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Abstract

:

With the expansion of global trade and the growing traffic of increasingly larger ships to meet this demand, the need to expand port infrastructure appears as the main alternative. In this way, dredging operations for the maintenance and deepening of navigation channels, as well as the expansion of evolution basins and berthing wharf areas become fundamental, generating large amounts of material removed from the bottom. Aiming at port expansion based on a sustainable development and minimization of the environmental impacts generated by these operations, it is necessary to seek alternatives for the destination of large volumes of dredged material. A sustainable alternative is to dispose these volumes on land in order to expand coastal areas (such as fattening beaches) and mooring pier areas. The present work presents a numerical modeling case study using the TELEMAC-3D model coupled to the suspended sediment module SEDI-3D. As an alternative, an existing island (Ilha do Terrapleno) will receive material dredged from the access channel to the Port of Rio Grande (southern Brazil) and will have its mooring area expanded. The study evaluated the impact that this change in the island’s configuration would generate on the hydrodynamics and on the deposition patterns of fine suspended sediments in its surroundings and in the adjacent navigation channel. Results indicated that in the navigation channel adjacent to Ilha do Terrapleno, the new configuration promoted changes in the hydrodynamics with a decrease in the mean current velocity around the island and throughout the water column, mainly in the north and central portions of the channel. This difference decreased towards the southern portion of the channel. This change in local hydrodynamics promoted small changes in the suspended sediment deposition patterns and in the bottom evolution. Thus, the sustainable expansion of the Port of Rio Grande operational capacity considering the creation of 3600 m of berthing wharf areas and minimum environmental impact proved viable when considering the Ilha do Terrapleno proposed configuration. Furthermore, this idea offers the possibility to dispose in land 722,910 m3 of dredged material, a sustainable alternative to the Port of Rio Grande development, and an inspiration for the sustainable development of other ports worldwide.
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1. Introduction


The growing demand of global trade results in the need for expanding port infrastructure around the world [1]. In order to do that, it is necessary to carry out large dredging operations for the maintenance and deepening of navigation channels and the establishment of new evolution and mooring basins. In most cases, these port infrastructure demands are located near or within estuarine regions, and the more important ones are in the ports of Shanghai, Rotterdam, Antwerp, Hamburg, Los Angeles and New York. These regions, in addition to having a large concentration of population and relevant socio-economic activity, are also regions of high biological diversity, serving as breeding and nursery sites for several species. Thus, it is essential to think of port expansion as a sustainable development process, with permanent concern regarding the destination of the generated large volumes of dredged material in order to minimize its environmental impacts. Usually, the destination given to this material, which has few possibilities for reuse as it is highly compressible and has low resistance, is to discharge into the water column of coastal disposal sites [2,3,4], at depths which have previously been shown to be safe to prevent their remobilization. This alternative has low environmental impact but high costs and presents potential risks for the surrounding ecosystem due to the virtual chemical contamination of this material and to its sedimentological characteristics [5,6].



In recent decades, several numerical models have been used to study the dynamics of suspended sediments in coastal and port regions [7,8,9] and to study the fate of suspended sediment plumes generated both at the dredging site and at the disposal sites [3]. These tools, associated with satellite images of high temporal and spatial resolution, contribute to the understanding of the dynamics of fine suspended sediments [10,11], so that the environmental impact of dredging operations can be better understood and minimized. In [12], the authors used the MIKE 21HD model to study the fate of the dispersion plume generated by the disposal of dredged material from the port of Karanja Creek, India, in four locations close to the coast. The ROMS model together with remote sensing products were used by [13] to study the seasonal variability of the pycnocline depth during the dispersion of the suspended sediment plume generated due to a mining operation at the Korean south coast. Also using the association of a numerical model (Delft3D) and remote sensing, [14] investigated the spatio-temporal variation of suspended sediment concentration due to sand dredging activities in Lake Poyang, China. More recently, [3] investigated the plume dispersion patterns of dredged material from the Port of Rio Grande access channel using the TELEMAC-3D numerical model and investigating four proposed dumping sites in the coastal region.



Another alternative that has been applied for dredged material is land disposal. In [15], the authors used a tool called Life Cycle Assessment (LCA) to assess the extent and impacts associated with the dredging and disposal process off the coast of the Mediterranean Sea at the Port of Damietta, Egypt. The authors demonstrated that land disposal would reduce the environmental impact by 80% compared to the disposal in the Mediterranean Sea. More recently, the land disposal practice used in shoreline fattening and expansion of port infrastructure is currently under development in the Port of Gothenburg, in Sweden. This port is currently undergoing its biggest expansion since the 1970s and will use around 180,000 m3 of dredged material as fill for the construction of a 140,000 m2 terminal, scheduled for completion in 2023 (https://www.portofgothenburg.com/news-room/press-releases/dredging-spoils-transform-into-new-terminal-at-the-port-of-gothenburg/ (accessed on 10 December 2021).



