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Abstract
Results of an application of a dispersive wave hydro-sediment-morphodynamic model in the western circulation cell of the
Ria Formosa lagoon located in the Algarve region of the southern Portugal are presented. This area of interest has a couple
of features that complicate the application of the dispersive wave model: (1) the area has a complex irregular geometry with
a number of barrier islands that separate the lagoon from the Atlantic Ocean, artificial and naturally occurring tidal inlets,
and a number of curling channels inside the lagoon that interconnect the inlets and serve as waterways between the lagoon
settlements; (2) the tidal range in the area can reach up to 3.5 m; therefore, the terrain inside the lagoon is characterized by vast
salt marshes and tidal flats, and the wetting-drying process is a key component of any hydrodynamic simulation in this area.
A model representation of the area has been developed by generating an unstructured finite element mesh of the circulation
cell, and collecting data on parameters that characterize the tidal waves in the area, and bottom friction and sediment transport
models used in the simulations. The results of the simulations indicate that the dispersive wave model can be applied in
coastal areas with nontrivial underlying physical processes, and complex irregular geometries. Moreover, the dispersive term
of the model is capable of capturing additional flow characteristics that are otherwise not present in hydrodynamic simulations
that involve the nonlinear shallow water equations; and these additional flow features can, in their turn, affect the resulting
sediment transport and bed morphodynamic process simulations.
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1 Introduction

Coastal areas have continuously attracted humans as a suit-
able habitat due to a number of reasons, such as their rich
supply of resources that could be utilized for sustenance, their
facility as an access point for marine transportation which is
an important logistical component of the world trade and
commerce, and their potential as a location for various cul-
tural and recreational activities [1]. According to the Census
data, the population of theUnitedStates that resides in coastal
areas including areas around the Great Lakes has grown from
nearly 105 million in 2000 to a little over 123 million in
2010, or in relative terms from 37% to 39% of the total U.S.
population [2, 3]. Worldwide the scale of the population liv-
ing in areas that are no more than 100 km away from the
coast is comparable and reaches 40% of the total world pop-
ulation that compounds to a little less than 3 billion people
[4]. Therefore, it is of no coincidence that studying coastal
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environments, including the effects of tides and currents
on coastal morphology, continues to have a clear engineer-
ing and scientific relevance; and any substantial study of a
coastal engineering problem, for instance coastline and beach
erosion prevention, natural hazard protection, building and
maintenance of coastal structures, is heavily reliant on the
mathematical modeling of hydrodynamics, sediment trans-
port, and bed morphodynamics in coastal areas.

Coastal morphodynamics is a complex physical process
that is driven by complicated non-linear interactions between
water waves forced by astronomical tides, winds, and long-
wave currents, sediment transport, andbedmorphodynamics.
In addition to these naturally occurring forces, anthropogenic
deformations of coastal areas have the potential to magnify
the interactions and accelerate changes in coastal morphol-
ogy. Changes in coastal morphology propelled by natural
and anthropogenic forces are sufficient to negatively affect
coastal infrastructure and environment. For instance, exces-
sive erosion of the seabeddue to scouringmayhave a negative
impact on structural integrity of piers, levees andother coastal
structures. Excessive sediment deposition in a harbor may
damage its walls, and negatively impact its economic viabil-
ity by increasing the harbor’s operating costs due to required
dredging; therefore, its effects play an important role in
harbor planning and construction. Environmental concerns
include degradation of natural habitats of endangered and
protected species due to shoreline and beach erosion, and the
effects of sediment transport on contaminant deposition and
distribution where sediment deposits may serve as sinks or
sources for dangerous contaminants depending on surround-
ing physico-chemical conditions.

A chain of hydrodynamic, sediment transport, and bed
morphodynamicprocesses forms a closed-loop systemwhere
sediment transport is affected by flow parameters, such as
flow velocity and turbulence, bed morphology changes as
a consequence of sediment transport processes where sed-
iment is net eroded from one area to be net deposited into
another area, and, finally, the loop is closed when the flow
parameters are affected by changes in the bathymetry due
to the effects of sediment entrainment and deposition. This
physical system of the interrelated processes is referred to
as a hydro-sediment-morphodynamic process. A mathemat-
ical model designed to describe the process, by the nature of
this process, is formed by tying together non-linear hydrody-
namic, sediment transport, and bed morphodynamic models
along with modeling their mutual interactions. A number
of models, ranging from one to three dimensions, suitable
for an engineering analysis of a coastal hydro-sediment-
morphodynamic process have been developed. One such
model is formed by the shallow water hydro-sediment-
morphodynamic (SHSM) equations (see e.g. Cao et al.
[5]), which are derived by integrating and averaging three-
dimensional mass and momentum conservation equations of

motion (see e.g. see Wu [6]). In the SHSM equations, the
hydrodynamic model is represented by the nonlinear shallow
water equations that provide sufficiently accurate approxima-
tion of hydrodynamics if the shallowness parameter that is
defined as the ratio between the depth and length scales of the
flow is less than unity. However, this hydrodynamic model
does not have a capacity to capture wave dispersion effects;
and, therefore, an application of the SHSM equations is not
feasible in areas where the dispersion effects are prevalent.

