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Abstract

:

The Patos-Mirim is the largest coastal limnological system of the world, located in southern Brazil and eastern Uruguay, which encompass over 500 km of coastline. The economical demand for the development of an international waterway brings the need for understanding the Mirim lagoon dynamics and ulterior discharge into Patos lagoon in view of establishing navigation conditions and sustainable development. In this sense, circulation and freshwater discharge dynamics were assessed by running the numerical model TELEMAC-3D for a one-year-long simulation. The model identified the wind direction and intensity as the main combined forcing modulating water circulation and transport between the northern and southern portions and conditioning the recirculation cell orientation. Predominant winds from the S-SW directions could generate adverse conditions for navigation because they would yield low water levels under northwards water transport, thus creating shallow regions for navigation. Under such conditions, the high freshwater discharge coming from the Mirim lagoon would be restricted, and the communication to the Patos lagoon would be sufficiently weakened to prevent navigation activities. Therefore, we recommend that the viability of planning and implementing an international waterway, involving the two countries (Brazil and Uruguay), must take into account wind conditions prior to setting navigation traffic and avoid economic losses.
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1. Introduction


The majority of the world’s population lives in coastal areas. Because of the economic potential and international exchanges, coastal environment margins (estuaries, lagoons, bays) are densely populated and are susceptible to urban activities, such as leisure, fishing, industry, and harbor/navigation operations. Hence, coastal regions are being overexploited and modified, either directly or indirectly, by human action [1,2,3].



Coastal lagoons are commonly observed within the coastal environment, covering 13% of the world’s coastal areas [4]. They are transitional areas between the continents and the oceans and are influenced by strong winds blowing over long fetch distances [5,6]. They are usually set parallel to the shoreline and are separated from the ocean by a sand bar and connected to the sea (at least temporarily) by one or more, either intermittent or permanent, inlets [7].



Particularly, in the eastern South American coast, millions of people live in the Patos-Mirim watershed, which is considered the largest coastal shallow limnological system of the world [4] and one of the most important multi-border hydrographical basins in South America. The Patos-Mirim system is located in southern Brazil and eastern Uruguay (Figure 1) and is formed by the two biggest coastal lagoons in South America: Patos lagoon and Mirim lagoon, with areas of approximately 10,227 km2 and 3749 km2, respectively [8]. The connection between the lagoons occurs through a 76 km long natural channel named São Gonçalo channel (Figure 1), which indirectly connects the system to the Atlantic Ocean [8,9].



This system has economic and strategic importance to both Brazil and Uruguay. Before the 1970s, saltwater intrusion into the lagoon was observed under low freshwater input, which prevented the use of the Mirim lagoon as a drinking water source and agriculture irrigation. In 1977, due to economic pressure, a dam was constructed in the São Gonçalo channel in a region which is 7 m deep and 250 m wide (Figure 1). The dam gate is 3.2 m in height and 12 m long, promoting a water level difference of 40 cm [10]. The gate remains closed in periods of low discharge in Mirim lagoon (and consequently low water levels), which happen mainly during summer and autumn. The objective of the construction was to prevent saltwater intrusion by nearly 80% of the channel extension and for the entire Mirim lagoon [11], but also induce wind-driven freshwater flow towards the Patos lagoon [6,12]. The construction of the São Gonçalo dam granted the rice crops and the freshwater resource, for industries and human consumption, in Rio Grande City and vicinities. However, this impoundment completely shifted the Mirim lagoon hydrodynamics and ecology [13]. This man-made barrier to avoid the salinization caused a decrease in the estuarine species in the lagoon, which led to a decrease in fish landings from 40,000 tons in 1970 to 5000 tons by the end of the 1990s [13]. Nowadays, the principal Mirim lagoon water use is the direct extraction for drinking water and irrigation of rice crops, both in Brazil and Uruguay. This region of South America is responsible for 50% of the rice production of both countries [14].



Also, in the 1970s, studies were carried out and published as technical reports by the Brazilian and Uruguayan Governments under the UNDP/FAO/CLM (United Nations Development Program/ Food Agriculture Organization/Mirim Lagoon Committee). These reports mainly focused on climatological data of precipitation/evaporation regimes, water levels, and discharges. In addition, during this period, the SUDESUL (Superintendence for the Development of the Southern Region) studied the water supply and the water balance for the Mirim lagoon by dividing the region based on its characteristics. As a conclusion, the basin master plan for the Mirim lagoon area was developed [15]. However, the data collection array was not effective enough for covering the entire hydrographic basin. Unfortunately, nowadays, it is still far from being effective.