The reuse of dredged material, however, depends on its characteristics, and requires prior knowledge about the hydrodynamics and sedimentary dynamics of the region, with special interest in patterns of deposition and erosion of sediments, as well as predictive studies on the impact of the proposed changes in these processes [16]. Furthermore, this strategy can have impacts on the surroundings of port regions, both in terms of socio-economic viability in highly urbanized regions, and in environmental aspects, as these estuarine regions have sensitive ecosystems [17,18,19]. Thus, this sustainable development alternative must be extensively investigated prior to any real environmental alteration.



Studies using numerical modeling techniques have been carried out to investigate deposition and erosion patterns in response to port expansion alternatives. In the Port of Figueiras, Spain, [20] the authors used numerical modeling techniques (Delft3D) to assess the effects of the port expansion on the estuarine activity considering twelve scenarios before and after port the engineering work. In [16], the author achieved effective results for the use of dredged material (sand) from port channels to help minimize coastal erosion in strategic regions near the Nile Delta using the Delft3D model. His results demonstrated that the direct use of dredged materials is a viable alternative, avoiding possible negative impacts due to the construction of rigid structures. More recently, [21], used the MIKE 21 model to estimate bathymetric changes and the alteration of sedimentation rates due to the expansion of a breakwater in the Port of Nowshar, Iran. All these studies suggest the importance of using numerical modeling techniques to contribute for the sustainable development of port regions by assessing the environmental impacts produced by the expansion of port capacity around the world prior to any real modification.



In [22], the authors used the TELEMAC-3D hydrodynamic model coupled with the SediMorph morphodynamic module to study changes in the deposition patterns of fine suspended sediment after the expansion of two marine structures (jetties) that protect the access channel to the Port of Rio Grande, Brazil. The authors observed an increase in the deposition pattern in the port access channel and the redirection of the ebb flow jet at the mouth of the estuary, resulting in a change in the coastal suspended sediment distribution pattern and alteration of the final destination of this material in the coastal zone when compared to the old structure. In the same region, in the last two dredging operations (2013 and 2019–2020), the Port of Rio Grande Authority (PORTOS RS) used a site located in the coastal region as a dump site for the dredged material, according to the environmental licensing granted by the Brazilian Environmental Institute and Renewable Natural Resources (IBAMA). This dump site is 6 × 6 km and is located at approximately 20 km off the coast at a depth of 21 m. On these occasions, approximately 1,600,000 and 18,000,000 m3 of dredged material, respectively, mainly composed of clay and silt, were disposed of at this dump site. Thus, the recent increase in the frequency and volume dredged in the Port of Rio Grande brings to discussion the establishment of sustainable alternatives for the destination of the dredged material.



More recently [3], presented a comparison between four scenarios for the ocean disposal of dredged material from the Port of Rio Grande access channel based on numerical modeling experiments (TELEMAC-3D). The study presents a comparison between the tendency of the dispersion plume generated by the discharge of 3,000,000 m3 of material to return to the shoreline (or not). Modeling results showed that in the investigated sites closer to the shoreline the dumped material remained in place, while in the sites located in deeper areas the dumped material tends to spread alongshore in accordance with the predominant wind directions (NE–SW). Furthermore, the model estimated for all the investigated sites that 96 h after the end of the discharge, the suspended sediment concentration returns to its usual value for the region (~0.05 g/L). Considering the quantities, frequency of dumping and the usual suspended sediment concentration values for the region, the authors concluded that the actual licensed dumping site presents the smaller environmental impact. The idea to dispose this dredged material inland and expand the port structure in a more sustainable way, however, was not evaluated.



Thus, the present work presents a study to evaluate potential hydrodynamic changes and consequent alterations in the transport and deposition patterns of suspended sediments in the channel adjacent to Ilha do Terrapleno, located in the inner area of the Port of Rio Grande (Figure 1), when considering a sustainable port expansion scenario proposed by the Port of Rio Grande Authority.




2. Study Area


Patos Lagoon, located in southern Brazil (30°–32° S latitude and 50°–52° W longitude) (Figure 1), is the largest choked coastal lagoon in the world [23], and is connected to the South Atlantic Ocean through a narrow channel (<700 m wide), which intermittently exports fine suspended sediment to the coastal region due to the continental discharge and wind effects [24,25,26,27]. The region is under the influence of microtides, with 0.3 m of mean amplitude [28].



The main supply of freshwater and fine suspended sediment to the lagoon comes from two rivers located in the north and central regions of the lagoon, Guaíba River and Camaquã River (Figure 1), respectively, which drain a basin of approximately 200,000 km2. The average water discharge of these rivers is 1770 m3 s−1 [29], but as they are located in a subtropical mid-latitude region their hydrology presents a seasonal variation, [27]. A third source of continental waters and fine suspended sediments to the lagoon is the São Gonçalo Channel, which connects the Patos Lagoon to the Mirim Lagoon. Interannual variations in these freshwater continental contributions were observed and related to ENSO events [11], with the freshwater discharge into the lagoon exceeding 13,000 m3 s−1 in El Niño years [30]. In [31], the authors also identified interdecadal variability in these freshwater contributions.



