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Waves have been found to modulate circulation, stratification, and sediment dynamics in several estuaries, mainly near the mouth. This study analyzes the effects of waves on the hydrodynamics, stratification process, and dynamics of the salt wedge in an estuary with a microtidal range, high fluvial and sediment discharges, and dominated by waves: the Magdalena River estuary (MRE). It is, under low flow conditions, a highly stratified, salt wedge type. Field measurements and the MOHID 3D modeling system, 2D coupled with the SWAN model, were used for this purpose. The low flow seasons of 2018 (February-March) and 2020 (March) were taken as case studies. Results show that when considering wave effects in the numerical simulations, more realistic conditions are reproduced in the circulation patterns and salinity distribution in the outer estuary. Variations in velocity patterns and salinity distribution are found between the mouth and 2 km upstream of the mouth when comparing the simulations with and without waves, especially in the mixing layer. These variations in hydrodynamics and stratification may be associated with increased wave-induced bed shear stress, variations in barotropic and baroclinic acceleration, and increased vertical mixing. At 2 km into the river channel, the reduction in wave height energy of 95% and changes in salinity distribution are already lower than 2%. In addition, it was observed that waves do not generate significant changes in the dynamics of the salt wedge, which is mainly affected by the diurnal tidal cycle, presenting variations in the length of the intrusion of up to 1 km, and in the magnitude of the longitudinal salinity gradient at the salt front, presenting low salinities at high tide when the wedge enters, and high salinities at low tide, in its retreat.
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Introduction

Estuaries are areas where the exchange of water, sediments, salt, nutrients, and pollutants occurs between land and the ocean, . This exchange depends on the interaction between oceanic, atmospheric, and river drivers, which defines its extension, vertical density structure, and morphology (Prandle et al., 2006; Toffolon et al., 2006; Ma et al., 2015). Most of them are highly populated places, which can bring pollution problems, due to their multiple uses (recreation, ports, fishing, water demand, among others). The study of the physical processes of circulation, stratification, and mixing between river and seawater has been mainly based on field measurements and the application of numerical models where, usually, the effects of waves are neglected, either to simplify the system (Maljutenko and Raudsepp, 2019), or because of the low level of energy they contribute (Jang et al., 2012; Defontaine et al., 2020). In the cases that include the effects of waves on hydrodynamics, stratification or sedimentary dynamics in estuarine systems, it has been found: (i) a decrease in surface flow velocity at the mouth, when the direction between the estuarine outflow jet and the waves is opposite; (ii) differences in the current field, where the waves can generate strong coastal currents; (iv) weakening of stratification due to increased vertical mixing; and (v) changes in sediment deposition and transport due to re-suspension of sediments on the bottom, because of increased shear stress (Bolaños et al., 2014; MacVean and Lacy, 2014; Jia et al., 2015). Such effects are considered relevant for to the most energetic cases of waves (Gong et al., 2018a; Chen et al., 2019).

The main effects of waves on estuarine hydrodynamics have been evaluated using the radiation stress tensor and Stokes drift. In microtidal estuaries, waves have been observed to generate strong littoral currents that affect coastal sediment transport (Davis and Fox, 1981), and wave breaking has been observed to increase the mixing of river and seawater (Dyer, 1991). The decrease in velocity, when the waves propagate against the outflow estuarine current, is accompanied by a rise in water level surface at the mouth and inland of the estuary due to the increased effective friction over the outflow (Bender and Wong, 1993), and by the Stokes drift that causes a buildup of water and momentum landward, resulting in a negative seaward level gradient (Guo et al., 2014). These changes produce variations in hydrodynamics and circulation processes, which in turn can affect sediment deposition patterns at the mouth of estuaries and may be more significant during low freshwater discharges (Zhang et al., 2018). In numerical models, the effects of waves when coupled with water body simulations is addressed through the 2D radiation stress formulation, based on the linear wave theory of Longuet-Higgins and Stewart (1964). Radiation stress is defined as the excess momentum flow due to the presence of waves. The water body model MOHID is coupled in a way with the spectral wave model SWAN, incorporeting to incorporating into MOHID the fields of significant wave height, period, wavelength, direction, wave-induced force (2D radiation stress), and maximal orbital velocity near the bottom (Malhadas et al., 2009; Park et al., 2015).

There are few studies at the Magdalena River estuary (MRE), where the hydrodynamic processes have been analyzed considering the effects of waves, even though it has been classified as a mixed delta dominated by waves and fluvial discharges (Wright, 1977; Wright et al., 1980; Restrepo et al., 2018). Urbano et al. (2013), employed a 2D hydrodynamic model and the SWAN model (Booij et al., 1999) to study the effect of the mean water currents on the waves, showing that the significant wave height is incremented inside of the MRE by the river outflow and as a function of wave direction, with greater penetration when waves are coming from the north. Ospino et al. (2018) studied the variations in saline intrusion in the MRE, using the MOHID 3D numerical model, considering different freshwater discharges and wind conditions, finding that the river flow is the main force in the variation of saline intrusion, but without considering the effects of waves. Otero et al. (2021), based on the results of MOHID 3D, studied the stratification and mixing in the estuary under cold, warm, and neutral ENSO (El Niño Southern Oscillation) conditions, finding that, during the low-flow season, under warm and neutral ENSO conditions, the estuary is salt-wedge type, and salinity intrusion can reach 20 km upstream the mouth under extreme low flow conditions, whereas, during cold ENSO conditions, the estuary is well mixed, fluvial conditions prevail, and mixing processes occur outside the river mouth. The effects of waves on hydrodynamic processes in the MRE were not considered in this case.

Filling The gap, the present work is focused on the effects of waves on hydrodynamics, processes such as stratification, circulation, and salt wedge dynamics are evaluated in the MRE. Field data and the coupling of the 3D MOHID finite volume model (Neves, 1985; Leitão, 2003; Franz et al., 2017), with the SWAN spectral wave model (Booij et al., 1999), previously calibrated and validated, were used. The low freshwater discharge seasons of 2018 and 2020 were taken as case studies, simulating current-only conditions (tidal and river), and comparing the results with simulations that include also the effects of waves on hydrodynamics.


Study area

The Magdalena River estuary is located in northern South America, on the Caribbean coast of Colombia (Figure 1). The Magdalena River generates the largest input of fresh water (205 km3 y-1) and sediment (144X106 t y-1) to the Caribbean Sea. More than 90% of the sediment discharged by the river is transported in suspension (Higgins et al., 2016). The system presents flows with high seasonal and interannual variability, with average values of between 9570 m3s-1, for periods of high discharges (Oct-Nov); 7293 m3s-1, for medium discharges; and 5090 m3s-1 on average, for low discharges; with minimums as low as 2800 m3s-1 (Otero et al., 2021). Under low flow conditions at the mouth, salt wedge intrusion is present, whereas, at high flows, there is no stratification within the delta, and the halocline is found outside the mouth (Ospino et al., 2018; Otero et al., 2021).