Nowadays, the implementation of an international waterway connecting Montevideo (Uruguay) and São Paulo (Brazil) is expected soon (Figure 1). Especially due to the recent growth in crops and industrial production, Brazil and Uruguay are assessing the reactivation of the so-called “Mercosul waterway”, which extends for approximately 650 km and connects the north of Patos lagoon to the south of Mirim lagoon, with a direct connection to Rio Grande Harbor (Figure 1). The waterway is expected to be potentially used for the exportation of several products, such as fuel, wood, and mostly rice, but because it is a transboundary system, its political, economic, and environmental management requires international initiatives.



Even though the Patos lagoon is already used for navigation, the development and implementation of the Mercosul waterway depend on understanding the Mirim lagoon hydrodynamics, a shallow coastal system with islands and sand spits, which are potential obstacles for navigation. Therefore, an environmental assessment considering navigation conditions must be undertaken before the waterway implementation, especially since navigation occurs throughout the maximum length axis of coastal lagoons.



Although numerous studies regarding the Patos lagoon have been published [16,17,18,19,20,21,22,23], little is known about the Mirim lagoon hydrodynamics. Machado [24] studied the São Gonçalo channel water quality, compiled precipitation data, calculated historical freshwater discharge values, and concluded that the lagoon holds high water availability, but also identified water hydrological deficit periods (mostly from November to March); being these deficit periods intensified every 10 yr cycles. Hirata et al. [25] observed that the long-term water level oscillations in the lagoon were strongly linked to the El Nino-South Oscillation (ENSO). Oliveira et al. [12] characterized the hydrological regime of the main water inputs to the Mirim lagoon and constructed a stage-discharge rating curve. Costi et al. [6] used a combination of 2D numerical simulations, gauge station data, and Synthetic Aperture RADAR imaging to evaluate the influence of incident winds main tributaries discharge on the system’s water levels and the establishment of barotropic gradients between the Mirim lagoon and São Gonçalo channel. To our knowledge, however, an integrated coupled approach between the two coastal lagoons and the adjacent coastal region was never attempted.



Due to the huge dimensions of the Patos-Mirim system, such an attempt can only be achieved by performing numerical modeling techniques, which present logistic and operational low-costs with high temporal and spatial coverage. In this context, the aim of this work was to investigate the Mirim lagoon hydrodynamic response to the main physical forcing, i.e., wind and freshwater discharge, and the subsequent effect on the southern estuarine region of the Patos lagoon, as a tool for forecasting waterway navigation conditions. The knowledge of the Mirim lagoon dynamics will improve environmental management because it will allow anticipating the impact of future dredging operations in the whole Patos-Mirim system.




2. Methodology


Due to the large area covered by the Patos-Mirim system, the high variability in physical forcing, and the limited field data available, the numerical modeling technique is a recommended solution, as it allows high spatio-temporal resolution for studying the Mirim lagoon hydrodynamics and its associated exchanges with the Patos lagoon. From the model results, it is possible to accomplish a detailed study of the lagoon and infer its response to the physical forcing, estimating the lagoon’s flushing time.



2.1. Telemac Model


The TELEMAC SYSTEM (www.opentelemac.org), developed by the Laboratoire National d´Hydraulique et Environment, of the Company Electricité de France (©EDF), was chosen for this study. The TELEMAC-3D model solves the Navier Stokes equations by considering local variations in the free surface of the fluid, neglecting the density variations in the mass conservation equation, and considering the hydrostatic pressure and Boussinesq approximations in order to solve the momentum equations. The model is based on the Finite Element technique [26].



The horizontal turbulence process was performed using the Smagorinsky model. This closure turbulent model is generally used for maritime domains with large scale eddy phenomena, calculating the mixing coefficient by considering the size of the mesh elements and the velocity field [27]. The mixing length model for buoyant jets was implemented to access the vertical turbulence process, giving a better representation of the stratification and the vertical mixing processes. This model takes into account density effects via a damping factor, which depends on the Richardson number, to calculate the vertical diffusion coefficients. A value of 10 m was considered as the mixing length scale in simulations for the Patos lagoon by [22], and the same value was also held for this study.



These primitive partial differential equations, combined with initial and boundary conditions, were discretized in the model by a finite element, triangular, unstructured mesh. This approach made it possible to set spatially varying mesh resolutions, with increased resolutions for regions with large velocity gradients and/or complex bottom topography. The correct representation of these features increased model efficiency in predicting environmental behavior and also provided a more stable numerical solution.