An alternative dispersive wave hydro-sediment-morpho-
dynamic model that employs the Green-Naghdi equations
as its hydrodynamic model is developed in [7, 8], and can
be used in applications where the dispersive effects play a
significant role in hydrodynamics. However, the capacity
to capture dispersive wave effects in the developed model
leads to a greater analytical and numerical complexity. The
major point of complexity is introduced through the dis-
persive term of the model; this term models the effects of
wave dispersion on flow velocities and is an integral part
of the Green-Naghdi equations. Therefore, a Strang opera-
tor splitting technique from [9] has been employed to treat
the developed model numerically. The model has been split
into two parts: (1) the dispersive correction part comprised
of the dispersive term only, (2) the remaining shallow water
hydro-sediment-morphodynamic equations. The hybridized
discontinuous Galerkin developed by Samii and Dawson in
[10] method has been employed to develop a numerical solu-
tion algorithm for the dispersive correction part; and for the
remaining SHSM part of the model hybridized and regu-
lar discontinuous Galerkin methods have been employed to
develop the numerical algorithms [8]. The numerical algo-
rithms were implemented in a C++ software package1 and
have been validated against a number of simulation bench-
marks in [7, 8].

The purpose of the presented work is to simulate hydro-
sediment-morphodynamic processes in the Ria Formosa
lagoon in Portugal with the developed dispersive wave
model. The lagoon stretches about 55km along the south-
ern coast of Portugal; it is separated from the Atlantic Ocean
by a series of barrier islands, and has five tidal inlets. The
lagoon presents itself as a fairly complicated physical system;
therefore, applying the developed model in this coastal area
proves to be a challenging problem. Numerous works have
been focused on modeling hydro-sediment-morphodynamic
phenomena in the Ria Formosa lagoon. Pacheco et al. present
a long-term sediment budget computations for tidal inlets of
the lagoon in [11]. Simulations of a short-term storm driven
morphological evolution of the Ancão inlet of the lagoon

1 The software is under development on the date of the publication,
and can be accessed at www.github.com/UT-CHG/dgswemv2. Should
there be any questions, comments, or suggestions, please contact the
developers through the repository issues page.
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have been studied by Williams and Pan in [12]. Attempts
to estimate parameters for empirical sediment transport and
bed morphodynamic models have been done by Pacheco
et al. in [13]. A number of numerical simulations focused
on the lagoon have been carried out using the well-known
Delft3D software package, e.g. Gonzáles-Gorbenã et al. in
[14], or Carrasco et al. in [15]. These simulations employed
depth averaged hydrodynamic models; among other simu-
lations that use a depth-averaged hydrodynamic model are
works by Dias et al. in [16], or Salles et al. in [17]. In
the INDIA project, see, e.g., [18, 19], numerical models
of dispersive wave hydrodynamics are considered in the
Ria Formosa lagoon. The models developed are based on
numerical approximations usingbothfinite element andfinite
difference methods. To the best of our knowledge there is no
work that attempts to model hydrodynamics in the lagoon
using a dispersive wave model based on hybridized dis-
continuous Galerkin discretizations. We attempt to simulate
hydro-sediment-morphodynamic processes in the lagoon to
test the capabilities of the developed model to carry out such
simulations in irregularly shaped domains with non-trivial
underlying physical processes.

The rest of thiswork is organized as follows. Section 2 pro-
vides a brief description of the lagoon and its characteristics.
In Section 3, the governing equations for simulations are pre-
sented. Section 4 provides details on the work that has been
accomplished to develop a finite element mesh of the west-
ern circulation cell of the lagoon. In Section 5, results of the
simulations of hydro-sediment-morphodynamic processes in
the Ria Formosa lagoon are presented. Final conclusions are
given in Section 6.

2 Area of interest

The Algarve is the southernmost region of Portugal, with
its capital in the city of Faro, that has a long tradition of
using its coast as the main provider for its local economy.
The area is one of the most important fishing regions in Por-
tugal; and it has recently transformed into one of the major
tourist attractions of the Iberian peninsula due to its coastal
area characterized by offshore sandbars, and unique wetland
ecosystems such as the Ria Formosa lagoon [20]. The lagoon
has a complex cuspate-shaped 55 km long (east to west) and
6 km wide (north to south at its widest part) geometry [15],
and is separated from the Atlantic Ocean with two peninsu-
las, the Ancão and Cacela at its western and eastern ends,
respectively, and five barrier islands, the Barreta, Culatra,
Armona, Tavira and Cabanas islands spanning west to east.
The lagoon is connected to the Atlantic Ocean with six nat-
urally occurring and artificial inlets: the Ancão, Faro-Olhão,
Armona, Fuzeta, Tavira and Lacèm inlets, which are respon-
sible for thewater, sediment, chemical, and nutrient transport

between the Atlantic Ocean and the lagoon marshes [21].
Refer to Fig. 1 for an overview of the locations on the south-
ern coast of Portugal. Nearly 75% of the water in the lagoon
is exchanged daily due to the tides, with the majority of the
exchange occurring through the Faro-Olhão inlet. The cur-
rents induced by the tides in the inlets are strong, and model
results from [14] show (depth-averaged) tidal velocities of
more than 3ms−1 during spring-tide ebb.