Figure 1 | Shows the location of the study zone in (A) South America and Colombia; (B) the mouth of the Magdalena River, showing the location of the engineering structures built along the main channel (1-9) and (C) bathymetry and location of the measuring instruments and longitudinal transepts of the measurements station with CTD in dry seasons 2018, P1 wave data measuring with the Aquadop profiler (12-19-2014 to 01-24-2015), P2 the location of the Nortek Aquadopp profiler and S1 and S2 Cross sections for the 2020 dry season.



The climate in the Colombian Caribbean is characterized by two seasons: a dry season from December to May, and a wet season the rest of the year. The wet season is interrupted by a relatively dry stretch in June and July, known as the Veranillo de San Juan (Poveda and Mesa, 1999; Andrade, 2001). Regarding wind, the multiannual mean velocity at the deltaic front presents high seasonal and interannual variability. Seasonal wind patterns are defined by the latitudinal migration of the intertropical convergence zone (ITCZ) and the trade winds (Poveda, 2004), with speeds of between 0.5 and 12 ms-1, with maximum speeds of up to 14 ms-1 in March. During the dry season, the locally waves is dominated by the wind, with significant average heights of 1.5 m, with maximum heights of 3.9 m in the outer zone of the delta (Ortiz et al., 2013; Daniel et al., 2015). During low flow periods (December-March), the most intense winds and local wind wave heights occur at the river mouth (Ortiz et al., 2013). This can generate re-suspension processes in the sediments (e.g. Gallivan and Davis, 1981; Shi et al., 2006), greater mixing in the water column, which can affect vertical stratification patterns, penetration into the salt wedge (Gong et al., 2018a), as well as longitudinal and transverse variations in salinity and density patterns, mainly in the mouth zone.

The MRE is a microtidal estuary, with a tidal range between 0.48 and 0.64 m in neap and spring tide, respectively, of mainly diurnal mixed predominance (F=1.67) (Restrepo et al., 2018). Recent measurements have recorded tidal effects inland of the estuary (39 km inland of the river), with maximum amplitudes of 0.37 m, showing that, under low flow conditions, the length of the estuary exceeds 40 km inland of the river, and the length of the estuary is modulated by flows and tide (Alvarez-Silva et al., 2020).



The model description and setup

To analyze the effects of waves on hydrodynamics, stratification, and salt wedge dynamics in the MRE, a one-way coupling of the 3D MOHID model (Neves, 1985; Martins et al., 2001; Leitão, 2003; Leitão et al., 2008) and the SWAN wave model (Booij et al., 1999) was performed. MOHID is a numerical model that can be run in a 2D barotropic mode, or a 3D baroclinic mode. This model employs a finite volume approach to solve the Reynolds averaged form of the Navier–Stokes equations (Eq. 1) with the Boussinesq approximation, assuming hydrostatic equilibrium. A detailed description of the MOHID equations can be found in Martins et al. (2001).

 

where V represents the control volume, vH=(u,v) the horizontal velocity vector, v=(u,v,w) the velocity vector, n the normal vector to the bounding surface A, nH the normal vector related to the horizontal plane, υT the turbulent viscosity, ρ the water density,   the water presure, g is gravitational acceleration, Patm the atmospheric pressure, η the water level, Ω the earth rotation vector, and F is external forces, which include the wave induced force (gradient of radiation stress) computed by the wave model. The wave induced force was considered in the model MOHID in different systems (Malhadas et al., 2009; Malhadas et al., 2010; Delpey et al., 2014; Franz et al., 2017).

The MOHID 3D numerical model assumes hydrostatic approximation. This implies that the rate of change of diffusion and vertical advection is ignored, and the pressure gradient in the vertical is balanced with gravity. This can be a disadvantage in salt wedge type systems, where non-hydrostatic processes are important in pressure variation (Lai et al., 2010; Fringer, 2013). Total Variation Diminishing (TDV) method (Roe, 1985) incorporated in the model, which helps to improve the vertical stratification process, reducing numerical diffusion (Duarte et al., 2014). The horizontal and vertical advection of momentum, heat, and mass were calculated with the Total Variation Diminishing (TDV) method. This method consists of a hybrid scheme between a first and third-order method, using a weighting factor calculated with the SuperBee method. This method presents a good balance between stability and accuracy.

The model was implemented in the study area using two nested domains, with the following configuration (Table 1). The larger mesh covers an area of 844 km2, with a discretization of 220x150 nodes, with a horizontal cell size of 160 m, time step of a 8 s. This domain was forced at the open boundaries with the sea with 30 tidal components, extracted from the FES 2012 global tidal model, and at the fluvial boundary with gauging flows measured in situ during the study seasons. From previous measurements performed at the MRE (Restrepo et al., 2018), assigning constant salinity and temperature values at the sea and river boundaries was considered according to 37 and 0.1 salinity, and 24.5° and 29°C in temperature, for the sea and the river, respectively.


Table 1 | MOHID Model configuration.



The general grid provides the open boundary conditions to the detailed grid, which covers an area of 387 km2 with 288x212 nodes, of an 80m cell size, with a time step of 4 s. The nested grid was executed with 35, 40, and 47 vertical z-type layers, showing the best results in the structure of the salinity and density distribution. The modeling began, with a sigma-type vertical discretization in the detail mesh. However, with this configuration, the model underestimates the entry of the saline wedge and presents difficulty in representing the velocity fields at the mouth, due to the strong gradients in the bathymetry in this area.

The transition of hydrodynamic conditions at the boundary of the nested model was performed using a Flather-type relaxation method for barotropic flow, with a relaxation scheme for the velocity, salinity, and temperature fields, spanning 10 cells, with a decay time of 86400 s at the open boundary, and 0 s in the interior of the domain. The Smagorinsky horizontal turbulence closure model was used, whereas the vertical turbulence was solved with the general ocean turbulence model (GOTM); using the k-ϵ vertical turbulence closure model and the Canuto A stabilization method (Canuto et al., 2001). Global Forecast System (GFS) wind data from the node closest to the seaward boundary (11.10’0.048” N, 74°50’0.168” W) was used. Winds were considered constant in space, and variable in time (Δt=3h). The wind stress parameter was calibrated at 0.0001, which presented the best result in the calibration processes on the distribution of salinity and density in the outer delta zone.