2.2. Numerical Domain


A high-resolution mesh was built for the domain extended from 28° S to 25° S and reaching up to the 3200 m isobath. The numerical domain consists of 59,778 finite elements, 29,875 nodes, and 10 sigma levels, representing vertical scaled pressure levels [28]. The complexity of the mesh was observed, as shown in Figure 2, where the spatial resolution variability was easily identified, varying from 20 km at the ocean boundary to a few meters inside both coastal lagoons and São Gonçalo channel (Figure 2). The representation of the Patos-Mirim system together with the adjacent coastal region in the same domain was performed here for the first time because it was considered essential to better understand the wind and freshwater pressure gradients driving the exchanges between the Mirim and the Patos lagoon.




2.3. Initial and Boundary Conditions


The initial conditions for the model consist of three-dimensional salinity and temperature fields from the OCCAM project (Ocean Circulation and Climate Advanced Modelling Project, http://www.soc.soton.ac.uk), constant sea-surface height of 1.5 meters (average value for the region), and zero velocity fields. The open oceanic boundaries are forced with sea levels and current velocities from the OCCAM project. Also, for each node in the oceanic boundary, the amplitude and phase of the 5 major tidal components (K1, M2, N2, O1, S2) [18], obtained from the FES95.2 (Finite Element Solution v.95.2) model are included as tidal forcing, representing mainly the diurnal microtidal mixed tide.



The model surface was forced with spatial and temporal varying winds and air temperature fields from the ECMWF (European Centre for Medium-Range Weather Forecasts, http://www.ecmwf.int) reanalysis with 0.75 degrees spatial and 6 hours temporal resolution and interpolated based on a second-order non-linear approach for each mesh element. These data were interpolated for each node in the model mesh. Time series of daily freshwater discharge for the five main rivers in the Patos-Mirim system were used as continental liquid boundaries. According to [12], the main tributaries for the Mirim lagoon are the Cebollati, Tacuari, and Jaguarão rivers, while for the Patos lagoon, are the Taquari, Jacuí, and Camaquã rivers [7,8]. All the riverine data were obtained from the Brazilian Water Agency (Agência Nacional de Águas, ANA—http://www.ana.gov.br) for 2002, and interpolated for the mesh nodes involved in each specific boundary.




2.4. Model Calibration


The model’s ability to reproduce the observed environmental conditions was assessed by comparing modeling results with measured water level time series from stations Santa Izabel (P1) and Santa Vitória do Palmar (P2) (Figure 2), provided by the Agência de Desenvolvimento da Lagoa Mirim (ALM—http://wp.ufpel.edu.br/alm). The modeling results quality was assessed by the correlation between measured and calculated water levels using the RMAE (relative mean absolute error) and the RMSE (relative mean square error) indexes. The RMAE qualifies the model results in a nominal scale from bad to excellent (Table 1) [29], whereas the RMSE calculates the error magnitude as dimensional values.



Calibration tests were carried out by setting model coefficients in the ranges tested before for Patos lagoon hydrodynamic simulations [20,21]. For the calibration simulations, values for the wind stress coefficient (Cw) ranged from 1 × 10−5 to 5 × 10−3; for the Manning formulation for the bottom friction coefficient (Cf), values ranged from 0.4 to 0.6, and for the horizontal turbulence coefficient (Cs) in the Smagorinsky parameterization, values were 0.01, 0.1, and 1 (Table 2). The calibration tests yielded similar results, where Cw = 1 × 10−5, Cf = 0.04, and Cs = 1 exhibited the lowest RMSE.



A comparison between the calculated and observed water levels for station P1 is shown in Figure 3A. Data showed a correlation of r = 0.96, with a standard deviation of 0.87 m, and RMSE of 0.31 m. The RMAE for station P1 was 0.13, which qualified the model reproduction as excellent. For station P2 (Figure 3B), the correlation was also 0.96, the RMSE was 0.13 m, and the RMAE was 0.32, qualifying the simulation as good. An analysis of the water level trends for stations P1 and P2 indicated that even though the reproduction of the model was considered at least good, after 170 days of simulation, the model overestimated the water levels, even though the model calculated oscillations were still in phase with the observed data. In the validation exercise, the reasons for this behavior would be further assessed.




2.5. Model Validation


The model validation was performed by comparing 90 days-long water level time series from the Patos lagoon estuary (station P3, Figure 2) to the water levels calculated by the model (Figure 4). No filters were used in the series.



The correlation between the observed and calculated water levels was 0.59, with a standard deviation of 0.12 m. The RMAE was 0.57, qualifying the model reproduction as regular; the RMSE was 0.18. As observed by [20,21] in validation exercises for the Patos lagoon with the TELEMAC-3D, the model reproduced well the tendencies of the lagoon, but sometimes it overestimated the water elevations and/or showed a phase delay when compared to direct observations. Because the Patos lagoon estuary is mainly forced by the freshwater input and the wind forcing in sub-tidal scales, [16,19,20,21,30] argued that the model behavior could be linked to the low resolution of the wind input data and the lack of data for the Taquari river. Even with some data restrictions, the model showed a good ability to reproduce the dynamics of the regions, especially in the Mirim lagoon, where the calculated water levels showed a good correlation with the measured data.