During periods of low discharge (<2000 m3 s−1) the Patos Lagoon dynamics is controlled by the combination between the freshwater discharge of the main tributaries and the remote and local effects of the wind (Möller and Castaing, 1999). During Southwest (Northeast) wind events, the remote wind effect promotes an increase (decrease) in the water level at the coast, resulting in a flood (ebb) regime in the lagoon. During periods of high discharge (>2000 m3 s−1), the continental freshwater contribution dominates the dynamics of the lagoon.



The Port of Rio Grande (http://www.portoriogrande.com.br (accessed on 10 December 2021), located inside the Patos Lagoon estuary (Figure 1), is currently one of the most important ports in Brazil. In recent decades, its navigation channels have faced an aggravation of siltation, generating the need to carry out dredging of greater volumes and in higher frequency. According to [32], this aggravation of siltation is related to an increase in the supply of suspended sediment associated with an increase in precipitation in its basin due to ENSO events. Another important factor is unsustainable farming, which promotes the erosion of the Patos Lagoon margins.



Recently, the increase in the frequency and volume dredged brought to discussion alternatives for the destination of the dredged material previously discarded at the coastal disposal site, and a land disposal site at Ilha do Terrapleno (Figure 1) was considered by the Port of Rio Grande Authority as an alternative for sustainable port expansion. Its environmental impacts, however, needed to be addressed before execution of the work to confirm this as a viable sustainable alternative for dredged material disposal. The idea was to change the Ilha do Terrapleno geomorphology in order to maximize landfill and establish an extra mooring pier in a region where the access channel has 11 m of depth.




3. Methods


3.1. Numerical Model


The hydrodynamic model TELEMAC-3D (http://www.opentelemac.org (accessed on 5 December 2020), version V7P0, coupled to its suspended sediment module SED-3D, was used to investigate changes in the hydrodynamics and suspended sediment deposition patterns around Ilha do Terrapleno based on the actual and proposed configurations (Figure 2). TELEMAC-3D solves the Reynolds-averaged Navier–Stokes equations assuming (this study) or not the hydrostatic pressure condition and considering the Boussinesq approximation [33]. For this study, the vertical turbulence model of Mixing length and the Smagorinsky model for horizontal turbulence were used (Table 1). The model considers the evolution of the free surface as a function of time and uses advection-diffusion equations to transport tracer concentrations such as salinity, suspended sediment and temperature (Equation (1)). The suspended sediment concentration is resolved by the SED-3D module, where its characteristics are specified (Table 2). The module considers the flocculation process based on the [34] formula and the deposition and resuspension rates based on the [35] formula. The main results obtained at each point of the computational grid are the flow velocity in the three directions and the concentration of the transported quantities, and the free surface elevation at the surface.
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(1)




where u, v and w represent flow velocities (m s−1); C is the concentration of suspended sediment (kg m−3); Wc is suspended sediment settling velocity (m2 s−1); Kx, Ky and Kz are coefficients of turbulent sediment diffusion (m2 s−1).




3.2. Numerical Grid and Initial and Boundary Conditions


The computational domain of this study covers the region between 29.5°–35.5° S and 48°–54° W (Figure 2), and the bathymetric data used were digitized from nautical charts of the Brazilian Navy and complemented with data provided by the Port of Rio Grande Authority. The domain for these simulations considers the Patos Lagoon and extends to a depth of 2300 m in the oceanic contour so that larger scale model outputs can be used as boundary conditions for the simulations.



The domain was discretized into unstructured computational grids that use triangular finite elements of variable size (Figure 2), using the BlueKenue Software (http://www.nrc-cnrc.gc.ca/eng/solutions/advisory/blue_kenue_index.html (accessed on 10 October 2019). This technique allows better refinement in regions with large bathymetric gradients and complex morphology, and less refinement in regions of less interest. The grid generated for the simulation with the current configuration of Ilha do Terrapleno is composed of 52,098 points, while the grid with the proposed configuration is composed of 51,790 points (Figure 2). Two identical simulations were carried out for a two-year period, from 1 January 2013 to 31 December 2014 and in both simulations, vertical discretization was performed with 7 Sigma levels.



Initial salinity and temperature fields were prescribed based on the results of the HYCOM + NCODA Global Project (HYbrid Coordinate Ocean Model, https://hycom.org/ (accessed on 5 December 2019), which have temporal resolution of 1 day and spatial resolution of 0.083° × 0.083°. Initial suspended sediment concentrations were considered null throughout the domain. The open boundaries in the computational grid were divided into continental, oceanic and surface boundaries, where different boundary conditions were prescribed (Figure 2) to carry out the simulations. The remaining contours were considered closed.