The lagoon is characterized by vast salt marshes, tidal
flats, and an intricate network of naturally occurring and
partially dredged channels. The wetted area of the lagoon,
which includes a large intertidal zone, reaches up to 105
km2; and, according to the Hydrographic Institute of Por-
tugal, the submerged area of the lagoon is 53 km2 at high
water and between 14 and 22 km2 at low water [22]. The
salt marshes primarily contain silt and fine sand, and are
penetrated with a high density of meandering tidal creeks
[16]. The tidal flats and salt marshes cover more than 60%
of the total area of the lagoon [15]. The average depth of
the partially dredged navigable channels is 6 m, although in
most areas the channel depth reaches 2 m only [23]. The
system lacks any significant river. Five small rivers and 14
streams, most of which go completely dry during the sum-
mer, flow into the Ria Formosa lagoon; therefore, freshwater
discharges are negligible relative to tidal prisms and baro-
clinic effects are minor [16]. Salinity values in the lagoon
are usually close to those observed in the adjacent coastal
waters [24].

Based on the interconnections of the inlets with the chan-
nels, the lagoon is divided into three relatively independent
hydrodynamic circulation cells: (1) the western cell served
by the Ancão, Faro-Olhão, and Armona inlets (cf. Fig. 2), (2)
the central cell served by the Fuseta inlet, and (3) the eastern
cell served by the Tavira and Cacela inlets [25].

The western cell is the largest and has complex hydro-
dynamic characteristics; moreover, it has been a subject of
a number of anthropogenic interventions. The Faro-Olhão,
Ancão, and Armona inlets capture nearly 90% of the total
tidal prism of the lagoon: during the spring tides the inlets
capture 61%, 23%, and 8% of the total flow, respectively,
and during the neap tides the Faro-Olhão and Armona
inlets capture 45% and 40% of the flow, respectively, while
an insignificant amount is contributed by the Ancão inlet
[15]. The three inlets present an ebb dominated behavior
with higher mean ebb velocities and shorter ebb durations
[26]. According to the tidal prism measurements performed
between 2006 and 2007 for each inlet of the lagoon, there
exists a clear circulation pattern between the Faro-Olhão and
Armona inlets [14].

The tides in the area are semi-diurnal and mesotidal with
the mean range of 2 m that can reach up to 3.5 m during the
spring tides [27]. The wave climate in the area is moderate
with the average annual significant offshore wave height of
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Fig. 1 The Ria Formosa lagoon diagram. Reproduced from the same data as in [7]

1 m and average peak period of 8.2 s, although winter storms
can produce waves with the significant height larger than
3 m [28]. The lagoon’s cuspate shape produces two areas
that are exposed to two different wave actions. The western
side of the lagoon is impacted by waves originating from the
west-southwest direction and produced by the North Atlantic
Ocean.Thesewaves are dominant in the area andoccur nearly
68% of time [28]. The longer eastern side of the lagoon is
exposed to the less energetic Levante events originating from
the east-southeast direction. These events account for 29%
of the wave climate [28]. Storms impacting the western side
have higher energy and typically occur between October and
March, while the ones on the eastern side primarily originate
from the eastern part of the Gulf of Cadiz and occur between
December and March [29]. The storm surge events in this
area are relatively insignificant due to its narrow continental
shelf. During extreme storm conditions the surge levels can
potentially reach values close to 0.6 m [14].

The highly dynamic morphological nature of the Ria For-
mosa lagoon is characterized by the migration of the tidal
inlets and growth of the barrier islands. Moreover, addi-
tional hydro-sediment-morphodynamic processes, such as
longshore drift and barrier island overwash, have contributed
significantly to the shape of the system [14]. Overall, the
evolution of the shoreline can be characterized by a grad-
ual transition from coastal retreat in the west to advance in
the east [30]. The system is very sensitive to construction of
coastal structures, for instance, the artificial stabilization of
the Faro-Olhão and Tavira inlets has let to an increased rate
of coastal erosion [21]. The area is also noted for its over-
wash susceptibility due to a storm induced coastal erosion
and the sea level rise. In some instances, traces of human
activity, such as foot and tractor paths, lead to formation
of overwash passes which made the overwash risks even
higher [21]. Moreover, some of the overwashes have been
linked to a growing number of human settlements, in partic-

Fig. 2 The tidal inlets of the western hydrodynamic circulation cell of the Ria Formosa lagoon. Reproduced from the same data as in [7]

123



Computational Geosciences

ular the Praia de Faro and the Ilha do Farol settlements, that
lead to lower dune crests and a higher risk of the overwash
[31]. The morphological changes can have a significant neg-
ative impact on socio-economical activities in the region,
and pose risks of destruction of its precious ecosystems
[20]. Therefore, monitoring and forecasting hydro-sediment-
morphodynamic processes in the Ria Formosa lagoon is an
essential part of understanding these morphological changes
that can lead to a more effective preservation and planning
methods in the process of a sustainable regional development.