In order to understand the Mirim lagoon hydrodynamics and its interactions with the Patos lagoon, a 365-day-simulation was carried out for the year 2002, considering 10 vertical sigma levels. The first 3 months of the simulation were considered as the model start-up and were not be used in any further analysis.




2.6. Flushing Time


In order to describe the Mirim-Patos interactions, the temporal evolution of the flushing time (tf) for the Mirim lagoon was calculated for the simulated period. The flushing time is a common parameter used to describe the water exchange of a water body without characterizing the physical forcing behind such exchanges. Considering the total Mirim lagoon mass as the lagoon total volume (V) and the mass transfer ratio as equal to the system discharge (q), the flushing time (tf) in a given period is:


   t f  =  V q   



(1)









3. Results and Discussion


3.1. Water Level


Figure 5 shows water level variability calculated by the model for station P1 (Mirim lagoon) and the cumulated rivers input by the lagoon tributaries. These results showed high discharge rates occurring during the autumn and winter period (days 120 to 300), which did increase the Mirim lagoon water level by 3 m. The water level tendency is in agreement with the cumulated river input. Oliveira et al. [12] analyzed a 3-years-long water level time series for three stations at the Mirim lagoon and observed an increase of approximately 2.5 m in the lagoon water level for high precipitation conditions. Costi et al. [6] studied the flooding persistence in the wetlands in relation to the water level anomalies in the Mirim lagoon and São Gonçalo channel.



Since the Mirim lagoon exhibits several water sources and only one narrow output, the São Gonçalo channel (Figure 1), it does work as a freshwater reservoir where the main water flow is observed towards the Patos lagoon estuary. Moreover, the São Gonçalo channel has a gentle slope [8], which contributes to the low water flux towards the Patos lagoon and the increase in the Mirim lagoon water levels. Oliveira et al. [12] suggested that freshwater inputs for the Mirim lagoon are influenced by ENSO events, increasing the precipitation in the region [31,32]. The ENSO influence on the Mirim lagoon was also observed by [25]. The authors reported water level variations up to 5 m when analyzing time series from 1912 to 2002. Costi et al. [6] reported that the water level variability of the Mirim lagoon is dominated by the river discharge from intra-seasonal to annual timescales, although the wind is responsible for temporal variations in the synoptic time scale.



Figure 6 shows the water level difference calculated by the model for the maximum southwestern wind (Figure 6A) and the maximum northeastern wind (Figure 6B) during the simulation period. Southern quadrant winds (S-SW) push water northwards, generating high water levels at station P1, whereas north quadrant (N-NE) winds push water southwards, increasing the water level in the southern portion of the lagoon. The local wind can produce water level slopes up to 3 meters between the lagoon extremities. In this sense, [12] observed that because of the Mirim lagoon orientation, the smooth bottom topography, and the shallow bathymetry compared to its huge superficial area, the local wind appears to be the most important factor forcing the lagoon dynamics, transporting water between the north/south water body extremities. Moreover, the lagoon follows the same orientation as the dominant winds in the region (from the NE). Costi et al. [6] also observed a water level asymmetry between the southern and northern limits of the Mirim lagoon, which was higher in the austral winter and autumn, but persistent over all seasons and dependent on the wind direction.



Figure 7A shows the calculated height difference between the northern and southern portions of the lagoon (black line) and the measured longitudinal rotated component of the wind (red line). The correlation between these series was calculated using cross-wavelet analysis. This method locates power variations within the discrete time-series over a range of scales and provides the local and the global power spectrum [33]. The local power spectrum (Figure 7B) indicated that the longitudinal wind component is an important factor modulating the Mirim lagoon circulation, by inducing oscillation cycles of 2 to 12 days, which lead to the transport of water from one extremity to the opposite. The global cross energy spectrum between the series (Figure 7C) corroborated the result at a 95% confidence level, as the significant results (above the dashed line) were restricted to a time interval of approximately 15 days. This result is in agreement with [12] when analyzing measured data.