At the oceanic borders, the OSU Tidal Inversion System (OTIS [36]) was used to prescribe the water level, providing the sea surface elevation and the regional tidal flow velocity. The water level was calculated by the inverse solution of the Laplace equations for the tide, using data collected by the TOPEX/POSEIDON Project (http://volkov.oce.orst.edu/tides/global.html (accessed on 6 December 2019), which was made available internally in the TELEMAC-3D Model. Thus, 33 harmonic tidal components were considered a reliable estimate of the ocean surface variation. Once the sea level rise was known at an edge point, the Continuity Equation was integrated, and the flow velocity components were obtained.



The surface boundary of the computational grid was dynamically forced with wind intensity and direction results from the ECMWF global model (European Center for Medium-Range Weather Forecast, http://www.ecmwf.int/ (accessed on 7 December 2019), with a temporal resolution of 24 h and a spatial resolution of 0.75°, being these results interpolated for each grid point. For the continental boundaries, daily continental freshwater discharge data from Guaíba River and Camaquã River obtained from the National Water Agency (ANA, http://www.ana.gov.br (accessed on 8 December 2019) were prescribed. For the São Gonçalo Channel, water level data obtained from the Mirim Lagoon Agency (ALM, https://wp.ufpel.edu.br/alm/agencia (accessed on 8 December 2019) were used and transformed into daily discharge data using a rating curve method proposed by [37], and then calculated its climatology for the time interval 1991–2012. One class of suspended sediment was used in this study, fine silt, with an average diameter of 1 × 10−5 m. The concentrations of fine suspended sediment prescribed at the continental boundaries were 0.35 kg m−3, 0.2 kg m−3 and 0.25 kg m−3 for Guaíba River, Camaquã River and São Gonçalo Channel, respectively. Values of the same order were used in previous studies by [3,7]




3.3. Calibration and Validation


The ability of the numerical model to reproduce the environmental conditions was evaluated by comparing the model results and measured time series of flow velocity and salinity for the same period and calculating the RMAE (Relative Mean Absolute Error) and the RMSE (Root Mean Square Error) parameters. The RMAE allows classifying the quality of results on a scale from bad to excellent [38], while the RMSE reports the magnitude of the error with dimensional values.



The calibration for the TELEMAC-3D hydrodynamic model was carried out for December 2011. The current velocity data were obtained by an Acoustic Doppler Profiler, with temporal resolution of 1 h, anchored at Praticagem Station at 12 m depth (Figure 3A). This equipment has a maximum profiling range (m) of 25–30 m, covering a range of ±10 m s−1, with a resolution of 0.1 cm s−1 and accuracy: ±1% of measured velocity, ±0.5 cm s−1. For the validation of the hydrodynamic model, salinity data from January 2017 obtained by a SBE CT 37SM (Conductivity and Temperature), anchored at 4 m depth (Figure 3A) with an hourly acquisition rate were used. This equipment has a measurement range of conductivity: 0 to 7 S m−1 (0 to 70 mS cm−1), resolution conductivity: 0.00001 S.m−1 (0.0001 mS cm−1) and initial accuracy conductivity: ± 0.0003 S m−1 (0.003 mS cm−1). The model was run using the same type of initial and boundary conditions presented in Section 3.2, but for the selected calibration and validation periods.



Figure 3B,C indicate that the model does represent well the trends of increase and decrease in current velocity. The calculated RMAE was 0.29 at the surface and 0.13 at 12 m depth, classifying the model’s reproduction as good and excellent, respectively, according to [38] (Table 3). The calculated RMSE was 0.26 m s−1 at the surface and 0.11 m s−1 at 12 m. Figure 3D shows measured and calculated time series of salinity at a depth of 4 m. The calculated RMSE was 7.37 psu (within a range from 0 to 35) and the RMAE was 0.23, which classifies the model’s reproduction as good.



The parameters used in the calibration and validation of the suspended sediment module were presented by [32] and summarized in Table 2 for this numerical grid.



Although the model satisfactorily reproduces the measured variables based on the chosen methodology [38], it is important to point out that some approximations were inevitable in the set-up of the simulations. Due to the lack of freshwater discharge time series for the São Gonçalo Channel during the simulated period, this open boundary was forced with a freshwater discharge climatology (from 1991–2012). According to the study carried out by [39], this kind of approximation is expected to generate an underestimation of the freshwater contribution from Mirim Lagoon and consequently affecting the model calibration and validation. Another important aspect is that the São Gonçalo channel has a lock that is kept closed to prevent salinity from Patos Lagoon to reach Mirim Lagoon (Figure 1). Thus, this anthropogenic impact on the natural salinization of both systems is poorly represented in the hydrodynamic model, affecting the natural dilution of coastal waters inside Patos Lagoon estuary and the model predictions. These and other observations are reported by [40] when applying water quality models.