On the other hand, the SWAN wave spectral model was run only on the detail grid, using as boundary conditions the WAVEWATCH III (WWIII) and wind (GFS) model wave reanalysis series for the two-case study. The processes of refraction, diffraction, bottom friction, nonlinear wave-wave interactions (quadruplet and triad), wave-current interaction, and dissipation by breakage were considered. The model SWAN provides significant wave height, wave period, wavelength, wave direction, wave-induced force (2D radiation stress), and maximal orbital velocity near the bottom for the hydrodynamical model MOHID 3D.



Bathymetry

The bathymetric information for the construction of the calculation grids was obtained from the GEBCO global database of bathymetry, from official local nautical chart bathymetry and inside the estuary (from the mouth to 40 km inside the river). They used a detailed bathymetry survey in 2018, with multibeam technology and 1m resolution.



Field data

The vertical salinity and density profiles, measured with a Castway CTD, with a sampling frequency of 4Hz, were used to calibrate and validate the MOHID 3D numerical model. The measurements were performed during the dry season of 2018 (Feb 28- Mar 5) and 2020 (Mar 14 and 15). In the 2018 dry season, measurements were made in the outer estuary area, along three transects in a north-west, north, and north-east direction (Figure 1). In addition, profiles were measured, from the mouth-upstream, along two parallel longitudinal transects up to 6 km upstream of the mouth. The exact dates of measurement in each zone, the number of surveyed profiles, and the simultaneously measured river flows are presented in Table 2. During the 2020 low flow season, measurements were taken at two cross sections located in the inner estuary at 2.5 km (S1) and 3.5 km (S2), during one tidal cycle (25 hours), as shown in Figure 1.


Table 2 | Location of salinity profiles, temperature, density, and flow values measured for the 2018 and 2020 dry seasons.



Flows in the estuary during the 2018 dry season ranged from 3600 to 3670 m3s-1, while the 2020 dry season presented an average flow of 3200 m3s-1, according to gauging measurements made in situ with an acoustic Doppler current profiler (ADCP RiverPro). These measurements are considered representative of low flow periods.

Two tide records were made using a pressure sensor (TR 1060 RBR), at points P2 and P3 (Figure 1), located 4 km (11° 04’ 39.48” N, 74° 50’ 43.86” W) and 7 kms (11° 2’ 48.24” N, 74° 49’ 46.74” W) from the mouth of the river. At P3, measurements were taken between February 24 to March 18, 2018, and, at P2, between March 14 and 18, 2018. At point P2, velocity profiles were also measured with a Nortek Aquadopp Profiler current meter, taking data every 10 mins, for 1 min, at a frequency of 1 Hz. The equipment was located at the bottom, at a depth of 10 m, the transducer was installed at 0.7 m from the bottom, with a 0.5 m blanking distance, and a cell size of 0.5 m.

To perform wave measurements was not possible during the field campaigns due to the high energy maritime weather in the months of February and March, which prevented, on both occasions, the installation of wave sensors. Therefore, a third period, from 19-12-2014 to 24-01-2015, was used to calibrate the SWAN model, which has this waves information at point P1 in Figure 1 (11°5’ 55.19” N-74°53’ 17.47 “W). These measurements were made with a 400 kHz ADCP Aquadopp profiler. Burst measurements of 2048 data were taken every hour, at a frequency of 2 Hz. Significant height (Hs), peak period (Tp), and peak direction (Dp) were calculated with the data of each sea state.



Stratification parameters

To analyze the effect of waves on stratification in the MRE, the gradient Richardson number   was used, where   is the buoyancy term, and   is the shear stress term, Water density and vertically averaged density ρ and ρ0 (kgm-3), u and v are the flow velocity components (ms-1), z is the depth (m) and g is gravity acceleration (ms-2). To calculate the gradient Richardson number, the velocity (u and v) and density profiles of the model were used. The gradient Richardson number for each profile cell i was determined from the expression  . The representative Richardson number of a vertical profile is the median of ΔRzi (Simanjuntak et al., 2016).

This non-dimensional parameter was used to assess the stability in the water column, and to estimate the mixing rate through the halocline (Dyer, 1991). A Richardson number Rigc = 0.25 (or normalizing  ) is taken as critical value. Below this threshold the water column is unstable and well mixed (Geyer and Smith, 1987).

Additionally, to quantitatify stratification in the estuary, the potential energy anomaly (ϕ ) (Simpson, 1981; Pu et al., 2016), was used. This parameter represents the amount of work required to vertically mix a unit volume of estuarine water. The potential energy anomaly is defined as  , where ρ is the density of estuarine water, and   is the average density given by the expression  . When ϕ tends to zero, it indicates mixing, positive values indicate stable stratification, and negative values indicate unstable stratification.

In addition to the stratification parameters mentioned, the Simpson dimensionless number (Simpson et al., 1990) was used. The Simpson number (Si) evaluates the balance between the contribution of the longitudinal density gradient as a driver of circulation and stratification versus the input of the bottom friction velocity as a mixing force in estuaries (Meyers et al., 2015). To evaluate the effect of waves on stratification, the bottom friction velocity scale was modified (U*2 = , where τbed is the bed shear stress considering the tide, and tidal effects with the waves. The Si number was calculated with the expression ( ), where H is the depth, U*2 is the square bottom shear velocity and   is the longitudinal buoyancy gradient. When Si>1 the system is stratified, for values much higher than 1 it is highly stratified, while for small values (close to zero) the mixing destroys the stratification, and the water column is mixed.



Skills for verification

To show the model’s ability to represent tidal dynamics, currents, and salinity and density gradients in the MRE, during the low flow season, its results, with and without wave effects, were compared to data from field observations. In total, during calibration, measured and simulated levels at points P2 and P3 (Figure 1), the temporal evolution of the velocity profile at point P3, and salinity and temperature profiles measured during the dry season of 2018 were compared. Moreover, for validation, the model results were compared with the distribution of salinity and density, measured during a tidal cycle in the dry season of 2020, in cross sections S1 and S2, as shown in Figure 1.

To evaluate the model, the basic metric statistical indicators root means square deviation (RMSD), Bias, Skill, and Willmot’s coefficient (WS) (Willmott, 1981; Goudsmit et al., 2002) were used.







	

Where, hobs and hmodel denote time series of observed and modeled data, respectively. For the case of vertical profiles of salinity and density, these statistical indicators were calculated by averaging the measured data every 0.5 m in the water column to match the measured and modeled data (∆z=0.5m , for the model within the estuary). Perfect agreement between the model results and observations yields a SKILL or WS of 1.0, whereas complete disagreement yields a value of 0. While RMSD or BIAS of 0 indicates perfect agreement between the model results and observations yields, and great values indicate complete disagreement yields




Results

This section presents the results of the calibration of the MOHID 3D-SWAN models and evaluates the effects of the (low flow season) waves on: (i) hydrodynamics; (ii) stratification patterns and distribution in salinity; and (iii) dynamics in salt wedge intrusion and changes in the salt front.


