WAVE-CURRENT INTERACTION, SEDIMENT TRANSPORT AND SEABED EVOLUTION
IN THE PIRAQUE-ACU/PIRAQUE MIRIM ESTUARY (BRAZIL)
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The medium-term seabed evolution of Piraqué-Ag¢u/Piraqué-Mirim estuary (ES/Brazil) is studied numerically in this
work. The hydrodynamics is induced by the tide, the river discharges, and the incident water wave. The wave-tide-
current interactions are obtained by coupling the shallow water equations with the radiation stress tensor introduced
by Longuet-Higgins & Stewart (1960). In this way, the influence of both the tidal current and the current induced by
gravity waves on the sediment transport are taken into account. We utilized the Exner (1925) equation, based on the
conservation of seabed sediment mass, to calculate the morphological evolution. Seabed morphological changes are
accelerated by introducing a time scale factor. Four bedload sediment transport formulations were tested and
compared. We found an excellent agreement when numerical results are compared with currents measured in the
upper estuary and with sediment transport rates measured at the river’s mouth when using the Engelund and Hansen
(1967) sediment transport formulation. We also found that the main morphological changes occurring at the estuary
mouth are due to the action of gravity waves. Between the head and mouth of the estuary, the sediment transport rate
and morphological seabed changes are controlled exclusively by the tidal currents and the river discharge. In this latter
case, we found that the large sandbank located at the estuary mouth is responsible for the absence of wave.
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INTRODUCTION

Worldwide estuaries have a great importance for many human activities, e.g., harbor and
navigation, fishing and aquaculture, tourism, and provide many other ecological services such as
coastline protection, flood defense, and biodiversity conservation. Understanding the estuarine
morphodynamics is crucial for the protection of coastal structures, logistic and management of water,
living resources, and require a vast knowledge of various hydrodynamics processes acting in the
estuary, like tidal induced currents, wave-current interactions, river discharges and sediment transport.

Several studies of the hydrodynamics and morphological changes in estuaries have focused on the
effect of river discharge and tidal flow (van der Vegt et al., 2006, Bertin et al., 2009; Dissanayake et.
al., 2009; Dissanayake et. al., 2012) in the absence of waves. In a wave-dominated environment
process such as wave-breaking, wave induced currents, wave-current interaction, may play a
significant role in the hydrodynamics and hence in the sediment transport and seabed evolution,
especially in micro-tidal systems with low river discharge (Wang et. al., 1995; Cayocca, 2001;
Dissanayake et. al., 2012; Kuang et al., 2013; Fortunato et al., 2014).

In recent years, considerable advances have been made in the simulation of the sediment transport
and the seabed evolution. The models use dynamical equations of physical processes (hydrodynamics,
waves and sediment transport) in separate modules for flow field and sediment transport (for example,
Wang et al., 1995, Lesser et al., 2004; Ding et. al., 2006, Olabarrieta et al., 2014). Numerical models
have the advantage of describing sediment transport in both time and space so that sediment dynamics
can be evaluated over vast areas with a high temporal resolution. However, the development of
sediment and morphodynamic models in the Brazilian coast is still at an initial stage.

The Piraqué-agu/Piraqué-mirim estuary is an incised-valley Y-shaped inlet in the Espirito Santo
State located at the southeast Brazilian coast. It is an interesting and complex estuary, with a large ebb-
tidal delta sandbank on its mouth and low land sediment input. The micro-tidal regime of the estuary
has a spring tide amplitude of approximately 1.2 m (Silva et al., 2013). Another characteristic is the
multiple uses of the estuary including artisanal fishing, tourism, navigation and environmental
protected areas.