3 Governing equations

The governing model for hydro-sediment-morphodynamic
transport was developed in [8] is employed here. For the
sake of brevity, we do not include all details of the model
herein but refer interested readers to our past work in [8].

The model is defined on a domain Dt ⊂ R
d+1 filled with

a water-sediment mixture, i.e., an incompressible inviscid
fluid, see Fig. 3, where d is the horizontal spatial dimen-
sion (d ≥ 1), t the time variable, �T and �B are the top
and bottom boundaries of the domain, respectively, L0 is the
characteristic length, H0 is the reference depth, ζ(X , t) is the
water surface elevation above the datum defined by H0, and
b(X , t) is the bathymetrymeasured from the reference depth.
We assume �T and �B can be represented as graphs, and
fluid particles cannot cross these boundaries. Both bound-
aries vary with time, �B due to sediment transport and �T as
the variable free surface of the body of water.

The dispersive wave hydro-sediment-morphodynamic
model is defined over a domain � ⊂ R

d as:

∂tq + ∇ · F(q) + D(q) = S(q), (1)

where the vector of unknowns q and the flux matrix F(q)

are:

q =

⎧
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h
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b

⎫
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the source term S(q) is defined:

S(q) =

⎧
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1−p

−gh∇b − ρs−ρw
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,

(3)

where u is the water velocity, h(X , t) = ζ(X , t) + H0 −
b(X , t) is the water depth, f comprises additional momentum
source terms, g is the constant of gravitational accelera-
tion, and I ∈ R

d×d is the identity matrix. Suspended solids
are modeled by a sediment advection process of quantity
hc, where c is the volume concentration of sediment in the
water-sediment mixture, with sediment entrainment, E , and
deposition, D, rates as the source terms defined through
the empirical equations from [33] and [34], respectively.
The coupled transport of water and sediments also result in
additional terms in the momentum and continuity equations,
where p is the bed porosity, ρw and ρs are the water and the
sediment densities, ρ and ρ0 are the water-sediment mixture
and saturated bed densities defined as ρ = (1 − c)ρw + cρs
and ρ0 = (1 − p)ρs + pρw. In addition to the suspended
load, effects of the bed load transport on bed morphology is
introduced though the bed load sediment flux qb taken from
the empirical Grass model, see [35]. Finally, we incorpo-
rate dispersion into the momentum equation by a variant of
the Green-Naghdi equations in the term D(q) in Eq. 1, see
Bonneton et al. [36] and our previous work [8] for complete
definitions.

4 Finite element mesh development

The governing equations are discretized with the algorithm
successively developed in [7, 8]. The method relies on
a Strang operator splitting technique from [9] such that
the model is split into two separate parts: (1) the shallow
water hydro-sediment-morphodynamic (SHSM) equations
(e.g. see Cao et al. [34]) obtained by dropping the disper-
sive term of the equations, and (2) the dispersive correction

Fig. 3 A model representation
of a body of water as a domain
Dt ⊂ R

d+1, figure reproduced
from [7, 8, 10, 32]
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Fig. 4 Bathymetric data for the
Ria Formosa lagoon provided
by the Portuguese Hydrographic
Institute [37]

part where the wave dispersion effects on flow velocities are
introduced into the model through the dispersive term. The
numerical simulation is then propagated in time through a
successive application of numerical solution operators devel-
oped for these two parts of the model. In this work the
numerical solution operators for the SHSM equations from
[8] and for the dispersive part from [10] are utilized. Both of
these operators are discretized using hybridized discontinu-
ous Galerkinmethods. The readers are encouraged to consult
the original sources in [7, 8, 10] for further details.

As the most hydrodynamically significant, the western
circulation cell, serviced by the Ancão, Faro-Olhão and

Armona inlets, has been chosen as an application area for
the dispersive wave hydro-sediment-morphodynamic model
developed in [8]. To this end, a model representation of the
cell has been developed. Initially, bathymetric data has been
gathered for this area of modeling interest. Four sources for
the data has been identified: (1) Portuguese Hydrographic
Institute bathymetric model of the Ria Formosa lagoon (cf.
Fig. 4) [37], (2) bathymetric surveys performed under the
SCORE project (cf. Fig. 5) [14, 38], (3) LiDAR bathymetric
data of the coast of Portugal (cf. Fig. 6) [14, 39], and (4)
EMODnet Bathymetry Digital Terrain Model (DTM 2018)
data [40]. These data sources have varying levels of detail and