Model verification

The comparison between simulated and measured data from water level, velocity, salinity, density and wave parameters it was used: skill, Willmott score, bias and root mean square deviation.



Water velocity and level

Figure 2A shows the measured and simulated vertically averaged velocity at P2. Both series produced: skill=0.82, RMSD=0.0034ms-1, bias=0.0085ms-1, and WS=0.7568. From the value of skill and WS, the ability of the model to represent the velocity in the estuary is observed. In Figures 2B, C, the level comparisons for P2 and P3, respectively, are shown. The model was able to represent level variations along the river channel, including neap and spring tide conditions (Figure 2C) with 0.94 < skill < 0.97 and 0.91 < WS < 0.96, respectively, RMSD and bias minor to 0.01m.




Figure 2 | Measured and simulated time series of (A) velocity at point P2. (B) Water level series at point P2. (C) Water level series at point P3. (Including spring and tidal conditions). Comparison of salinity profiles considering wave-current interaction at the. (D) North-west (02-28-2018). (E) North-east (02-28-2018). (F) Mouth (02-28-2018 and 02-03-2018), and (G) North (03-01-2018) zones of the plume.





Salinity and density

Figure 3 shows the measured and simulated mean salinity profile, with the standard deviation of the set of simulated profiles at different locations in the outer zone and at the mouth of the estuary. The model, in this case, includes the effects of waves. A good representation of the vertical distribution of salinity in the area is observed. Table 3 shows the statistical indicators between measured and simulated profiles, with and without wave effects. There, skill values between 0.73 and 0.80 are detected for the simulation with waves, and values between 0.62 and 0.75 for the cases in which the effect of waves is not included in the outer zone. In the mouth, the skill and Wilmott Score present values higher than 0.9 for both cases. These results indicate that the model better represents the salinity gradients in the outer zone of the MRE when the effects of waves are considered.




Figure 3 | Measured and modeled salinity transects in the inner estuary in March 2018. (A) Longitudinal transect. (B) Transversal transect at km 2 inside the estuary.




Table 3 | Mean statistical indicators for salinity, with and without waves, in the outer zone and at the mouth of the MRE.



Figure 3A shows a longitudinal section in the MRE where the measured and modeled salinity gradients, with and without waves, during the dry season of 2018, are compared. Similarly, the cross-sectional distribution of measured and modeled salinity in a section of the MRE is presented (Figure 3B). The model capably reproduces the strong longitudinal and transverse salinity gradients within the estuary, underestimating the wedge inflow by approximately 400m, with respect to the longitudinal section measurements in March 2018 (Figure 3A).

Model validation with respect to salinity and density distribution was performed with profiles measured during the 2020 dry season. Figure 4 presents the cross-sectional distribution of measured (Figures 4D, F) and simulated (Figures 4E, G) density in sections S1 and S2, respectively (Figure 1). The modeled tidal conditions during the measurement (Figure 4A), and the measured and simulated mean profile with the standard deviation of the simulated profiles (Figures 4B, C) in sections S1 and S2. The model represents the strong gradients in density, and its variability throughout the tidal cycle for this area.




Figure 4 | Cross-sectional distribution of measured and modeled density in the inner MRE in section S1 and S2 for the 2020 dry season. (A) Water level.Measured and modeled average density profile S1 (B) and S2 (C). Measured (D, F) and modeled (E, G) density in the cross sections at different tidal stages [according to panel (A)] in sections S1 (D, E) and S2 (F, G). The letters a-l is diferents moments of tide.





Wave

To calibrate the SWAN model, wave data, measured at point P1 at coordinates 11°5’ 55.19” N-74°53’17.47 “W (Figure 1), was used for the 19-12-2014 to 24-01-2015 period (dry season). The Hs and Tp data, measured for the period January 1-15, 2015, were compared with the SWAN model results, as shown in Figures 5A, B). In this area, the SWAN model was able to represent the significant heights with a skill of 0.84, and the peak periods with a skill of 0.8. Then, the SWAN model was run, with the same configuration, to obtain the wave fields in the dry seasons of 2018 and 2020.




Figure 5 | Comparison of measured [(A) Hs and (B)Tp], and SWAN modeled wave parameters in the MRE plume (P1), (skill of 0.83 and 0.80 for Hs and Tp, respectively, were found). Waves rose from SWAN model results at -2 km (outer zone) in 2018 (C) and 2020 (E), and 0.5 km (inner zone), in, (D) 2018 and (F) 2020. Significant wave heights are expected in (G) 2018 and (H) 2020 at various locations.



In Figures 5C–F, simulated wave roses are presented for the 2018 and 2020 dry season at two points, outer zone at -2 km (Figures 5C, E), and inner zone at 0.5 km (Figures 5F, G). In addition, the evolution of the significant wave height around the mouth (-2km, -0.5 km, 0 km, 0.5 km, and 2 km) for the modeled period, 2018 (Figure 5G) and 2020 (Figure 5H), is shown. The wave direction in the outer zone is ENE and NE, with significant wave heights between 1-2 m and 2-2.5 m for the low flow seasons of 2018 and 2020, respectively. This direction is changing due to refraction processes, so that, at the mouth and inside the estuary, the wave direction is N. An energetic wave is observed in the outer zone of the estuary, with significant wave heights between 1.5 and 3.0 m. At the mouth, values between 0.5 and 1.7 m are presented, which decrease in the interior of the estuary (+0.5 km), taking values between 0.3 and 1.0 m. The model shows significant heights between 0.1 and 0.15 m, at 2 km inside the estuary, where most of the wave energy has been dissipated (about 95%). Between March 5 and 6, there was a ground waves with periods between 15 and 17 s, coming from the east, with Hs between 1 and 1.5 m. This wave-type wave presented greater amplification in the mouth zone (Figure 5G).



Effects of waves on hydrodynamics

Figure 6 shows the differences between the average level over the tidal cycle, with and without wave effects, for 2018 and 2020, both in plan and in a longitudinal section along the MRE deep channel. Particularly, in Figures 6A, C, the waves increase the sea level in the area east of the mouth, with level variations between 0.04 and 0.06 m for 2018, and between 0.06 and 0.09m for 2020. This is due to the contribution of the waves in the sea level variations in the breaker zone (setup) of the beach located east of the mouth. In the frontal zone (low subtidal), level increases are observed, with a maximum of 0.02 in 2018 and 2020, meanwhile, between the mouth and 0.5 km, the waves produce the tendency to increase the level, as shown in Figures 6B, D, with percentage differences in level, positive for both cases, between 1 and 4% for 2018 and 2020. From 0.5 km upstream, negative percentage differences (between 0 and -1%) are presented for both cases (2018 and 2020), with a small level increase of less than 1% between 1.5 and 2 km, for the 2020 dry season (Figure 6D).