These results indicated the local wind action as the main physical forcing for the Mirim lagoon, evidencing that the water level changes evolved from the wind action are a key variable for this system. Especially in relation to the implementation of the Mercosul waterway linking the northern region of the Patos lagoon to the southern region of the Mirim lagoon, the wind-driven circulation could represent a potential shortcoming to navigation. Under the influence of southwestern winds promoting northwards water transport, extremely low water levels occur in the southern portion of the Mirim lagoon. This behavior could be an impediment to the construction of harbor terminals in such a region. The numerical simulation of dry periods and frontal systems passage in the region (SW winds) would be a tool for a preliminary assessment of potential areas susceptible to harbor setting.



Marques et al. [20] performed an analytical model for the Patos lagoon to assess the longitudinal slopes induced by the winds and observed a good correlation between the water level and the longitudinal component of the wind, as shown in Figure 8A. In the case of Mirim lagoon, there is also a correlation between the water slope and the wind because the maximum length of the system is set in the same direction of the predominant wind, which is the main factor controlling the circulation processes between not only the Patos lagoon extremities [16,34] but also those of Mirim lagoon. The local energy spectrum for the Morlet wavelet showed a high correlation between local winds and water slopes at 2 to 14 days of oscillation cycles (Figure 8B). The global cross energy spectrum between the series (Figure 8C) corroborated such a result at a 95% confidence level, as the significant results restricted to a maximum time interval of approximately 15 days. The correlation between the water slope and winds is probably stronger for the Mirim lagoon than for the Patos lagoon, possibly because Patos lagoon is also dependent upon both non-local wind and freshwater input. The non-local wind acting at the adjacent coastal area influences the water level in the Patos lagoon due to Ekman pumping at temporal scales of 3 to 16 days [16], while the freshwater input can account for 80% of the water level variation in the central portion of the Patos lagoon at even annual or larger scales [20,21].




3.2. Currents


Model results indicated that the Mirim lagoon maximum current velocity at the surface occurs at the São Gonçalo channel, ranging from 0.2 to 1.2 m s−1 in periods of high water discharge (not shown due to the channel dimensions). Due to the orientation and the stronger winter wind intensity (i.e., southern winds), the maximum current velocity in the main lagoon area (0.57 m s−1) occurred at the restricted channel located at the northern portion, which is in agreement with the maximum velocity of 0.6 m s−1 observed by the Mirim lagoon committee [10].



Figure 9 shows the surface velocity vectors for the maximum southwestern wind (Figure 9A,C,E) and maximum northeastern wind (Figure 9B,D,F) observed during the simulated period. Results indicated that southwestern winds promote stronger currents within the Mirim lagoon. The occurrence of shallow areas, sand spits, and the relatively flat bottom topography induces several recirculation cells dependent on the wind direction.



According to the mean current intensity/direction, it is possible to divide the lagoon into three main areas: extreme north (Figure 10A, transect T3—Figure 2), where northeastern current velocity equals 0.3 m s−1 is predominant, and the mean stream flows towards the Patos lagoon; central area (Figure 10B, transect T2—Figure 2), where northeastern currents of 0.1 m s−1 are predominant, but the mean flux presents a broad direction spectrum; and finally, extreme south (Figure 10C, transect T1—Figure 2), where the number of recirculation cells is highest, resulting in high current direction variability.



Although the wind action promotes water level slopes between the lagoon extremities and creates and shapes recirculation cells, it does not change the main flow direction towards the Patos lagoon, even under NE wind conditions, which leads to a water level increase at the mouth of São Gonçalo channel. This flux is reversed only during extremely low water levels inside the Mirim lagoon. Even under such conditions, the Patos lagoon salt wedge does not intrude into the Mirim lagoon due to the presence of a dam (Figure 1) [11].




3.3. Cross Section Circulation


The assessment of the Mirim lagoon vertical circulation consisted of the model results extraction at three transects (Figure 2) and analysis for the maximum northeastern and southwestern wind conditions. Figure 11A shows transect T1 under northeastern wind conditions where a longitudinal northwards flux was observed in the central and deeper portion (0.25 m s−1 current intensity), while in the shallower areas, a southwards weaker flux was observed. The transversal currents near the bottom flow were in the opposite direction to the surface, thus indicating the presence of lateral pressure gradients. The opposite occurred under the southwestern wind condition (Figure 11B), where the transversal current velocities accounted for up to two orders of magnitude higher than under northeastern wind conditions. In highly variable bottom topography regions, the current direction strongly depends on the lagoon margin morphology. The flux in shallow regions is transported in the same direction as the winds in the whole lagoon, and the opposite direction of the wind in the deeper areas [35,36,37].