In this work, we investigate the effect of the wave on coastal currents and sediment transport and
the medium-term morphological evolution of the Piraqué-Ac¢t/Piraqué-Mirim estuary. We utilized a
coupled wave-hydrodynamic model to predict the sediment transport and medium-term seabed
evolution due to tidal flow, wave climatology, and river discharge. Model results are compared against
the measured current in the upper estuary and sediment transport rate measured in the estuary’s mouth.
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NUMERICAL MODEL

In this work, we set up the Delft3D numerical model using the coupled hydrodynamics and waves
effects to compute the sediment transport and medium-term seabed evolution at the Piraqué-
Acut/Piraqué-Mirim estuary. The Delft3D is a finite difference model who solves the 3D or depth-
averaged mass and momentum conservation equations in a staggered grid. This model includes the
main hydrodynamic processes that modify the coastal morphology, such as tidal flow, wave-current
interaction, wave induced currents, wind drag, density flow, etc.

Model Physics

The hydrodynamic model is given by the momentum (Eq. 1-2) and continuity (Eq. 3) equations for
an incompressible fluid. In these equations, the Boussinesq and the long wave approximations are
considered. These are the shallow water equations with hydrostatic pressure and may be solved in a
rectilinear or curvilinear grid. The turbulence effects are computed employing the x —& closure
model. The horizontal background eddy viscosity and diffusivity are set to 1 m?s (as in Briére et al.,
2010).
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In which C is the Chézy’s friction coefficient (m"?/s), d is the still water depth (m), 77 is the sea
surface elevation (m), U is the velocity magnitude (m/s), g is the acceleration due to the gravity

(m/s?), vy is the diffusion coefficient (m?/s), h is the total water depth (m), h=(d +7), U and
V are the depth-averaged velocity components in the X and Y directions (m/s), respectively.

To account the effect of the wave on hydrodynamics and the hydrodynamics in the wave
propagation we used the two-way online-coupled current-wave module. In this module, the
hydrodynamic and wave are coupled in an user-defined time (couple time) in which updated water
level, and velocities feed the wave module and the new wave radiation stresses resulting from the wave
propagation are updated in the hydrodynamic module. The Delft3D-WAVE module is the third
generation SWAN (Simulating Waves Nearshore) model (Holthuijsen et al., 1993).

The SWAN model computes the evolution of random, short-crested waves in coastal regions with
deep, intermediate and shallow water and ambient currents utilizing the spectral action balance
equation. The SWAN model accounts for refractive propagation due to current and depth and
represents the processes of wave generation by wind, dissipation due to whitecapping, bottom friction
and depth-induced wave breaking and non-linear wave-wave interactions (both quadruplets and triads)
(more detail the reader can find in the Delft3D user manual — Deltares, 2014).

We calculated bathymetric changes using the Exner (1925) equation (Eq. 4). In each time step,
bathymetry is updated and to extend the morphological time, we accelerated morphological changes
using the morphological factor approach. It works multiplying the seabed sediment flux by a constant
factor, thereby extending the morphological time step (more detail can be found in Lesser et al., 2004).
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In which ¢ is the porosity, Z,(m) is the seabed height, Q is the seabed sediment transport rate
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(m*/m/s) and o5 the morphological acceleration factor.

To solve the bedload sediment transport we tested the formulations of Engelund & Hansen (1967),
van Rijn (1993), Soulsby & van Rijn (Soulsby, 1997) and van Rijn (2007). Suspended sediment
transport is solved using the advection-diffusion equation (Eq. 5):
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Where Cis the suspended sediment concentration (kg/m*), &y and &y are the sediment diffusion

]zE—D (5)

coefficients (m%s), Eand D are the erosion and deposition fluxes (kg/m?s) calculated with the
Araithurai-Partheniades equations (Partheniades, 1965; Ariathurai, 1974).

Model Setup

To simulate the hydrodynamics, wave induced currents, sediment transport and seabed evolution
we set up the Delft3D model to the Piraqué-Ag¢u/Piraqué-Mirim estuary. The model covers both
Piraqué-Ac¢t and Piraqué-Mirim rivers, extending to the depth of approximately 32 m seaward. We
utilized an irregular curvilinear mesh with variable spacing, ranging from 15 m (in the estuary mouth)
to 180 m and 18283 active points, as shown in the Fig. 1-a.
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Figure 1. Numerical grid covering the Piraqué-Agu/Piraqué-Mirim estuary (a) and model bathymetry (b).