Figure 6 | Difference of water level averaged in tidal cycle with and without waves effects for (A) 2018 and (C) 2020. Percentage difference of water level averaged in tidal cycle with and without the effects of waves in a. Longitudinal section in (B) 2018 and (D) 2020.



In Figures 7A, C, the difference in the velocity distribution of the component parallel to the channel (V) is presented, in addition to the vector difference of the components (Uw−U,Vw−V ) with and without waves, showing the difference of the river flow with black vectors and the flow of the salt wedge with red vectors. A decrease in velocity is observed when the effects of waves on hydrodynamics are considered in most of the longitudinal section, presenting differences in the upper mouth (river) zone of up to -0.02 and -0.03 ms-1 for 2018 and 2020, respectively. In the salt wedge zone, maximum differences of 0.02 and 0.04 ms-1 are presented for 2018 and 2020, respectively. Then, the waves weakened the river velocity and the inlet velocity of the salt wedge in both seasons. In 2018, the decrease of the velocity component parallel to the channel was more relevant around the mixing zone between the mouth and km 7, whereas, in 2020, the velocity decrease was more significant between the mouth and km 2 for the river and salt wedge flow.




Figure 7 | Difference in longitudinal velocity distribution, with and without waves, averaged over a spring tidal cycle: (A) Dry season, 2018 and (C) Dry season, 2020. (Black and red vectors indicate the difference in river and salt wedge velocity, respectively). Differences in vertically averaged velocity along the estuary for the (B) Dry season, 2018 and (D) Dry season, 2020. (Flow to the sea is considered positive, while flow to the river is considered negative).



Figure 8 presents the differences in velocity, with and without waves at the surface, at the bottom and vertically averaged, in the spring tidal cycle, for 2018 and 2020. The largest differences in surface (Figures 8A, D) and vertically averaged (Figures 8C, F) velocity were presented in the north-east area, due to the waves break, which generates increases in the littoral currents, with variations of up to 0.1 and 0. 15 ms-1, for 2018 and 2020, respectively. The largest differences in bottom velocity (Figures 8B, E) occurred in the frontal zone of the mouth (subtidal flats) and in the north-eastern zone, adjacent to the mouth, with differences of up to -0.05 and -0.1 ms-1 for 2018 and 2020, respectively. In the inland zone, the greatest wave effects on velocity occurred between the mouth and km 2, with differences in surface velocity of up to -0.01 and -0.02ms-1 for the 2018 and 2020 dry seasons, respectively, with a greater effect on velocity in the season with the most energetic waves (2020).




Figure 8 | Differences in tidally averaged velocity magnitude, with and without waves at the surface (A, D). Bottom (B, E), and vertically averaged (C, F), in 2018 (A–C), and 2020 (D–F).





Wave effects on intrusion and the saline front

Figures 9A, B shows the length of the saline intrusion with the effect of the wave (red) and without the wave (black), for the dry seasons of 2018 and 2020. Figures 9C, D shows the level and mean value of salinity at the saline front boundary without the effects of waves for the 2018 and 2020 dry seasons, Figures 9E, F shows the level and mean value of salinity respectively at the saline front boundary with the effects of waves for the 2018 and 2020 dry seasons, and Figures 9G, H) shows averaged frequency buoyancy in the front salt wedge with and without effects of waves for the 2018 and 2020 dry seasons. According to the Figure 9, the salt wedge penetrations for the 2018 modeling period were between 5300 and 6150 m, with and without wave effects, presenting a maximum instantaneous difference in the salt intrusion of 100 m (Figure 9A), while, for the 2020 modeled modeling period, the salt intrusion with wave effects varied between 6900 and 7250m and between 7000 and 7300 m, without wave effects, presenting a maximum instantaneous difference of 160 m (Figure 10B). The greatest penetration into the salt wedge occurred when the model did not account for the effects of wave-current interaction for the two modeled cases, but with instantaneous variations of less than 2%. These small differences in salt intrusion, with and without wave effects, show that waves are not a relevant factor in salt wedge variations, whereas the diurnal tidal cycle generates changes in intrusion up to 850 and 920 m, for 2018 and 2020, respectively. These variations are more relevant in spring tidal conditions. In addition, the inflow and retreat of the salt wedge are independent of wave effects, being mainly affected by the diurnal tidal cycle (Figures 9C, D), presenting the greatest variation in the length of the salt wedge (of 1200 and 1100 m) in spring tide for 2018 and 2020, respectively. In neap tide conditions (2018), similar values are observed in the length of salt wedge intrusion for 2018. In high tide conditions (at spring tide), a decrease in the magnitude of salinity is observed in the salt front, taking average values between 10 and 20 for both seasons, with and without wave effects; Considering that, for low tidal amplitudes, there are higher mean salinity values between 25 and 32, showing that the increase in mixing in the water column induced by high tide a decrease in salinity and the frequency of buoyancy in the front salt wedge and low tide favors baroclinic circulation is more effective, increasing salinity and buoyancy frequency in the saline front (Figures 9C–H).




Figure 9 | Temporal variation in saline intrusion length the dry season 2018 (A) and 2020 (B) with (red) and without (black) wave interaction. Water level and mean salinity at the salt front (averaged over the last 200 m of the salt wedge, with the salt wedge boundary set at 2 gkg-1) without wave interaction for the 2018 dry season (C) and the 2020 dry season (D) and with wave interaction 2018 dry season (E), and 2020 dry season (F). Averaged buoyancy frequency at the salt front the 2018 dry season (G) and the 2020 dry season (H).






Figure 10 | Gradient Richardson number normalized for the dry season 2018 (A) and 2020 (E). Simpsons number averaged over the spring tidal cycle for the dry season of 2018 (B) and 2020 (F), potential energy anomaly averaged over the spring tidal cycle for 2018 dry season (C) and 2020 (G). (Without waves in black and with waves in red). and bottom shear velocity averaged over the spring tidal cycle for 2018 dry season (D) and 2020 (H).