Fig. 5 Bathymetric data from
high resolution LiDAR
topo-bathymetry performed in
2011, coupled with bathymetric
data from the Faro Port
Authority and with 2016
bathymetric surveys performed
under the SCORE project [38]
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Fig. 6 LiDAR measurements of
the bathymetry in the Ria
Formosa lagoon [14, 39]

coverage, for instance, unlike the LiDAR data, the SCORE
project data does not capture the breakwaters of the Faro-
Olhão inlet (cf. Figs. 7 and 8). The bathymetric surveys
in the lagoon completed by the Portuguese Hydrographic
Institute have been focused on gathering the data over the
lagoon’s major channels and in the nearby offshore areas
only; therefore, the data does not cover the salt marshes and
barrier islands of the lagoon. In contrast, the SCORE project
data does provide the bathymetric data over the lagoon’s salt
marshes and barrier islands. The LiDAR data also provides
the data over these areas of the lagoon; however, it lacks data
in areas where the water depth has been too large to carry out

LiDAR measurements, e.g. inside the channel that connects
the city of Faro with the Atlantic Ocean. Finally, EMODnet
is the only data source that provides bathymetry measure-
ments in the open ocean; however, since EMODnet aims to
provide the global bathymetric data, the data has a low res-
olution and cannot be used as a source of bathymetric data
inside the lagoon.

These four sources of the bathymetric data have required
a degree of preprocessing to generate the bathymetric profile
for the western circulation cell and areas adjacent to it. The
LiDAR data has been selected as the primary source for the
data. The missing data inside the channels has been retrieved

Fig. 7 LiDAR bathymetric data
around the Faro-Olhão inlet

123



Computational Geosciences

Fig. 8 SCORE project
bathymetric data around the
Faro-Olhão inlet

from the data provided by thePortugueseHydrographic Insti-
tute. The data for the near shore areas has been lifted from
the SCORE project data. Finally, the data for the open ocean
has been collected from the EMODnet data source. There-
fore, whenever the bathymetry of a point inside the model in
development has been requested, the bathymetry would be
retrieved, in the descending order of priority, from: (1) the
LiDAR data, (2) the Portuguese Hydrographic Institute data,
(3) the SCORE project data, (4) the EMODnet data.

After collecting and preprocessing the bathymetric data,
an unstructured finite element mesh for the western circula-
tion cell of the Ria Formosa lagoon has been created with the
use of Aquaveo SMS software package. A few observations
have been made before the mesh generation process: (1) the

majority of the flow parameters variation has been expected
to be observed around the tidal inlets of the lagoon; therefore,
it has been desired to provide a finer mesh resolution inside
and in the vicinity of the inlets; (2) in areas with a higher
depth and away from the lagoon inlets a coarser mesh resolu-
tion has been requested to conserve computational resources
required to run simulations with the developedmodel; (3) the
Aquaveo SMS software package provides a facility to dis-
tinguish between land and water elements; therefore, areas
around the barrier islands and salt marshes have required a
separate meshing treatment. Figure 9 provides an outline of
the meshing zones that have been defined for the model.

A total of three zone types have been identified: (1) zones
around the salt marshes and barrier islands that would tran-

Fig. 9 Meshing zones defined
for the model. Red lines
delineate the boundaries
between the zones
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Fig. 10 Unstructured finite
element mesh of the western
circulation cell of the Ria
Formosa lagoon

sition between wet and dry elements during the high and low
tides, respectively; (2) zones inside and in the vicinity of the
tidal inlets, and along the lagoon channels where a finer mesh
resolution has been desired; (3) zones away from the lagoon
inlets in the open ocean that would have a coarser mesh res-
olution. The final mesh, which has over 1.5 · 105 triangular
elements with diameters ranging from 30 to 500 m, is pre-
sented in Fig. 10, where it is visible that the element density
is higher inside the lagoon and in the vicinity of the inlets,
and lower in the open ocean areas.

The northern onshore boundary, and the eastern and west-
ern boundaries positioned normal to the shoreline have been
modeled as reflective walls, i.e. only flow that is tangent to
the wall is permitted, and any incident waves are reflected
off the wall. The southern open ocean boundary of the mesh
has been used to force the hydrodynamic part of the dis-
persive wave hydro-sediment morphodynamic model with

tidal waves. The forcing has been implemented by prescrib-
ing the free surface elevation at the open ocean boundary
that is characterized by the tidal constituents (K1, O1, P1,
Q1, M2, S2, N2, and K2) obtained through OceanMesh2D
software [41] and utilizing TPXO (TOPEX/Poseidon satel-
lite) tidal dataset from [42]. To the best of our knowledge,
prescribing a boundary condition other than a reflective wall
for the dispersive correction part of the developed numeri-
cal model remains ambiguous. A number of authors suggest
using absorbing-generating layers to generate wave condi-
tions inside a problem domain (see e.g. Duran and Marche
[43]); however, these layers must have a length of the same
magnitude as the wavelength of an imposed wave which is
unfeasible for tidal waves that have a typical wavelength
on the scale of hundreds of kilometers. Therefore, the open
ocean boundary conditions have been imposed through the
nonlinear shallow water equations, and the dispersive cor-