At transect T2 (Figure 2), at the central region of the lagoon, it was possible to observe an intensification of the longitudinal currents in the eastern margin (Figure 11C,D), with values ranging from +0.2 to −0.2 m s−1 according to the wind intensity, and near-zero at the bottom. The east margin of the lagoon is deeper and contains the navigation channel. In this section, the transversal velocities showed the same order of magnitude as the longitudinal velocities and the same direction for the entire water column. Even though deeper, the circulation in this region is typical for shallow regions, where currents flow in the same direction as the winds due to the continuity effect [35,36,37].



At the downstream transect T3, near São Gonçalo channel (Figure 2), under northeastern winds (Figure 11E), the currents response to wind was similar to transect T1, with currents flowing in the same direction as the winds in shallow regions, and in the opposite direction in deeper regions. In the deeper layers, however, the northwards flux was maintained. Under southwestern wind conditions, the northward circulation was stronger in the entire water column (Figure 11F), and there were no flux inversions near the bottom. The southwestern wind pumps the Mirim lagoon water towards the Patos lagoon. Such water flux strengths as it flow through the narrow São Gonçalo channel, and due to the continuity effect, the circulation maintains the same direction in the entire water column. The modeled results are in close agreement with the observed data in the region: southwest winds increase the Mirim lagoon discharge to the Patos lagoon, whereas northeastern winds change the flow direction in the Mirim lagoon mouth. The residual flow is, nevertheless, always from the Mirim lagoon towards the Patos lagoon.




3.4. Discharges


As the Patos lagoon is located in a microtidal region, its dynamics depends mostly on the riverine freshwater input and both local and non-local wind [16,18]. Based on modeling results for the simulation period, it was possible to calculate the Mirim lagoon discharge to the Patos lagoon, and from the Patos lagoon to the coastal zone. Figure 12A shows the Patos lagoon discharge to the coastal zone, in which positive (negative) values represent flood (ebb) conditions. The maximum ebb discharge was 19,000 m3 s−1, whereas the maximum flood was 10,000 m3 s−1, thus indicating the predominance of ebb fluxes towards the coast. The mean discharge was 4500 m3 s−1, which is in agreement with [38].



The Mirim discharge to the Patos lagoon was calculated based on the São Gonçalo (Figure 1) flow regime (Figure 12B). Such flow depends on the water level difference between the two lagoons, and during this period, it was always flowing towards the Patos lagoon. Results indicated that the contribution from the Mirim lagoon ranged from 300 m3 s−1 to 2250 m3 s−1, with a mean value of 1100 m3 s−1. According to the Mirim Lagoon Committee [10], the average discharge for the lagoon is 700 m3 s−1, peaking to 3000 m3 s−1 under flooding conditions. The Rio Grande do Sul State Environmental Agency [39], on the other hand, estimated a Mirim lagoon discharge of 433 m3 s−1 and 437 m3 s−1, for winter and summer months, respectively. More recently, [12] observed discharges of 99 m3 s−1 for January 2009 and 1503 m3 s−1 for December 2009 and concluded that the discharge from the Mirim lagoon towards the Patos lagoon is affected by ENSO events.



Because of the freshwater input from the Uruguayan rivers into the Mirim lagoon, and the low discharge rate towards the Patos lagoon, the flushing time for the Mirim lagoon was high, i.e., 145 days on average (Figure 12C). The lowest flushing time calculated for this period is of 80 days, whereas the highest is 220 days. Oliveira et al. [12], based on a historical time series and the mean volume of the lagoon, calculated higher flushing times, ranging from 195 to 1500 days. This difference could be related to the methodology used by these authors, who considered the mean volume for the lagoon, whereas, in this paper, the calculations were performed using the lagoon modeled volume. Moreover, 2002 was an atypical year under the ENSO event, which increased the freshwater discharges because of more intense rainfall, as commonly observed for other similar events in the Patos lagoon [34].



The freshwater inputs to the Mirim lagoon could be as high as 15,000 m3 s−1 during high discharge periods (Agência Nacional de Águas—ANA), and the maximum discharge to the Patos lagoon at the São Gonçalo channel was smaller than 3000 m3 s−1. Thus, it is evident that the Mirim lagoon retains the exceeding volume, acting as a huge freshwater reservoir. These values explain the long-lasting higher water levels observed in the lagoon, which were also observed by [12,25], and because of the high flushing times, the lagoon could be susceptible to water quality problems.



Figure 13A shows the temporal discharge variability of the main river inputs into the Patos lagoon (Guaíba and Camaquã Rivers) and the São Gonçalo channel discharge, representing the Mirim lagoon contribution. The São Gonçalo channel discharge was lower than the other rivers; under dry conditions, however, when the river input to the Patos lagoon decreased, the Mirim lagoon discharge could be higher than the other two sources combined. Thus, the Mirim lagoon is an important source of freshwater to the estuarine area of the Patos lagoon.



