the salinity and temperature in the domain. The solute transport model is given as:


    ∂  C l    ∂ t   +  u l    ∂  C l    ∂ x   +  v l    ∂  C l    ∂ y   +  w l    ∂  C l    ∂ z   =  ∂  ∂ x      K H    ∂  C l    ∂ x     +  ∂  ∂ y      K H    ∂  C l    ∂ y     +  ∂  ∂ z      K v    ∂  C l    ∂ z     + E  



(A8)




where    C l      is the concentration of any tracer (salinity, water temperature, or conservative tracer) at layer l,   (  u l  ,  v l  ,    w l  )   are the velocities,    K H    and    K v      are the horizontal and vertical turbulent diffusion coefficients, respectively, and E is the source/loss term at the surface. A first-order explicit numerical scheme based on the TVD method was adopted to integrate in time the tracer advection and diffusion equation and a Smagorinsky formula was used to compute the horizontal tracer diffusion coefficients [73]. The GOTM turbulence closure model has been adopted for the vertical diffusivities. For the temperature, the source/loss term represents the heat source through the surface obtained by applying the AREG bulk algorithm [77].



In the case of salinity, the source/loss term represents the difference between evaporation and precipitation through the water surface (kg m−2 s−1) with evaporation rate determined by the bulk aerodynamic transfer method [78]. Details of numerical treatment and solved equations systems are reported in [28,79].




Appendix B. Tidal Propagation Dynamic


From the model results, the tidal maps of the M2-wave were computed for the BC and reported in Figure A1. The amplitude and phase maps indicate that tidal amplitudes tend to decrease from values around 0.6 m outside the channel, in the eastern mouth, to values around 0.4 m, inside the central part, with phases decreasing from east to west. The same analysis was carried out for the main diurnal constituent, the O1-wave indicating a similar propagation dynamic (not shown here) with amplitudes decreasing from east to west with values ranging between 0.2 m and 0.15 m along the channel. This behavior was similarly described by [50], confirming the accuracy of the model results in reproducing the main semidiurnal features of the tidal dynamic in the BC.
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Figure A1. Modeled corange and cotidal maps for M2 in the BC and surroundings: corange lines in m (A) and cotidal lines in degrees (B). 
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Appendix C. Residual Circulation


The variability of the residual flow along the vertical was investigated by computing the orthogonal component of the residual velocity field across each section depicted in Figure 2D. In Figure A2 and Figure A3 the results are reported.
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Figure A2. Yearly residual flow intensity through the sections S1–S6 along the BC as reported in Figure 2. Positive values indicate an eastward flow, except for section S6, where positive values indicate a southward flow. 
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Figure A3. Yearly residual flow intensity through the sections S7–S11 along the BC as reported in Figure 2. Positive values indicate an eastward flow. 
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The results indicate that the residual flow is mainly eastward across the Northwest branch (section S1), while in the Southwest branch (section S2), an inversion of the flow field is denoted: westward at the surface and eastward in the deeper levels. At the entrance of the channel (section S3) the water from the Northwest branch moves eastward mainly along the northern coast and in the deeper layers while the westward residual flux outflowing through the Southwest channel is found at the surface mainly along the southern side. Sections located in the western sectors depict a more complex pattern, with section S4 intercepting the clockwise gyre characterized by an alternation of westward and eastward flows both along the meridional and vertical axis, and section S5 depicting an inversion of the residual flow with high intensities and prevalent eastward direction on the surface layers while lower speed values and westward direction on the deeper layers. Both sections are located in the channel area characterized by deep waters and strong bathymetric gradients that promote a two-layer dynamics with surface waters moving eastward, deeper, and more confined waters moving slowly and westward. This feature is smoothed approaching to the east where the shallower depths promote the vertical homogeneity of the flow field.



Section S6, in correspondence with the Murray Channel, depicts a vertically homogeneous southward residual flow indicating the outflow of the BC waters through this passage occurs along the whole water column.



Section S7 crosses to the east of Ushuaia Bay, highlighting the peculiarity of the flow in this area. Within the bay, the northern part of section S7, an intense and surface residual outflow is found in proximity of the northern side, whereas at the deeper layers, the direction of the residual flow is opposite. This feature is in line with the LADCP measurements (see Section 3.1.2) and previous studies [9,11,12,13], indicating the bay waters outflow at the surface along the northern coast and the inflow of the BC waters in correspondence with the deeper layers.



Along the eastern, shallower sectors (sections from S8 to S11), the residual flow is mostly homogeneous in vertical, eastward across sections S8, S9a and S11 and north-westward across section S10 highlighting the BC waters outflowing and the ocean water inflowing dynamic previously described.