Fig. 11 Mesh in the vicinity of
the Faro-Olhão inlet with two
mesh cutouts delineated in green
that model the inlet breakwaters
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Table 1 The Manning’s roughness coefficient variation in the Ria For-
mosa lagoon as reported by Dias et al. in [16]

Water depth (m) Manning’s n

h ≤ −2.5 0.032

−2.5 < h ≤ −2.0 0.028

−2.0 < h ≤ −1.5 0.023

−1.5 < h ≤ −1.0 0.020

−1.0 < h ≤ 0.0 0.019

0.0 < h ≤ 0.5 0.024

0.5 < h ≤ 1.0 0.026

1.0 < h ≤ 3.0 0.025

3.0 < h ≤ 10.0 0.023

h > 10.0 0.022

rection has not been applied in the vicinity of the boundary
(5 layers of elements of the mesh away from the open ocean
boundary). Finally, in order to model the breakwaters of the
Faro-Olhão inlet, two cutouts in themesh that trace the break-
waters have been done, and the boundaries of the cutouts have
been prescribed as reflective walls (cf. Fig. 11).

TheManning’s formula has been employed to characterize
the bottom friction force in the developed numerical model:

f = gn2

h1/3
|u|u, (4)

with the Manning’s roughness coefficient defined according
to the water depth in Table 1.

Sediment entrainment and deposition rates for the sus-
pended load transport have been calculated using the sed-
iment properties from Table 2, the sediment density ρs =
2650 kgm−3 [13], and the bed porosity p = 0.40.

The scaling factor for the sediment entrainment model has
been chosen as φ = 3 · 10−4. For the bed load transport the
Grass model has been used with A = 5 · 10−3. The water
density has been selected as ρ = 1025 kgm−3 [15]. To avoid
shocks at the open ocean boundary, simulations have been
ramped up for 12 hours (43,200 seconds), i.e. the prescribed
free surface elevation at the open ocean boundary has been

Table 2 Sediment properties at the inlets of the western circulation cell
[13]

Inlet d50 (mm) θc

Ancão 0.88 0.029

Faro-Olhão 0.86 0.029

Armona 0.61 0.031

scaled with:

r = tanh
2t

43200
, (5)

where r is the ramping scaling factor, and t is the simulation
time in seconds.

5 Results and discussion

As a proof of concept that the Green-Naghdi equations could
be used to simulate hydrodynamic processes in coastal areas
with irregular geometries, an attempt to simulatewaterwaves
in the Faro-Olhão inlet has beenmade in [7]. Thewaterwaves
have been simulated for 2 days, 12 hours of which have been
spent ramping up the simulationwith the ramping factor from
Eq. 5, both with the Green-Naghdi and nonlinear shallow
water equations. The velocity profiles around the times of
the peak inflow and outflow velocities at the neck of the inlet
are presented in Figs. 12 and 13, respectively.

The hydrodynamic model has been able to successfully
simulate the water waves with the Green-Naghdi equations
over the irregular shaped unstructured mesh. The magnitude
of difference between the velocity profiles obtained with the
Green-Naghdi and nonlinear shallow water equations shows
that there is a considerable dissimilarity between these two
computations. These differences are concentrated in regions
near the inlet, where the additionalwave dynamics are strong.
However, as shown in Figs. 12 and 13, in most of the
computational domain, the differences are negligible. Since
the nonlinear shallow water equations are embedded in the
Green-Naghdi equations, the dissimilarities can be attributed
to actions of the dispersive term of the Green-Naghdi equa-
tions that captures additional water wave dynamics through
terms that are O(μ2) consistent with the incompressible
Euler equations, and not present in the nonlinear shallow
water equations. Although these terms have the capacity to
capture dispersivewave effects, the dissimilaritiesmaynot be
attributed to the dispersive effects as the water motion in this
simulation has been forced with tidal constituents, including
the strongest M2 tidal component. This example shows that
using the Green-Naghdi equations may contribute additional
water wave dynamics into the presented hydro-sediment-
morphodynamic model through the dispersive term.

To validate the developed numerical finite element model
of thewestern circulation cell, it has been decided to compare
the tidal spectrum generated with the data collected while
running simulationswith themodel to the spectra fromTXPO
in [42] and Carrasco et al. in [15]. To this end, three points
that correspond to three water level measuring stations St.1 (-
7.8685, 36.9740), St.2 (-7.8705, 36.9661), and St.3 (-7.9178,
37.0025) have been selected for the analysis. Simulations for
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Fig. 12 Velocity fields around
the time of the peak inflow
velocity at the Faro-Olhão inlet.
Figure generated by reproducing
results from our past work [7]

the analysis have been ranwhile disabling sediment transport
and dispersive correction parts of the model, i.e. only the
hydrodynamic part in the nonlinear shallow water equations
has been used for the simulations. After running the simula-
tions for 56 days, the water level data collected at the three
measuring stations has been used to perform the analysis cov-
ering this full period. The amplitudes of the tidal spectrum
for 8 major constituents Q1, O1, P1, K1, N2, M2, S2, and
K2 at these measuring stations are presented in Figs. 14-16.