Bathymetry provided to the model (Fig. 1-b) is a blend of digitalized nautical charts (from
Brazilian navy) and measured data from Silva et al. (2013). In the river boundaries, we imposed river
flow measured in rainy period in both rivers. Along ocean boundaries, we set the Riemann boundary
conditions (Verboom and Slob, 1984) using tidal elevations from the TPXO tidal inverse model
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considering 11 primary tidal harmonics. Since we interested in the effects of tidal flow and waves on
sediment transport and morphological evolution, the wind and stratification are not considered.

The waves are propagated from the deep ocean to the coast using the Delft3D-WAVE module in a
100m grid size regular mesh, where climatology from 40-years ECMWF reanalysis is set at the model
boundary. In the coastal region, the results from the propagated wave climatology are set up in a mesh
with a double grid size of that used for hydrodynamics simulations (Fig. 1-a). Table 1 shows wave
climate set in the ocean grid and the coastal grid.

Table 1. Climatological wave parameters (significant wave height, peak period
and mean direction) in the deep ocean and in coastal region considering the 40-
years ECMWF data.
Ocean grid Coastal grid
Season Hom | To,6) | 8¢) | Him) | To &) | 8¢
Summer 1.25 7.5 60 0.95 7.37 76
Autumn 1.25 8.5 150 1.14 8.35 145
Spring 1.75 8.5 120 1.63 7.35 120
Winter 1.75 7.5 150 1.60 7.37 145

The wave and the hydrodynamics models are coupled using the radiation stress gradient. Model
coupling occurs at each 20 minutes’ interval and the resulting hydrodynamics (currents and/or waves)
feed the sediment transport model. In this module, we set variable seabed sediment grain size from
Silva et al. (2003) and hypothetical 10 m of sediment layer thickness since we do not have stratigraphy
data available. At river boundaries, we set zero suspended sediment flux and Neumann boundary
conditions (zero gradient) in the ocean boundaries. Following Xie et al. (2013) we set the erosion

M =2.0x107 (kg/m?/s), critical hear stress equal to 0.2 (N/m?) for erosion and 0.1 (N/m?) for
deposition and compared four sediment transport formulations: Engelund & Hansen (1967), van Rijn
(1993), Soulsby & van Rijn (Soulsby, 1997) and van Rijn (2007).

The seabed sediment transport rate is the input of the morphological module, where the
bathymetry is updated using the Exner (1925) equation. To compute the morphological changes, we
simulated two months of hydrodynamics and extended the morphological changes to 5 years using a
morphological acceleration factor equal to 28.51.

To validate the model results we simulated hydrodynamics in spring and neap tide conditions and
compared with measured data at the Piraqué-Agu river and in the Piraqué-Mirim river (PA and PM red
stars in the Fig. 1-a) and modelled sediment transport rate is compared with measured transport in
estuary mouth (PD red star in the Fig. 1-a).

MODEL VALIDATION

The comparison between modelled currents and measured data are shown in the Fig.2. We found a
good agreement comparing the measured velocities and the model results in both rivers. The minimum
and maximum velocities in the Piraqué-Mirim River in neap tide conditions are 0.1 m/s and 0.16 m/s
(Fig. 2-a), respectively. The error in this case is around 0.05 m/s comparing the predicted and
measured velocities. At the Piraqué-Acu River (Fig. 2-a) the velocities reach magnitudes of 0.2 m/s,
while minimum velocity is zero (model results), and the maximum error between model and
measurements is equal to 0.1 m/s.

In spring tide conditions, we found the minimum and maximum velocities of 0.15 m/s and
0.45 m/s, respectively in the Piraqué-Mirim River. The error between the measured and modelled
results is equal 0.1 m/s and we also found a good fit between modelled and measured data, as shown in
the Fig. 2-c. At the Piraqué-Ac¢u River, the results shown that the maximum and minimum velocities
are similar to the Piraqué-Mirim River, as show in the Fig. 2-d, however the minimum velocities are
equal to zero. Again, we found a good fit between modelled and measured curves (fig. 2-d).