The model also has some limitations in the parametrization of important processes such as the turbulent processes of diffusion and dispersion. This limitation is a reality in most numerical models and particularly for the present study, can impact the model´s predictions around areas of complex morphology and especially around islands. Studies presented by [41,42] report the effect that submerged vegetated regions promote on flows and sediment transport, which are generally poorly represented in models. Such expected impacts will also affect numerical model predictions of sediment transport. Although we are aware of these inevitable approximations in the numerical model, and they must be kept in mind when analyzing the results, we are confident about the quality of the model predictions, especially because the study was based on a comparative analysis between two scenarios.





4. Results


4.1. Flow Velocity and Suspended Sediment Concentration at the Mouth


Figure 4 present estimated values for the flow velocity calculated at the mouth of the jetties (Figure 1) for the entire simulation period (1 January 2013–31 December 2014). The average water discharge was estimated as 2196 m3 s−1, and the suspended sediment transport exported to the coastal zone in the same period was 1.02 × 104 t day−1 for both simulations (actual and proposed Ilha do Terrapleno configuration).




4.2. Comparative Hydrodynamics between Simulated Scenarios


Time series of calculated depth-averaged current velocities were extracted at points P1, P2 and P3 (Figure 2), to draw a comparison between the two scenarios and assess the changes in hydrodynamics in the channel region (Figure 5). At point P1 (Figure 2), the configuration proposed for Ilha do Terrapleno generated an increase of 0.06 m/s in the mean velocity in relation to the actual configuration (Figure 5A). For point P2, the proposed configuration generated a slight decrease in the mean velocity of 0.02 m/s (Figure 5B), while for P3 no alteration in the current velocities was observed (Figure 5C).



In order to analyze potential changes in the intensity and direction of the current velocity field around Ilha do Terrapleno, Figure 6 presents the mean depth-averaged current velocities for the actual (Figure 6A) and for the proposed configuration (Figure 6B) for the island, and the difference between them (Figure 6C) for the entire simulation period. It is possible to observe a decrease in the mean depth-averaged current velocity throughout the main channel between Ilha do Terrapleno and Rio Grande city, except at the northern part of the channel.



Around the Ilha do Terrapleno margins, however, there is an increase in the mean depth-averaged current velocity throughout the west margin, which can reach up to 0.1 m s−1. On the east margin of the island, a reduction in the mean depth-averaged current velocity of up to 0.1 m s−1 is observed in the north-northeast sector while a small increase in the south sector occurs.



For a better understanding of the current velocity distribution along the depth, vertical profiles of the calculated mean current velocity for points P1, P2 and P3 (Figure 2) for both scenarios are presented in Figure 7. At P1 the mean current velocity along the entire water column increased for the proposed scenario (Figure 7A). For the other points, P2 (Figure 7B) and P3 (Figure 7C), velocities are lower at the bottom and increase towards the surface in the proposed scenario for Ilha do Terrapleno.



When looking at the calculated mean current velocity at a vertical profile (T4, Figure 2) throughout the channel between Ilha do Terrapleno and the Rio Grande city for both the actual and the proposed scenarios for Ilha do Terrapleno (Figure 8), interesting results come out. Results show that the calculated mean current velocity intensity is reduced throughout the entire water column from the north to the central part of the channel, while an increase (decrease) in current velocity occurs towards the surface (bottom) in the southern part of the channel.



In order to better understand the mean current velocity behavior across the channel between Ilha do Terrapleno and Rio Grande city, results were analyzed in three transects located in the northern (T1), central (T2) and southern (T3) parts of the channel (Figure 2), for both the actual and the proposed scenarios for Ilha do Terrapleno (Figure 9).



Results indicate that at the northern part of the channel (Figure 9, T1, top panel), the proposed scenario for Ilha do Terrapleno promoted an increase (+14%) in current velocity along the transect, the only exception being the east limit (−45%) (close to Ilha do Terrapleno). In the central part of the channel (Figure 9, T2, central panel), an increase (+5%) in the current velocity occurred close to the surface and a decrease (−23%) in the deeper part of the channel when considering the proposed scenario for Ilha do Terrapleno. A similar behavior occurred at the southern part of the channel, +11% (surface) and −17% (deeper part) (Figure 9, T3, bottom panel).




4.3. Deposition of Suspended Sediment


Figure 10 presents the mean deposition flux for the actual (Figure 10A) and proposed (Figure 10B) scenarios for Ilha do Terrapleno, for the entire simulation period and the difference between them (Figure 10C). In Figure 10C, it is possible to see the tendency of an increase in the deposition flux (positive values), mainly in the central (+25%) and southern half (+40%) of the navigation channel adjacent to Ilha do Terrapleno, and a slight decrease (negative values) in the northernmost region of the channel (−11%). Close to the west (northeast) margins of the Island, the deposition flux presents lower (higher) values, as would be expected due to the change in morphology and local hydrodynamics. This result responds to the changes in the calculated mean velocity fields (Figure 6).