Hartmann and Schettini [40] observed that the Guaíba river is responsible for approximately 85% of the freshwater input to the Patos lagoon, followed by the Camaquã river with 13.2%. The calculated contribution of the São Gonçalo channel to the Patos lagoon during low freshwater input (October to December), however, was higher than 70% of the total amount of freshwater input (Figure 13B). Because the dissolved inorganic nutrients in the Mirim lagoon come from continental sources [41], and the abundance and distribution of the phytoplankton, zooplankton, and ichthyoplankton are controlled by the salt gradients [41,42], the São Gonçalo channel discharge may have an important role in the organisms distribution and abundance in the Patos lagoon estuary by creating mixing conditions.



Thus, the Patos-Mirim lagoon is a unique system in the world, where two coastal lagoons, being one of them connected to the open ocean, are naturally connected through a long channel. Before the construction of a dam, they exchanged salty and freshwater, producing a different environment than that is observed nowadays, mainly in the Mirim lagoon. Wong and Wong and Garvine [43,44] commented about the propagation of tidal and subtidal signals from Chesapeake to Delaware Bays, which could be considered a similar coastal system, but the channel connecting them was man-made.





4. Final Remarks and Conclusions


Results from this study corroborated that the Mirim lagoon hydrodynamics was modulated by the local wind and moved further, indicating that this contribution occurred in time scales of 2–12 days to establish water slopes of up to 3 m between the Mirim lagoon extremities and promote water level increase (decrease) at the north during winds from the SW (NE). Although a similar behavior was observed in the Patos lagoon, this study indicated that the relation between the water slope and the local wind was more significant in the Mirim lagoon, probably because this system is not subject to the non-local wind effect (Ekman transport).



The calculated current velocities at the surface of the Mirim lagoon indicated maximum values around the São Gonçalo channel during periods of high discharge. Current velocities were stronger, and recirculation cells were more evident during SW winds, although they were observed throughout the simulated period. The unprecedented identification of these recirculation cells suggested that the Mirim lagoon could be divided into three regions where currents have distinct behavior: extreme south, with shallowest regions where currents exhibit the broadest direction spectrum; central, with the deepest regions, where there is a well-formed circulation channel with either northward or southward flow (depending on the wind direction); extreme north, with the strongest current velocities due to the narrower section towards São Gonçalo channel.



The novel three-dimensional hydrodynamic results of the Mirim lagoon provided a new perspective on understanding the system’s response to the main physical forcing (wind) in these three regions. Results indicated that in the extreme south region, northward (southward) flows occurred in the central deeper areas during NE (SW) winds, while the opposite happened in the shallow areas, establishing a bidirectional longitudinal flow. Transversal flows in this region proved to be two times stronger during SW winds. In the central region, the longitudinal flow is unidirectional according to the wind, being more intense in the eastern margin and weaker in the shallows. The transversal flow in this region presented the same order of magnitude as the longitudinal flow. In the extreme north region, the longitudinal flow was bidirectional during NE wind events and unidirectional during SW winds. Transversal flows were more significant during SW winds.



Although the wind action promoted water level slopes between the lagoon extremities and created and shaped recirculation cells and particular flow features, it did not change the main flow direction towards the Patos lagoon, even under NE wind conditions, which led to a water level increase at the mouth of São Gonçalo channel. This flux was reversed only during extremely low water levels inside the Mirim lagoon.



As the water input to the Mirim lagoon might be higher than its discharge to the Patos lagoon throughout the São Gonçalo channel, the Mirim lagoon acted as an important freshwater reservoir for Brazil and Uruguay. This feature produced high flushing times (mean = 145 days, min = 80 days, max = 220 days), being responsible for up to 70% of the freshwater input to the Patos lagoon during the simulated period.