The modelled sediment transport rates considering four sediment formulations and the measured
data are shown in the Fig. 3. In this case, the formulation of Engelund and Hansen (1967) showed the
best fit with measured data. However, the location of the measurements has no wave influence, and the
hydrodynamics is driven only by river flow and tidal elevations. In this kind of environment, several
authors pointed that the Engelund and Hansen (1967) formulation has the best performance, mainly in
canalized tidal-river flow (Hibma et al., 2003; Hassanzadeh et al., 2011; Chen, 2014).
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Figure 2. Modelled currents (blue line) and measured data (red dots) in the Piraqué-Mirim river (PM) and in the
Piraqué-Acu river in neap and spring tide conditions. In (a) and (b) neap tide velocities and in (c) and (d)
spring tide velocities.
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Figure 3. Modelled (lines) and measured (dots) sediment transport rate in the estuary mouth.
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WAVE CLIMATE

The wave climate (significant height and direction) modelled in the Piraqué-Ag¢u/Piraqué-Mirim
estuary for the four seasons are shown in the Fig. 4. The summer climatology is shown in the Fig. 4-a,
in this period we observed the lower wave heights (0.9 m in deep ocean) coming from the East toward
the estuary mouth. In autumn, we observed the maximum significant height of 1.2m coming from the
Southeast quadrant. The winter (Fig. 4-c) and spring (Fig. 4-d) seasons have the higher wave heights in
the study area (approximately 1.7 m in the offshore side of the domain in the depth of 30 m) from the
SE direction.

We observed a high wave refraction in waves coming from the southeast quadrant toward to the
estuary mouth and the sandbank. The inlet shape and the sandbank has a significant role in dumping
most of the wave energy in the estuary, as shown in the Fig. 4. Wave breaking occurs near to coastline
and around the sandbank.
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Figure 4. Modelled significant wave height (m) and mean direction climatology in the Piraqué-Ag¢u/Piraqué-
Mirim estuary. In (a) Summer climatology, (b) Autumn climatology, (c) Winter climatology and (d) Spring
climatology.

HYDRODYNAMICS OF THE ESTUARY

Fig. 5 shows the peak of ebb and flood tide velocities in spring tide conditions considering river
and tidal forcing only (Fig. 5-a and Fig. 5-b) and with wave-induced currents (Fig. 5-c and Fig. 5-d). A
snapshot of the depth-averaged currents during flood and ebb tide periods show the increasing of the
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velocities in the tidal channel next to the sandbank where the peak of velocities reaches magnitudes of
0.7 m/s (Fig. 5-a and Fig. 5-b) due to mass conservation in the canalized flow of the river mouth.

We observe the effect of the wave in the generation of coastal currents (Fig. 5-c and Fig. 5-d). The
2D radiation stress modifies the pattern of the depth-averaged velocity especially near to the coast and
the sandbank due to the strong wave stress and breaking in this region. The flow magnitude in the tidal
channel slightly modifies since the sandbank dumps most of the wave energy. Coastal wave induced
currents occur in most of the coastline and can be as strong as 0.6 m/s. These currents combined with
tidal and river flow produces a jet that can reach the depth of 12 m in ebb tide conditions (Fig. 5-c).

Thus, model results suggest that tidal, and river flow dominate the tidal channel and the inner
estuarine zone. Wave-induced circulations and alongshore currents prevail on the ebb tidal delta and in
the nearshore region on both sides of the estuarine mouth. In the nearshore area away from the inlet,
wave-induced circulation patterns often are driven by the interaction between waves and bathymetry
similar to MacMahan et al. (2006) and Zhou et al. (2014).

EBB FLOOD

-19.92 | | ~ ' | ;
Tide only Tide only
$-19.941 g 1
(]
<
=
=
— -19.96 - X )
Oct 08,2010 03h Oct 08, 2010 09h
-19.98 .
C d
-19.92 © : : @
@-19.94 1 1
(]
<
2 —~——
3 -19.96 A f |
Oct 08,2010 03h ]
AN
-19.98 - (A .
-40.16 -40.14 -40.12 -40.1 -40.16 -40.14 -40.12 -40.1
Longitude (°) Longitude (°)
C— T (m/S)
0 0.2 0.4 0.6