Vertical mixing and layer processes

Figure 10 depicts the normalized gradient Richardson number (Figures 10A, E), dimensionless Simpsons number averaged over the spring tidal cycle (Figures 10B, F), potential anomaly energy for a longitudinal section averaged over the spring tidal cycle (Figures 10C, G), and bottom shear velocity averaged over the spring tidal cycle (Figures 10D, H), calculated with the model for the 2018 dry season (Figures 13A, B), and 2020 (Figures 10C, D), calculated with the model data, with and without wave effects. Values greater than zero are observed for the normalized gradient Richardson number, dimensionless Simpsons number and for the potential energy anomaly, which is related to the stratification generated by the presence of the salt wedge in both seasons. Between the mouth and the 1st km, there is a 10% decrease in the gradient Richardson number as calculated with the effects of waves, which shows how the waves induce a reduction in the stability of the water column. However, in this same section, there are no significant changes in the potential energy anomaly (percentage differences of less than 2%), so the decrease in the gradient Richardson number may be related to the increase in the total shear stress in the water column, while, when the effects of the waves are considered, between the mouth and 2 km, the Si presented presents a difference, for 2018 and 2020, of -59 and -125%, respectively. At the same way the bottom shear velocity showed differences of 58 and 93%, for 2018 and 2020, respectively. Between 2 km and the highest penetration of the salt wedge, the percentage difference of Si and U* was less than 10 and 30%, respectively for both modeling scenarios.

Between the 1st km and the zone of maximum length of salt intrusion, the gradient Richardson number registered values higher than 0.25, both with and without waves. However, this parameter is higher, between 4% and 10%, when the contribution of waves is not considered for the dry seasons. The potential anomaly energy presented lower values, between 5 and 12% difference, for the data without and with the effects of the waves, indicating that the effect of the waves is manifested in a decrease in the intensity of the stratification.

Figures 8A, C show the difference in salinity distribution, with and without wave effects, averaged over the tidal cycle, for a set of cross sections between the mouth and Km 2, for the 2018 and 2020 dry seasons. Figures 8B, D show the difference in longitudinal salinity distribution averaged over the spring tidal cycle, with and without wave effects, for 2018 and 2020, respectively. For both seasons, percentage differences between -5 and 5% are present, with and without wave effects; these differences are largest around the halocline and mixing layer.

For flow conditions of 3600 m3s-1 and Hs=0.70m at the mouth (2018), an intensification of salinity is observed in the halocline (between 1 and 2.5), which is more significant in the phases of major and minor ebb, while in the rest of the longitudinal section, there is a decrease in salinity between -0.1 and -0.3. There are three clearly distinguishable zones: between the mouth and 320 m, where the waves generate lower average salinities in almost the entire section, except for an increase in salinity on the left bank between 400 and 1000 m towards the interior of the river (Figures 8A, C). A second zone (between km 1 and 2), where the waves weaken the magnitude of salinity between 6 and 10 m depth -0.2 and -0.5 for 2018 and 2020, respectively, which is associated with a decrease in the frequency of buoyancy, produced by changes in velocity due to the narrowing works in this area of the river. A third zone (between km 2 and 7), where higher intensity in salinity prevails without wave effects for 2018 (Figure 8B), and a decrease in salinity for 2020 (Figure 8D. In the halocline zone, a third zone (between km 2 and 7) with higher salinity intensity without wave effects for 2018 (Figure 8B) and a decrease in salinity for 2020 (Figure 8D); these differences are primarily generated in the internal mixing layer for the two modeling scenarios (Figures 8A, C). The flow for 2018 and 2020 was 3600 and 3200 m3s-1, respectively. In the case of lower waves (2018), there was a higher flow, implying higher turbulent kinetic energy in the halocline zone, which added with the mixing produced by the waves induces an increase in salinity between Kms 2 and 7, observing positive differences in salinity (Figure 8B). Meanwhile, in 2020, there was a lower flow and a higher significant wave height, generating a decrease in salinity (km 2 to 7) (Figure 8D). This indicates that even though the difference in flow for the 2018 and 2020 cases is 500 m3s-1, this parameter has a relevant role in evaluating the effect of waves on the distribution of salinity in the halocline zone. For 2018, between km 2 and 4 (Figure 8A), the increase in salinity in this zone may be associated with the greater availability of water, which when mixed generates an increase in salinity due to the extra energy provided by the waves in this part of the mouth; meanwhile, for 2020 (Figure 8C), the excess mixing induced by the waves occurs between km 0 and 1.

Figure 10 show the residual difference of the salinity distribution, with and without waves, for the first 8 layers, between the surface and 3.5 m deep, for 2018 and 2020. In both cases, great variability is observed in the distribution of the differences in salinity, which are more significant between 0 and 2m, which corresponds to the dispersion zone of the river plume. The greatest differences in salinity are found in the northeast zone (differences greater than 1), while in the northwest zone, negative salinity differences were observed in the same layers, showing that the waves advects the river plume towards the northwest, and that the greatest variations in salinity in the outer zone occur mainly around the mixing layer (between 0 and 1. 5m), whereas, in the inner zone, the differences in salinity are not significant in these layers, moving to deeper zones, as observed in the cross-sectional distributions in the interior of the MRE (Figure 11). The greater differences in the north-east zone may be related to the increase in the coastal currents produced by the wave break in this zone, which force the plume to disperse to the north-west, which is where the lowest salinities are present in the modeling, without including the effects of the waves.




Figure 11 | Differences in the transversal (A, B) and longitudinal (C, D) salinity distribution, with and without waves interaction, averaged over the spring tidal cycle, during the dry season of 2018 (A, C) and 2020 (B, D).






Discussion

The gradient Richardson number, shear stress, buoyancy frequency, and potential energy anomaly are the parameters that were used to understand the wave effects on stratification. The effects of waves on hydrodynamics, salinity distribution, and salt wedge dynamics the differences in velocity, level, and salinity as averaged over the spring tidal cycle, were analyzed


Model verification

This highlights the importance of considering wave dynamics in the analysis of hydrodynamics and stratification in estuarine systems with high wave energy, such as the MRE.