Appendix D. Water Fluxes


In Figure A4, the fluxes through Section S9ab computed for the whole simulated year 2016 are reported along with the wind speeds and directions obtained from the adopted meteorological forcing in correspondence with the Ushuaia Bay.
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Figure A4. Fluxes through Section S9ab during the whole of 2016 (A), three-hour of data (colored line) and ten-day averages (black continuous line). Positive values indicate an eastward flow, while negatives indicate a westward one. Wind speed (B) and directions (C) at Ushuaia Bay are obtained from the adopted meteorological forcing dataset for the entire year of 2016. In (B), colored line indicates the original dataset at semidiurnal frequency, and the black line indicates the ten-day-averaged values. 
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Most of the dataset (colored line in Figure A4A) consists of positive values indicating a prevailing eastward outflow through Mackinlay Strait. Westward inflows occur sporadically mainly in autumn and winter periods. The temporal variation of the water fluxes is modulated by the tides, at semidiurnal frequency, and by the atmospheric and oceanographic forcing, at lower frequencies, from weekly to seasonal.



The seasonal variation of the average outflows reported in Table 3 is well reproduced by the ten days averaged fluxes depicted by the black line in Figure A4A, with maximum values of outflow occurring during summer, decreasing in autumn and slowly increasing again during winter and spring. A similar behavior is found in the ten-day wind speed averages depicted in Figure A4B, with higher values during summer, a reduction in intensities in autumn and a further increment in the wind speed during winter and spring. This similitude led us to consider the wind as one of the main factors modulating the variability of the BC water circulation and outflows. During the whole simulated period, the wind direction is mainly varying between northwest and southwest, with westerly and southwesterly winds prevailing among other directions in terms of both frequency and intensity, confirming this forcing promotes the eastward flow within the BC.
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Figure 1. Geographical and oceanographic setting. Southernmost tip of South America showing the Tierra del Fuego Archipelago and Beagle Channel regions within the red box (A). Main regional currents are schematized with grey arrows (CHC = Cape Horn Current; ACC = Antarctic Circumpolar Current). The geometry and bathymetry of the Beagle Channel and surrounding islands are magnified in (B). (C) shows the main geographical locations of the central and eastern sectors of the Beagle Channel. 
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Figure 2. Zoom areas of the finite element mesh for the BC (A–C). Bathymetric details of the central part of the BC as reproduced by the model mesh (D). S1 to S11 indicate the sections through which the water fluxes were computed during the simulation run. The label “Us” indicates the location of the city of Ushuaia and the bay of the same name. 
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Figure 3. Locations of the tidal stations along the Argentinian coastline used for model calibration (A). Locations of the LADCP measuring stations (B, black dots from 1 to 9) and of the moored current-meter in Ushuaia Bay (B, red dot with label U). 
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Figure 4. Comparison between model results (red vectors, corresponding to MOD in Table 2) and observed surface currents measured at 9 stations along the BC (black vector, OBS in Table 2). Gray vectors indicate the average modeled values obtained from the whole annual simulation run. 






Figure 4. Comparison between model results (red vectors, corresponding to MOD in Table 2) and observed surface currents measured at 9 stations along the BC (black vector, OBS in Table 2). Gray vectors indicate the average modeled values obtained from the whole annual simulation run.



[image: Jmse 10 00941 g004]







[image: Jmse 10 00941 g005 550] 





Figure 5. Comparison between model results (black dots) and observed current speed (blue dots) measured at the station U located inside Ushuaia Bay at 120 m depth. Model results consist of data simulated for the period between May and November 2016 (black dots). Observed values consist of the current speed measured between May and November 2017 (blue dots). Superimposed are the variance ellipses of the modeled (blue line) and measured (green line) current speeds distributions. 
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Figure 6. Vertically averaged residual circulation computed for the whole simulated year (2016) and for the whole central BC, subdivided into western (A), middle (B) and eastern (C) sectors. 
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Figure 7. Vertically averaged water residence times computed for summer (A), autumn (B), winter (C) and spring (D). 
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Figure 8. Seasonal water residence times computed for surface layers. From top to bottom, summer (A), autumn (B), winter (C), spring (D). 
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Figure 9. Seasonal water residence times computed for bottom layers. From top to bottom, summer (A), autumn (B), winter (C), spring (D). 
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Figure 10. Vertical distribution of the yearly average water residence times along the main sections of the BC (see Figure 2D). 
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Figure 11. Zonation of the Central BC obtained from the WTT computation. 
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Table 1. Accuracy of the simulation results in reproducing the tidal elevation. Vectorial differences between simulated and observed values (Equation (2) for each tidal component and station and RMS (Equation (3)) obtained for each component. Results are expressed in cm.
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	Stations
	M2
	S2
	N2
	O1
	K1





	BL
	3.4
	4.7
	8
	7
	7.1



	Us
	3.9
	5.2
	7.5
	7.4
	6.1



	Al
	1.9
	5.5
	7.3
	7.8
	8.1



	IG
	4.1
	4
	8.7
	6.6
	8.8



	Ma
	4.1
	4
	8.7
	6.6
	8.8



	IM
	3.1
	4.3
	8.9
	5.9
	9



	BA
	6.9
	6.7
	9.9
	2.5
	8



	BBS
	8.4
	7.8
	8.2
	5
	9.6



	RMSE
	3.2
	3.6
	5.6
	4.2
	5.5
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Table 2. Errors and statistics of the model results: observed (OBS) and modeled (MOD) horizontal components of the surface current speeds for the 9 LADCP stations; vectorial differences (d) between observed data (OBS) and model results (MOD).