Especially in relation to the implementation of the Mercosul waterway, the wind-driven circulation could represent a potential shortcoming to navigation. Under the influence of SW winds promoting northwards water transport, extremely low water levels occurred in the southern portion of the Mirim lagoon. This behavior could be an impediment to the construction of harbor terminals in such a region. The numerical simulation of dry periods and frontal systems passage in the region (SW winds) would be a tool for a preliminary assessment of potential areas susceptible to harbor setting. Thus, the projected waterway political authorities must take into account the water level difference as a function of the discharge and wind (intensity and direction), as well as the circulation cells affecting the sediment dynamics inside the Mirim lagoon to optimize navigation traffic and avoid economic losses in the Mercosul waterway.
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Figure 1. The Patos-Mirim system location. The yellow/orange solid line indicates the São Gonçalo channel and Mirim lagoon navigation project waterway. A green dot indicates the São Gonçalo dam. The yellow circles represent the most important river inputs. The red line represents the projected waterway, which involves shipping activities from Brazil and Uruguay. 
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Figure 2. (A) Numerical mesh for the hydrodynamic simulations, and its liquid (1, 2, and 3) and continental (4, 5, 6, 7, and 8) boundaries. Current velocity data were prescribed in boundaries 1 and 3; tides and low-frequency sea surface heights in boundary 2; salinity and temperature in all boundaries; freshwater discharge in the boundaries 4 to 8 (Guaíba, Camaquã, Jaguarão, Taquari, and Cebollati rivers, respectively). (B) Detail of the Mirim lagoon region; (C) Location of stations P1 (Santa Izabel) and P2 (Santa Vitória do Palmar); location of transects T1 and T2. (D) Detail for the São Gonçalo channel region, which connects the two lagoons; location of station P3 and transect T3. 
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Figure 3. (A) Simulated and observed time series of water levels at Santa Izabel (P1) station and (B) at Santa Vitória do Palmar (P2) station from 1 January 2001, to 31 December 2001. 
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Figure 4. Temporal variability of observed (solid grey line) and calculated (dashed black line) water levels at P3 station from 1 January 2001, to 31 May 2001. 
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Figure 5. (A) Calculated water level in the Mirim lagoon at station P1 and (B) cumulated rivers input in the lagoon (Jaguarão, Cebollati, and Taquari rivers) for 2002. 
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Figure 6. Water levels calculated by the model for the maximum (A) southwest wind and (B) northwest wind from the simulated period. 
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Figure 7. (A) Temporal variability of simulated height difference between the Mirim lagoon extremities (black line) and measured longitudinal component of the wind (red line) used for the cross-wavelet analysis. (B) Local cross energy spectrum based on a Morlet wavelet analysis. The black thick contours indicate regions above the 95% confidence interval for a red noise process with a lag-1 of   α = 0.72  , and the black dotted line indicates the influence cone where the edge effects became important. (C) Global cross-energy spectrum. The black dashed line indicates the 95% confidence level. 
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Figure 8. (A) Temporal variability of simulated height difference between the Patos lagoon extremities (black line) and measured longitudinal component of the wind (red line) used for the cross-wavelet analysis. (B) Local cross energy spectrum based on a Morlet wavelet analysis. The black thick contours indicate a 95% confidence limit for a red noise process with a lag-1 of   α = 0.72  , and the black dotted line indicates the influence cone of edge effects. (C) Global cross energy spectrum. The black dashed line indicates the 95% confidence level. 
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Figure 9. Calculated surface current velocity vectors at different Mirim lagoon regions for the maximum southwestern wind (A,C,E) and maximum northeastern wind (B,D,F) observed during the simulation period. 
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Figure 10. Mirim lagoon monthly frequency distribution of currents for (A) extreme north (transect T), (B) central (transect T2), and (C) extreme south (transect T1). 
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Figure 11. Velocity profiles during maximum northeastern (left column) and southwestern (right column) winds for T1 (A,B), T2 (C,D), T3 (E,F) transects. Transversal velocities are represented by the vectors (different scales for better visualization), whereas longitudinal velocities are represented by the color pallet. Northward flux is shown in red colors, while southward flux is shown in blue colors. 
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Figure 12. (A) Temporal variability in the Patos lagoon discharge to the coastal region. Positive values represent flood, while negative values represent ebb conditions. (B) Simulated temporal variability of the Mirim lagoon freshwater discharge to the Patos lagoon during the simulated period (2002). (C) Modeled flushing times for the Mirim lagoon in 2002. 
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[image: Water 11 02209 g012]







[image: Water 11 02209 g013 550] 





Figure 13. (A) Discharge time series from Guaíba (dashed line) and Camaquã (gray line) rivers, and simulated São Gonçalo channel (black line) discharge to the Patos lagoon. (B) Mirim lagoon freshwater contribution via São Gonçalo channel to the Patos lagoon during the simulated period (2002). 
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Table 1. RMAE (relative mean absolute error) classification rates [29].
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	Index
	Excellent
	Good
	Reasonable
	Poor
	Bad





	RMAE
	<0.2
	0.2–0.4
	0.4–0.7
	0.7–1.0
	>1.0
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Table 2. Coefficient values tested during the calibration.
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	Cw
	Cf
	Cs





	1 × 10−5
	0.4
	0.01



	5 × 10−3
	0.6
	0.1



	
	
	1







Cw—wind stress coefficient, Cf—Manning bottom friction coefficient, Cs—horizontal turbulence coefficient in the Smagorinsky parameterization.
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