In order to put the mean deposition flux results in the right perspective, Figure 11 shows the bed evolution for the last day of the simulation for the two simulated scenarios and the difference between them. This parameter estimates the thickness of the layer of deposited material arising from the transport in suspension. The model estimated maximum values of bed evolution reaching up to +15 cm in each scenario (Figure 11A,B). In a comparison between scenarios (Figure 11C), positive (negative) values indicate an increase (decrease) in the deposition of material at the bottom for the proposed configuration for Ilha do Terrapleno.



In Figure 11C it is possible to see a tendency of decreasing sediment deposition (negative values) in the northern portion of the navigation channel (-10%, 0.3 cm) and an increase (positive values) along the channel towards the south (+30%, 1 cm) after two years of simulation. Maximum values between −15 and 15 cm were estimated for the difference between the scenarios. Close to the margins of the island, in the North and Northeast regions, it is possible to see an increase in deposition (+31%, 2.5 cm). On the west side of the island, there is a trend of decreasing deposition (−80%, 13 cm).



In order to follow the bed evolution throughout time, time series of bed evolution for the two scenarios were extracted at Points P1, P2 and P3 (Figure 2) and are presented in Figure 12. Results indicate an increase in deposition at Points P2 (max 1 cm) and P3 (max 1 cm) (Figure 12B,C) and a decrease at point P1 (−80%, <0.1 cm), located near the North of the channel (Figure 12A). Thus, the proposed configuration for Ilha do Terrapleno presents bottom evolution values up to 25 to 30% higher for points P2 and P3 at the end of the simulation, but these percentages represent a maximum increase in bed evolution of 1 cm after two years. For Point P1, the deposition is smaller throughout the simulation, also presenting periods of resuspension, and the bottom evolution does not differ from the values for the actual configuration of Ilha do Terrapleno.





5. Discussion


When analyzing the model’s performance, the TELEMAC-3D hydrodynamic model showed good agreement with the data collected in situ during the calibration and validation exercises (Figure 3), reaching values of RMAE and RMSE similar to previous studies [3,7,27,43] and considered at least a good reproduction of reality. Furthermore, the SED-3D suspended sediment module was set-up with the parameterization previously applied on studies of the Patos Lagoon suspended sediment dynamics [3,7,32], where a good agreement with in situ and satellite data was obtained [7,32]. Thus, the authors are confident that both modules are adequate tools for the proposed study.



This numerical modeling tool was then applied to evaluate changes in the hydrodynamics and suspended sediment transport patterns in the Patos Lagoon estuary due to a sustainable expansion of the Port of Rio Grande. The study case was Ilha do Terrapleno, a small island located inside the estuary, which at present is not part of the port infrastructure. Results from numerical simulations were compared for the actual and proposed scenarios for Ilha do Terrapleno (Figure 2). The proposed scenario for the island considers an enlargement of the northeast (268,384 m2) and southwest (122,378 m2) areas of the island and the linearization of its margins, resulting in 3600 m of new berthing wharf areas (Figure 13). These new areas around the island (white areas, Figure 13) represent the opportunity to disposal 722,910 m3 of dredged material in-land, an excellent sustainable port development exercise. This volume was calculated to fill the areas up to the estuary water reduction level. Then, from this level, an elevation of 1 m was considered to align with the average level of the topography of the edge of the island. Depending on the type of soil to be used in the landfill and on its granulometric characteristic and compaction rates, however, the required volume can change.



Constructions and alterations of port and maritime infrastructures inevitably affect the dynamics of their surroundings and must be carried out aiming at the best cost–benefit, both in economic and environmental terms [44]. Results of the present study for the actual and proposed scenarios for Ilha do Terrapleno (Figure 2) were analyzed in terms of export of fine suspended sediment, mean current velocity fields and deposition patterns of fine suspended sediment around the island. Particularly for the export of fine suspended sediment towards the coast, this study calculated 1.02 × 104 t day−1 for both scenarios, as the mouth of the estuary is located 20 km south from the proposed modifications for Ilha do Terrapleno. This value has the same order of magnitude of the export rates estimated by [7], that calculated the value of 3.7 × 104 t day−1 and 3.2 × 104 t day−1 by [3].



The comparison between the actual and proposed scenarios showed changes in the mean depth-averaged current velocity fields both around the island margins and at the adjacent navigation channel (Figure 6). In the proposed scenario, the western portion of the island presented a small increase in mean depth-averaged current velocities (+76%, 0.05 m.s−1), due to the linearization of the island margins (Figure 6C). Likewise, this linearization generated an enlargement of the adjacent navigation channel (central portion), resulting in a decrease in the mean depth-averaged current velocity field (Figure 6C and Figure 8). Except for the extreme northern portion of the channel, where higher mean depth-averaged current velocities were observed, a decrease in the mean depth-averaged current velocity field was observed as a result from the enlargement of this portion of the island, generating a barrier to the flow in the northern portion and a shading region in the northeast region (Figure 6C). Similarly, changes in the mean current velocity profiles along the channel were also observed (Figure 7 and Figure 9).