Figure 5. Peak of flood and ebb tide velocities. In (a) and (b) peak of ebb and flood tide velocities,
respectively, considering tidal and river forcing only. In (c) and (d) peak of ebb and flood tide velocities,
respectively, considering river flow, tide forcing and waves.
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SEDIMENT TRANSPORT AND SEABED EVOLUTION

Fig. 6 shows the tidally averaged/residual sediment transport rate in the Piraqué-Ac¢u/Piraqué-
Mirim estuary considering the tidal and wave effects since residual sediment transport driven by tidal
flow is lower than 10 g/m/s (not shown). We evaluated the results from the van Rijn (2007) sediment
transport formulation considering that formulation account the wave and current effects on sediment
transport.

The residual sediment transport rate has a strong correlation with the currents induced by wave
and tidal flow in ebb tide conditions (Fig. 5-c) probably due to the wave stirring (Kleinhans &
Grasmeijer, 20060), wave asymmetry, longitudinal currents (Cayocca, 2001) and the wave turbulence
(Lesser et al., 2004). The direction of the sediment transport is toward to sandbank and, to the open sea
(Fig. 6). In front of the sandbank, we found residual sediment transport rate in order of 50 g/m/s in the
depth of 10 m, while at the sandbank this transport is equal to approximately 25 g/m/s. Model results
suggest that the wave-induced and tidal currents drive the sediment toward to the river mouth,
especially in the main channel. The model simulations also indicate that tide appears to be ebb-
dominant and the sediments are exported seaward in the tidal cycle.
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Figure 6. Tidally averaged sediment transport rate in the Piraqué-Acgu/Piraqué-Mirim Estuary.’

The resulting morphological response is a pattern of deposition and erosion in the estuary mouth
similar to the sediment transport field. Fig. 7 shows the pattern of accretion and erosion in the Piraqué-
Act/Piraqué-Mirim estuary during one year (Fig. 7-a), two years (Fig. 7-b), four years (Fig. 7-c) and
five years (Fig. 7-d). Fig. 8 shows the bathymetric profiles measured in the estuary mouth.

We observed a strong erosion in sandbank near to the main tidal channel; this is probably in
function of the wave breaking and current transport in this region. Model results suggest that in the
sandbank an erosion of 3 m in five years (Fig. 7-d). All area seems to experience erosion trends, mostly
in the margins of the estuary.

We used the seabed sediment mass conservation equation to calculate the seabed changes, since
this equation assumes that the seabed has a wave-like movement, the eroded material is deposited near
to erosion sites (as shown in the Fig. 7). The accretion of material is in order of 3 m with seaward
movement, mainly in front of the sandbank. The results also suggest that the sandbank is migrating to
the north; in this case, eroded material trend to deposit between the sandbank and the coastline where
the velocities are too weak to transport the sediment. This can be seen comparing the evolution of the
bathymetric profiles in the river mouth (Fig. 8), where we can notice that the bathymetric lines are
moving toward to the “B” location (Fig. 8), the north coastline. In the other side, we found a strong
erosion of the sandbank slope probably due to wave breaking.
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Figure 7. Cumulative sediment erosion and deposition for one year (a), two years (b), four years (c) and five
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CONCLUSION

In this work, we computed the tidal and river flow hydrodynamics, wave climatology, wave
induced currents, sediment transport a medium-term seabed evolution using the Delft3D models. We
found an excellent agreement with measured currents and sediment transport in the estuary. River and
tidal flow control the hydrodynamics of estuary, due to sandbank wave dumping effect. Waves play an
important role in sediment transport, mostly in the region around the sandbank and in the coastline.

Model results suggest that coastal sediment transport is driven mainly by tidal-wave currents.
Waves drive overall seabed changes in the PiraquéAg¢u/Piraqué-Mirim estuary. Consequently, the
major seabed changes were observed around the sandbank, who seems to be migrating to the north.

The morphodynamics of the Piraqué-Ag¢t/Piraqué-Mirim estuary is very complex, and we utilized
some simplifications in the numerical model. Although the results were validated, they require more
research on additional factors that may contribute to the sediment transport and seabed evolution.
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