Comparing the modeled salinity profiles, with and without waves, with the measured data (Figures 2D–G) shows a better fit in the salinity distribution in the outer zone when waves are considered (Table 3). This could be because the waves help to represent more realistic conditions in the system (Bakhtiari and Zeinoddini, 2011; Schloen et al., 2017), whereas, in the inner estuarine zone, with and without wave effects, the model represented strong longitudinal and transverse gradients in salinity and density distribution (Figures 3, 5, 6). Furthermore, the wave induces higher salinity in the pycnocline zone (2018), and lower salinity at the bottom (2018 and 2020). In the 2018 dry season, the salt wedge intrusion length calculated by the model was 6100 m, for flow conditions of 3600 m3s-1, wind speeds between 4.5 and 12 ms-1, and significant wave heights of 1. 2 m at the mouth, but for the 2020 dry season, the maximum salt wedge intrusion length was 7300 m, for flow conditions of 3200 m3s-1, wind speeds between 5 and 12 ms-1, and wave conditions of 1.0 m at the mouth of the MRE. The model results show an underestimation in the salt wedge of approximately 300 m for the 2018 dry season, and 500m for the 2020 dry season. This difference in the measured and modeled salt wedge inflow, in the two case studies, may be related to the cell size in the detail grid (∆x=∆y=80m ) and the vertical turbulence closure models (Ralston et al., 2017). Another aspect that affects the dynamics in salt wedge intrusion length are the complex variations in bottom morphology. Given that the bathymetry used to construct the computational grids was performed in 2018, and the system exhibits morphological changes between 2018 and 2020. These intra-annual changes have been reported by Restrepo et al. (2020) and Ávila (2021), who, from the analysis of bathymetric information from the MRE for the 2006-2012 and 2000-2017 periods, respectively, found unstable morphological conditions along the riverbed, high erosion, and sedimentation rates in different areas of the channel. These morphological changes influence the pattern of salt wedges and stratification dynamics (Pu et al., 2016; Jovanovic et al., 2019; Zachopoulos et al., 2020).

When comparing the modeled and measured significant height and peak period data for the January 1 to 15, 2015, period, the SWAN model was able to represent significant heights and peak periods with a skill of 0.84 and 0.8, respectively. These skill values are acceptable for estuarine systems with complex bathymetry such as the MRE (Clunies et al., 2017).



Effects of waves on hydrodynamics

The results show that waves affected the level and current fields in the MRE, this can be observed in: (i) An increase in the level in the area east of the mouth due to wave breaking and in the interior of the estuary (mouth up to km 2) while, for distances greater than 2 km, the interior of the estuary dissipates the effects of the wave on the tide, showing that, in this area, the transition from wave dominance to tidal dominance is present (Davis and Fox, 1981; Dalrymple et al., 1992) (ii) An increase of longitudinal currents induced from waves in the eastern zone of the mouth; in this zone, there is the greatest variation in the magnitude and direction of the currents, due to wave breaking and the increase of shear stress; this increase of the coastal currents can contribute to the deflection of the dispersion of the plume towards the northwest in the mouth zone, (iii) decrease of the velocity in the frontal zone of the mouth and in the interior of the estuary, the salt wedge decreased due to the effect of the waves; this decrease was more significant in the mouth, between 5 and 7m from surface, taking percentage difference values of 8.3 and 6.5% for 2018 and 2020, respectively. In the case of 2018, the differences in velocity extend up to km 7, with negative differences around the halocline (Figure 7A), while, for 2020, the differences are more significant between the mouth and km 2 (Figure 7C); these changes in velocity coincide with the areas where greater variability in the longitudinal distribution of salinity is present (Figure 8). Decreases in flow velocity were reported in systems where the direction of wave and water flow are opposite, and it is more significant in times of low flows (Jia et al, 2015) (iv) decrease in mean velocity in the inlet zone of the salt wedge (between km 2 and 7). These variations, induced by wave effects on hydrodynamics, may affect the stratification process and fine sediment dynamics in the MRE. The greatest effect of wave on hydrodynamics was on the setup in the inner estuary and in the eastern zone, an effect that was reported in different estuarine zones (Olabarrieta et al., 2011; Chen et al., 2019). The wave induces lower velocity in the halocline, which increases mixing and weakens stratification, and the decrease in bottom currents dissipates the salt wedge inflow, which was more relevant in 2020, due to the higher wave energy.



Wave effects on saline intrusion and saline front

The variation of the position of the salt wedge within the microtidal estuarine channel is determined by the balance between the baroclinic pressure gradient due to the longitudinal density difference, the retarding force of the opposite flow velocity of the river (Chanson, 2004; Haralambidou et al., 2010), and the difference in the baroclinic pressure gradients due to the longitudinal density difference and the difference in barotropic gradients. Furthermore, in systems with significant wave energy, strong wave-induced vertical mixing can occur, which can weaken stratification and reduce saline intrusion (Chen et al., 2019).

In the two modeling scenarios, a decrease in salt wedge (Figures 9A, B) was presented when wave effects were activated. This may be related to: (i) wave-induced increase in mixing, as seen in the decrease of the gradient Richardson number (Figures 10A, C), which is accompanied by an increase in shear stress in the pycnocline (Figure 13), between the mouth and km 2. This mixing, produced by the increase in shear stress, induces a decrease in the intensity of salinity, affecting the baroclinic pressure gradient, which decreased between the mouth and km 1, by 7% and 5%, for 2018 and 2020, respectively. (ii)decrease in the vertically averaged velocity between Kms 2 and 7, in the area where saline intrusion occurs (Figures 8C, F). This decrease in velocity occurs in response to the decrease in the baroclinic gradient, generated by the waves between the mouth and Km 2.

The decrease in saline intrusion was recorded in highly stratified estuaries such as the Modaomen estuary (Gong et al., 2018a) and the Pearl River estuary (Gong et al., 2018b), and in partially stratified estuaries such as Chesapeake Bay (Li et al., 2007) and the York River (Gong et al., 2007), under storm-type energetic wave conditions. Within the estuary, the waves induce variations in circulation and stratification patterns, including weakening and strengthening of stratification (Bolaños et al., 2014). In the case of the MRE, it can be seen as a decrease in the potential energy anomaly, a decrease in the gradient Richardson number (Figure 11), and changes in stratification patterns and halocline intensity, as shown in Figure 8 (Gong et al., 2018b).

Variations in the length of salt intrusion in the diurnal cycle and salinity at the salt front under low flow conditions are mainly affected by the tidal signal, which is more significant under spring tidal conditions, whereas, under quadrature tidal conditions, no significant changes in salt wedge inflow were observed (Figure 9).

The changes in the magnitude of salinity at the salt front (Figure 9) may be related to the competition between the level gradient produced by the tide, the opposition by the flow of fresh water, and the frictional processes that the mixing between the river water and the salt wedge generates. In the saline front (Figures 12C–F), gravity-driven flow is limited by bottom friction and discharge. At high tide, the vertical mixing in the water column increases and the baroclinically driven circulation is weak, which explains the decrease in salinity in the salt front, while at low tide, the turbulence in the salt front decreases and the baroclinic circulation is more effective, presenting increases in salinity, which can be verified in the variation of the buoyancy frequency (Figures 9G, H) (Linden and Simpson, 1988, Simpson and Linden, 1989). When comparing the variations of the salt wedge in the diurnal cycle, a variation of 1.0 km, approximately, in the salt wedge under similar flow conditions (Figures 9A, B). The increased salt intrusion in 2020 may be related to a lower flow (Table 2) and a higher tidal amplitude, as observed in Figure 9; showing the importance of the tide in the entry and retreat of the salt wedge in microtidal systems, given that, in low flow conditions, the variability in the salinity of the salt front and the position of the salt wedge is modulated mainly by the tide and is independent of the waves (Perales-Valdivia et al., 2018).