Table 2. Errors and statistics of the model results: observed (OBS) and modeled (MOD) horizontal components of the surface current speeds for the 9 LADCP stations; vectorial differences (d) between observed data (OBS) and model results (MOD).





	
Stations

	
OBS

	
MOD

	
d






	
1

	
U

	
0.06

	
0.25

	
0.27




	
V

	
−0.19

	
0.18




	
2

	
U

	
0.04

	
0.06

	
0.03




	
V

	
−0.12

	
−0.08




	
3

	
U

	
0.003

	
0.08

	
0.09




	
V

	
−0.01

	
0.02




	
4

	
U

	
0.12

	
0.05

	
0.07




	
V

	
0.03

	
0.03




	
5

	
U

	
0.13

	
0.10

	
0.04




	
V

	
−0.07

	
−0.10




	
6

	
U

	
0.08

	
0.16

	
0.09




	
V

	
−0.06

	
−0.02




	
7

	
U

	
0.51

	
0.56

	
0.10




	
V

	
0.14

	
0.05




	
8

	
U

	
0.65

	
0.46

	
0.19




	
V

	
0.13

	
0.14




	
9

	
U

	
0.14

	
0.20

	
0.07




	
V

	
−0.02

	
0.01
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Table 3. Seasonal and yearly average fluxes through sections expressed in m3/s. Positive values indicate an eastward flow and negative values a westward one. The only exception is Section S6, with positive values for southward flows and negatives for northward ones.
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	Sections
	Summer
	Autumn
	Winter
	Spring
	Yearly





	S1
	11,042
	5852
	10,009
	11,954
	9714



	S2
	4137
	2626
	1409
	3709
	2971



	S3
	15,179
	8478
	11,418
	15,663
	12,684



	S4
	15,178
	8478
	11,419
	15,664
	12,684



	S5
	15,203
	8508
	11,447
	15,696
	12,713



	S6
	1797
	422
	1019
	2773
	1503



	S7
	13,436
	8125
	10,466
	12,967
	11,248



	S8
	13,432
	8123
	10,465
	12,968
	11,247



	S9ab
	13,430
	8121
	10,463
	12,966
	11,247



	S10
	−36,086
	−29,150
	−29,685
	−20,367
	−28,822



	S11
	49,540
	37,276
	40,154
	33,340
	40,077
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Table 4. Surface and bottom WRT values and vertical relative differences VRG computed for stations from 1 to 6. WRT are expressed in days while VRG are expressed in days per 100 m. Subscripted letters s and b stand for surface and bottom values, respectively.






Table 4. Surface and bottom WRT values and vertical relative differences VRG computed for stations from 1 to 6. WRT are expressed in days while VRG are expressed in days per 100 m. Subscripted letters s and b stand for surface and bottom values, respectively.





	

	
St.1

	
St.2

	
St.3

	
St.4

	
St.5

	
St.6






	
Summer

	
WRTs

	
24

	
34

	
34

	
35

	
37

	
44




	
WRTb

	
27

	
42

	
42

	
40

	
40

	
47




	
VRG

	
2

	
7

	
5

	
4

	
3

	
3




	
Autumn

	
WRTs

	
38

	
53

	
54

	
55

	
58

	
79




	
WRTb

	
43

	
61

	
63

	
57

	
62

	
79




	
VRG

	
4

	
7

	
6

	
2

	
4

	
0




	
Winter

	
WRTs

	
31

	
42

	
44

	
43

	
46

	
58




	
WRTb

	
36

	
49

	
50

	
43

	
47

	
58




	
VRG

	
4

	
6

	
4

	
0

	
1

	
0




	
Spring

	
WRTs

	
22

	
31

	
31

	
32

	
34

	
43




	
WRTb

	
26

	
39

	
40

	
36

	
37

	
46




	
VRG

	
3

	
7

	
6

	
4

	
3

	
3
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Table 5. Summary of the main quantities helpful to classify the basin flushing features, including the maximum vertically averaged water residence times (WRTmax) and the basin average (WRTavg), the turn-over time (WTO) and the advection index (ADI).
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	Summer
	Autumn
	Winter
	Spring
	Yearly





	WRTavg
	26
	43
	34
	30
	33



	WRTmax
	53
	95
	67
	53
	67



	WTO
	46
	83
	61
	45
	59



	ADI
	0.88
	0.97
	0.9
	0.75
	0.88
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