The calculated amplitudes are compared to the spectra
from TXPO in [42] and Carrasco et al. in [15]. It is worth
noting that [15] does not provide the tidal amplitude data
for Q1, P1, and K2 constituents, thus the comparison omits
these data points. From these figures we notice that the M2
constituent has the largest discrepancy with respect to the
TXPOmodel. It is important to note that the TXPOmodel (as
indicated in Section 5 of [42]) is a global model and thus may
not have sufficient resolution in local areas. Furthermore,
the bathymetry data used in both TXPO and in [15] likely
differs slightly fromours as the lagoon is highly dynamicwith

large changes in sediment deposition and scouring. When
comparing to the results in [15] we also note that the models
cover different portions of the offshore domain and thus apply
boundary forcing in different manners which may influence
the results. Another source that may lead to the observed
discrepancies is the application of sea bottom friction, while
we employ the values listed in Table 1, [15] uses a more
limited range of only threeManning’s n values and the TXPO
model uses a different quadratic bottom friction formulation.
Nonetheless, it is evident that the model has the capacity to
predict tidal waves in the lagoon with reasonable accuracy
when compared to the other model results from literature.

In the next stage the full model has been used to simulate
hydro-sediment-morphodynamic processes in the western
circulation cell. The dispersive term of the developed numer-
ical model requires a solution of a set of global equations,
which in this particular simulation example has nearly 106

degrees of freedom; therefore, running a simulation of this
magnitude requires a utilization of a parallel computing clus-
ter. To this end, a total of 1536 cores (32 Intel Xeon Platinum

Fig. 13 Velocity fields around
the time of the peak outflow
velocity at the Faro-Olhão inlet.
Figure generated by reproducing
results from our past work [7]
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Fig. 14 Amplitudes of the eight
major tidal spectrum
constituents at St.1 compared
with the results from TXPO in
[42] and Carrasco et al. in [15]

8160 (“Skylake”) nodes 48 cores per node each at the Stam-
pede2 supercomputer at The Texas Advanced Computing
Center) have been employed to run 2 day simulations, 12
initial hours of which have been used to ramp the simula-
tions up with the ramping factor from Eq. 5, which took 6
hours of wall-clock time to complete. We select a 2 day sim-
ulation period to observe the effect of a few tidal cycles;
the M2 tidal period is approximately 12 hours, so the period
covers three full cycles after the initial ramping period and
represents an appropriate period presentation of the devel-

opedmodel.While appropriate for the current demonstration,
2 days may be insufficient to capture longer term sediment
transport effects. Finally, we point out that the high computa-
tional cost means that the model run for the GN case required
about 50 hours continuous running on the employed super-
computer.

The hydrodynamic results of the simulation have been
compared with the acoustic Doppler current profile (ADCP)
measurements performedand reportedbyGonzález-Gorbeña
et al. in [14]. The measurements have been collected in the

Fig. 15 Amplitudes of the eight
major tidal spectrum
constituents at St.2 compared
with the results from TXPO in
[42] and Carrasco et al. in [15]
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Fig. 16 Amplitudes of the eight
major tidal spectrum
constituents at St.3 compared
with the results from TXPO in
[42] and Carrasco et al. in [15]

vicinity of the Faro-Olhão inlet just north of the inlet inside
the Faro channel. The results are presented in Fig. 17; and it is
evident that the simulation results are in a satisfactory agree-
ment with the measurements, in particular, the free surface
elevation results are in a good agreement with the measure-
ments.

Figure 18 presents velocitymagnitudes at the inlets during
the full cycle of the M2 tidal wave. It is worth noting, that
the velocity magnitudes at the inlets are similar to the max-
imum velocities reported by Salles et al. in [23] for Ancão
and Armona inlets at 1.35 and 1.05 ms−1, respectively, and
reported by Pacheco et al. in [11] for the Faro-Olhão inlet at
2.2 ms−1.

In the developed model for the western circulation cell,
the Ancão inlet is shallow and dries up during the low tide;
this fact explains the lack of flow at the inlet during hours
0 to 2. Although the velocity magnitudes in the Ancão inlet
are comparable to the Faro-Olhão inlet, due to the shallow-
ness and narrowness of the Ancão inlet, the total discharge
through that inlet is relatively small compared to the much
deeper andwider Faro-Olhão inlet. Finally, the velocitymag-
nitudes at the natural Armona inlet are similar to the values
presented by Dias et al. (see Fig. 6 in [16]), with peak val-
ues between 0.6 and 0.7 ms−1. While the overall trend and
velocity magnitudes match well with past published model
results, a one-to-one comparison is not trivial as the afore-