The current velocity field is directly related to the deposition of suspended sediment at the bottom and one way to present this relationship is through the deposition flux [45], which measures the amount of mass (kg) flowing through an area (m2) per unit of time (s). This flux is related to the settling velocity (Wc) of the suspended sediment particle and the horizontal components of velocity (u and v). Results for the proposed scenario showed an increase in the deposition flux reaching up to 60% in the southern half of the navigation channel (Figure 10C), which is consistent with the change in the mean depth-averaged current velocities fields observed in Figure 6. Similarly, the deposition flux at the regions adjacent to the island were coherent with the alteration in the mean depth-averaged current velocities. Furthermore, a comparative analysis between scenarios for the bottom evolution in the navigation channel and adjacent region of the island (Figure 11 and Figure 12), were also coherent with the estimated changes in the deposition flux.



Based on these results, it is possible to observe a maximum increase of 40% in the deposition fluxes (which is equivalent to a maximum of 2 cm) during the simulated period (two years), especially in the southern portion of the channel. In the northern portion of the channel, deposition rates ranged from 25% (which is equivalent to a maximum of 1 cm) to −11% (which is equivalent to a maximum of 0.03 cm) towards its northern boundary. Thus, although alterations in mean current velocities, deposition fluxes and bed evolution were observed in a time interval of 2 years, they can be considered small.



Within the critical region (southern portion), the increase of deposition fluxes (40%), results in an increase of 30% (which is equivalent to a maximum of 1 cm) in the thickness of the material deposited at the bottom. Considering the simulation time, the maximum value added for the thickness of the bottom material is still low. Aiming at the cost–benefit of this work, it can be considered viable if this variation in the thickness of the material deposited at the bottom remains close to the quotas projected for the dredging planning, which already take place in the area, without changing its frequency.



A comparative study between scenarios for the Patos Lagoon estuary using the TELEMAC-3D model was previously carried out by [20]. The authors estimated changes in the deposition fluxes in the access channel to the Port of Rio Grande after the expansion work of the two jetties located at the mouth of Patos Lagoon. They concluded that the produced funneling effect at the mouth decreased the local hydrodynamics and increased the deposition of the suspended sediment in the area. However, unfortunately, numerical modeling studies were not carried out before the execution of the jetties modification.



According to [46], the deposition of fine suspended sediment in the navigation channels of the Port of Rio Grande can form layers of high density close to the bottom. In [47], the authors measured the density profile in three sectors (north, central and south) of the same channel presented in this study (between Ilha do Terrapleno and Rio Grande city, Figure 1) and observed layers with density change near the bottom. The values ranged from 1080–1600 kg m−3 and the fluid was classified as fluid mud and consolidated mud, respectively [48]. These layers are related to highly concentrated aqueous suspensions of solid material with low density that have a small tendency to consolidation, thus maintaining their mobility [49,50]. Due to its thixotropic properties, the fluid mud presents a non-Newtonian rheological behavior. The SED-3D suspended sediment module, however, is limited to a Newtonian treatment of the bottom, and the simulations were set with a constant value for the critical erosion shear stress. This parametrization does not correspond to the behavior of a non-Newtonian fluid, which presents density stratification varying from fluid mud to slightly consolidated mud, limiting the resuspension estimates when fluid mud is present.



In the study region, only point P1 (Figure 2) and its surroundings reached values equal to or higher for the critical resuspension stress set for the model. However, the analysis of suspended sediment deposition rates for this point and its surroundings, remain valid because the calculated deposition flux is not associated with the occurrence of fluid mud.



Based on the results of this study, the sustainable expansion of the Port of Rio Grande operational capacity considering the creation of 3600 m of berthing wharf areas and minimum environmental impact proved viable when considering the Ilha do Terrapleno proposed configuration (Figure 2). Furthermore, this idea offers the possibility to dispose in land 722,910 m3 of dredged material, a sustainable alternative to the Port of Rio Grande development, and an inspiration for the sustainable development of other ports worldwide.




6. Conclusions


The present study evaluated changes in the hydrodynamics and suspended sediment transport patterns in the Patos Lagoon estuary based on a proposed scenario for sustainable expansion of the Port of Rio Grande. The study showed that the possibility of disposing dredged material in land to make up for a new configuration for Ilha do Terrapleno may be a good alternative for the Port of Rio Grande, generating a considerable increase in new berthing wharf areas at the cost of the periodic dredging operations which already take place in the area.



We understand, however, that the inherent limitations of numerical models together with limitations in the input data for this particular study may have underestimated the rates for the deposition of suspended material, mainly around the island. Thus, further attention needs to be addressed to this issue, and field measurements are suggested.