Figure 12 | Difference in salinity distribution, with and without waves, for the dry seasons 2018 (upper panels) and 2020 (lower panels). Every 0.5m from the surface to 3.5 m depth.






Figure 13 | Vertical shear stress and buoyancy frequency at the top picnoclyne, middle picnoclyne, and down picnoclyne averaged over a spring tidal cycle, with (red) and without (black) waves, during the dry season of (A) 2018 and (B) 2020.





Effects of waves in the stratification and vertical mixing process

Figure 11 shows the indicators of stratification and vertical mixing inside the estuary. The high values in the gradient Richardson number, the dimensionless Simpsons number and the potential energy anomaly are an indicator of the high stratification in the water column between the mouth and the front of the salt wedge. When comparing these three parameters (Rig, Si and AEp) with and without the effects of the waves, between the mouth and 2 km there is a negative percentage difference, indicating that the waves induce a weakening of the stratification in this area, mainly in the dry season 2020 where the waves were more energetic. This negative percentage variation is more relevant in the Si parameter (Figures 11B, F), in agreement with an increase in the bottom shear velocity (Figures 11D, H).

The high values in the Si parameter are related to an increase in the longitudinal buoyancy gradient, an indicator of the effect of baroclinic forces on the circulation and stratification, and a decrease in the bottom shear velocity, showing that the circulation becomes weaker due to wave-induced mixing, (Zhang et al., 2022). It is observed that the waves induce a decrease in the entry of the salt wedge and the mouth of the river plume between 0-1 km (Figure 7), which was more relevant in 2020; this happens due to the decrease in the longitudinal gradient of density (Figure 11F), produced by the increase in shear velocity (Figure 11E), which shows how the increase in wave mixing generates a decrease in the longitudinal gradient of density. The reduction of the gradient Richardson number when considering the waves, is an indicator of the instability in the water column that can be related to the increase in the bottom shear velocity (Figures 11D, H) and an increase in the shear stress (Figure 12).

When comparing the modeling results with and without the waves, longitudinal and transverse variations in the salinity distribution were observed in the two simulated periods (Figure 8). These variations may be related to the direction in which the wave impinges on the mouth (NNE and N), which induces an increase in the magnitude of the salinity distribution in the western section of the mouth, because the wave incidence affects advective transport, inducing higher salt transport (Figures 8A, C) (Gong et al., 2018a). Between ~400 and 1000m, greater salinity is present in the area surrounding the pycnocline (Figures 8B, D), due to the decrease in the longitudinal component of the velocity in this area. Then, between km 1 and 2, the waves induced a weakening in the magnitude of salinity (Figures 8B, D), produced by the increase of shear stress in this zone. The variations in stratification can be observed when evaluating the buoyancy frequency and shear stress in the presence of waves, above the halocline, in the halocline, and below it (Figure 12), where higher values of shear stress were observed in the halocline and above it (percentage differences between 3 and 6%), decreasing stratification in these layers due to greater mixing, while below the halocline there was a decrease in shear stress (between 4 and 7%), inducing higher values in the buoyancy frequency (stratification indicator) in the layer below the halocline. These changes may be related to the decrease in the baroclinic gradient in this area.

The waves affect the intensity of the halocline, showing a variation in the difference in positive salinity (∆s=swc−s ) between the mouth and the first kilometer; negative, between kms 1 and 2; meanwhile, from the second kilometer to the zone of greater entry of the salt wedge, ∆s>0 can be observed for 2018, related to the decrease in velocity near the halocline and the greater availability of water to be mixed with the excess of energy produced by the waves. For 2020, ∆s<0 , related to the higher mixing produced by the more energetic waves. In both cases, the variations in the distribution of salinity are between ±5%.




Conclusion

The coupling between the MOHID 3D water body hydrodynamic model and the SWAN spectral wave model was applied to evaluate the effects of waves on circulation, stratification processes, and salt wedge dynamics in the microtidal wave dominated MRE under low freshwater discharge conditions, when the estuary exhibits salt wedge behavior. The model was calibrated and validated with observed data from 2018 and 2020, respectively. The coupled model was able to represent the strong vertical gradients in salinity and density in the inner and outer estuaries, as well as the spatio-temporal variations in water level and velocity.

The results show that under low river flow conditions the waves can generate:

	Water level rises at the mouth, as well as the north and northeast delta fronts.

	Changes in circulation patterns in the outer zone of the estuary and decrease in level after 2 km outside the estuary.

	Reduction of current velocity between the mouth and 2 km upstream. This reduction occurred in the river outflow and in the salt-wedge inflow. In the low flow season of 2018, the decrease in velocity extended to the zone of higher salt wedge inflow, which is more intense above and below the halocline.

	Changes in the longitudinal and transverse distribution of salinity and density. The waves affect stratification differentially along the estuary, generating more mixing between the mouth and 0.5 km seaward. Localized increases in salinity are observed in this sector on the left margin and in the halocline.

	Increase and reduction of salinity and density in different zones inside the estuary with more significant effects between the mouth and 2 km inside the estuary. Here the waves induce a weakening in the stratification due to the increase in mixing produced by the bottom shear velocity.

	Changes in the dispersion and stratification of the river plume. Waves favor defection of the plume to the northwest, generating a decrease in salinity in this zone and an increase in salinity in the northwest. These changes in the dispersion of the plume are more significant between the surface and 1.5 m depth.

	Changes in the front salt wedge, at high tide, the vertical mixing in the water column increases and the baroclinically driven circulation is weak, which explains the decrease in salinity in the salt front, while at low tide, the turbulence in the salt front decreases and the baroclinic circulation is more effective, presenting increases in salinity.

	There was a decrease in the salt-wedge intrusion between 180 m and 320 m in the evaluated scenarios. This reduction may be related to changes in stratification and a decrease in the speed of propagation of the salt wedge into the salt front.



In general, the results of this research show that, under low river flow conditions, the tide and waves are key forces in the variation of circulation, stratification, and behavior of the salt front. This work contributed some significant elements to the understanding of the effects of waves on the hydrodynamics of strongly stratified and wave-energetic estuaries.
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