Fig. 17 Flow parameters at the ADCP measurement site compared with the measurements reported by González-Gorbeña et al. in [14] during the
final M2 cycle in the two day simulation
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Fig. 18 Velocity magnitudes at
the western circulation cell
inlets during the final M2 cycle
in the two day simulation

mentionedmodel resultswere performed and publishedmore
than a decade ago. The Ria Formosa area and its inlets
are highly dynamic and constantly changing thereby mak-
ing comparisons beyond overall trends and magnitudes not
feasible. As observed in the water wave simulation in the
Faro-Olhão inlet, the velocity distribution around the inlet
varies between the simulations completed with the Green-
Naghdi and nonlinear shallow water equations. Therefore, a
simulation using the shallow water hydro-sediment morpho-
dynamic model has been run for the western circulation cell.
Since the sediment entrainment and deposition rates, as well
as the bed load flux values are dependent of the flow velocity,
it is expected that the net erosion and deposition results will
vary between the simulations. The net erosion and deposition
results obtained after 2 day simulations with the dispersive
wave and shallow water hydro-sediment-morphodynamic
models are presented in Fig. 19. It is evident that the veloc-

ity distribution differences, in particular, the way eddies are
formed in the ebb flow jet of the Faro-Olhão inlet, have led
to the variations in the net erosion and deposition values.

Further inspection of Fig. 19 shows that the two models
agree very well inside the inlet as the deposition and ero-
sion patterns are very similar. This area is also noteworthy
as quite significant erosion and deposition is observed after
the two day simulation period. This indicates that the ini-
tial bathymetry and sediment set-up is far from a state of
equilibrium further underlining the highly dynamic nature
of this region. However, outside the inlet we observe differ-
ent patterns. As shown in Fig. 13(b), there is a significant
difference in the velocity fields outside the inlet of the two
models during outflow phases. At the same time differences
observed in the inflow phase in Fig. 12(b) do not appear to
influence the erosion and deposition inside the inlet. Since
the sediment transport is highly dependent on these velocity

Fig. 19 Net erosion and deposition results for the Faro-Olhão inlet after 2 day simulations with the shallow water (left) dispersive wave (right)
hydro-sediment-morphodynamic models
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fields, we expect a corresponding significant difference in the
sediment transport.

The dispersive term of the developed hydro-sediment-
morphodynamic model introduces terms into the hydrody-
namic part of the model that are O(μ2) consistent with
the incompressible Euler equations. If these terms have a
significant influence on the flow parameters, e.g. if wave dis-
persion effects are prevalent in water wave regimes, then
using the developed model will provide a facility to capture
effects the dispersive term has both on hydrodynamics, as
well as sediment transport and bed morphodynamics. While
the developed dispersive model is able to reproduce physical
events, it it significantly more costly that its shallow water
counterpart. In terms of computational intensity the inclusion
of the dispersive terms leads to an approximate increase in
runtime that is ten fold.

6 Conclusion

In this paper, we have presented the application of our dis-
persive hydro-sediment-morphodynamic model from [8] to
the western portion of the Ria Formosa Lagoon. To this
end, we have developed a new unstructured finite element
mesh covering the region with spatially varying descriptions
of bathymetry and Manning’s n coefficients. The resulting
numerical model is forced with tidal data at the offshore
boundary of the domain corresponding to eight principal tidal
constituents. The shallowwater hydrodynamic portion of the
model is validated by comparison of the tidal spectrum to the
TPXO tidal model and the results presented in [15].Whereas
the full Green-Naghdi dispersive model is compared to pub-
lished gauge data in [14, 16].

We subsequently use the validated models to simulate the
sediment erosion and deposition in thewestern part of theRia
Formosa Lagoon. The simulations are performed for both
the shallow water and the dispersive wave hydro-sediment-
morphodynamic models. Comparison reveals that there are
pronounced effects on the sediment transport of incorporat-
ing dispersive effects. To the best of our knowledge, this is
the first attempt that has been made to use a hybridized dis-
continuous Galerkin dispersive wave hydrodynamic model,
the Green-Naghdi equations, to model not only the hydro-
dynamic processes, but also the sediment transport and bed
morphodynamic processes in a coastal area with a complex
irregular geometry.

Future potential directions of work include validation of
the developed models through field measurements of sed-
iment and extension of the models to other geographic
regions. While the current considered flows are not greatly

impacted bymeteorological forcing, futureworkwill include
wind surface loads in the hydrodynamics, as well as coupling
to spectral wavemodels such as SimulatingWavesNearshore
(SWAN) [44] to take into accounts from short-long wave
interactions. While we have demonstrated the model capa-
bilities over a 2 days simulation time, a longer term study
covering an extended period should be performed and opti-
mally validated against other model and/or collected data.
Another study of future interest is to ascertain the relative
importance of the suspended load and bed load terms in the
sediment transport through simulation campaigns. Finally,
we note that the bottom friction formulation employed in
this work is limited to uniform flows. Hence, integration of a
bottom boundary layer turbulence model should be pursued
in future works.
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