The main lesson learned from this case-study is that sustainable development alternatives are possible but must be extensively investigated prior to any real environmental alteration.
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Figure 1. Left panel—Patos Lagoon and its main tributaries. Right panel—Zoomed-in view of the lower Patos Lagoon estuary, showing the position of Ilha do Terrapleno and the mooring terminals of the Port of Rio Grande (yellow area). Figure uses actual bathymetric data provided by the Brazilian Navy and Rio Grande Port Authority and interpolated for the domain. 
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Figure 2. Top panel—Model domain with bathymetric information in the color scale and the numerical grid identifying the open boundaries and applied boundary conditions for both simulations. Bottom panel—Zoom-in view of the numerical grid with the actual and proposed morphology for Ilha do Terrapleno. Red transects and points indicate areas from where results were extracted for analysis. 
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Figure 3. (A) Location of stations from where measured data were obtained in December 2011 and January 2017. Current velocity at the surface (B) and at 12 m (C) during the calibration exercise and salinity at 4 m (D) during the validation of the hydrodynamic model. 
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Figure 4. Water discharge at the mouth of the jetties calculated by the model for the simulation period for both simulated scenarios. Red line represents the mean value. 
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Figure 5. Left axis—Comparative hydrodynamics between simulated scenarios. Time series of the depth-averaged current velocities for both simulated scenarios at points P1 (A), P2 (B) and P3 (C). Right axis—Difference between depth-averaged current velocities calculated for the actual and proposed Ilha do Terrapleno scenarios. Red line represents the difference between mean current velocity for the actual and proposed scenarios. 
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Figure 6. Calculated mean depth-averaged current velocity for the actual (A) and proposed (B) configuration for Ilha do Terrapleno and the difference between both scenarios (C) for the entire simulation. The color scale indicates current velocity intensity and vectors indicate current velocity direction. For the differences, positive (negative) values indicate an increase (decrease) in the mean depth-averaged current velocity. The difference is calculated by subtracting the mean depth-averaged current velocity for the proposed from the actual scenario. 
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Figure 7. Mean calculated current velocity profiles for points P1 (A), P2 (B) and P3 (C) for both the actual and proposed scenarios for Ilha do Terrapleno. 
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Figure 8. Calculated mean current velocity for the actual (A) and proposed (B) scenario for the entire period of simulation. The color scale indicates the current velocity intensity, and vectors indicate the direction. At the right (left) of the transect we have the north (south) end of the channel. 
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Figure 9. Mean current velocity across the channel between Ilha do Terrapleno and Rio Grande city, for both the actual (first figure) and the proposed (second figure) scenarios for Ilha do Terrapleno analyzed in three transects located in the northern (T1, top panel), central (T2, central panel) and southern (T3, bottom panel). West (east) limit of the transect is close to Rio Grande City (Ilha do Terrapleno). 
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Figure 10. Average deposition flux for the (A) actual scenario, (B) proposed scenario and (C) difference between them. Negative (positive) values represent decrease (increase) values of deposition flux. 
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Figure 11. Bed evolution for the (A) actual and the (B) proposed scenario for Ilha do Terrapleno and (C) the difference between them. The difference is calculated by subtracting the bed evolution for the proposed from the actual scenario. 
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Figure 12. Bed evolution calculated for point P1 (A), P2 (B) and P3 (C) for both actual and proposed scenarios for Ilha do Terrapleno. The vertical scale is different to improve visualization. 
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Figure 13. Ilha do Terrapleno. Dark blue (cyan) contour represents the actual (proposed) configuration for the island. White areas indicate the island expansion due to the proposed configuration. Yellow lines indicate the linearized coastline for mooring operations. 
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Table 1. The best set of physical parameters resulting from the calibration exercise of the TELEMAC-3D model.
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	Parameter
	Value





	Time step
	90 s



	Coriolis coefficient
	−7.70735 × 10−5



	Horizontal turbulence model
	Smagorinski



	Vertical turbulence model
	Mixing length



	Mixing length scale
	10 m



	Tidal flats
	Yes



	Law of bottom friction
	Nikuradse



	Coefficient of wind influence
	5 × 10−6 N·m−1·s−1
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Table 2. Parameters for the suspended sediment SED-3D module.
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	Parameter
	Value





	Suspended sediment class
	Fine silt



	Mean diameter of the sediment
	1 × 10−5 m



	Critical shear stress for erosion
	1.5 N·m−2



	Critical shear stress for deposition
	0.01 N·m−2



	Cohesive sediment
	Yes



	Density of the sediment
	2650 kg·m−3



	Flocculation formula
	Van Leussen



	Sediment settling velocity
	0.00001 m·s−1
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Table 3. Model reproduction classification based on the RMAE [38].
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	Qualification
	Excellent
	Good
	Reasonable/Fair
	Poor
	Bad





	RMAE
	<0.2
	0.2–0.4
	0.4–0.7
	0.7–1.0
	>1.0
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